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Balance of Monosynaptic Excitatory and Disynaptic
Inhibitory Responses of the Globus Pallidus Induced after
Stimulation of the Subthalamic Nucleus in the Monkey
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The subthalamic nucleus (STN) plays a pivotal role in controlling the activity of both the external and internal segments of the globus
pallidus (GPe and GPj, respectively). Both nuclei receive monosynaptic excitatory and disynaptic GPe-mediated inhibitory inputs from
the STN. Thus, we investigated the balance of these antagonistic inputs that may determine the overall response of pallidum to STN
activation in monkeys. Single stimulation of the STN evoked a short-latency excitation followed by a weak inhibition in GPe neurons and
ashort-latency, very short-duration excitation followed by a strong inhibition in GPi neurons. Burst high-frequency stimulation (BHES)
(10 stimuli with 100 Hz) of the STN (STN-BHES) evoked powerful excitatory responses in GPe neurons. Local injection of a mixture of 1,
2, 3, 4-tetrahydro-6-nitro-2, 3-dioxobenzo[flquinoxaline-7-sulfonamide (NBQX; AMPA/kainate receptor blocker) and 3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; NMDA receptor blocker) greatly diminished or abolished excitatory responses
to the STN stimulation. In contrast to the GPe, STN-BHEFS evoked a predominantly inhibitory response in GPi neurons. The inhibition
could be blocked either by a local application of the GABA , receptor antagonist gabazine or by an injection of an NBQX/CPP/gabazine
mixture into the GPe. STN-BHFS induced weak excitatory or inhibitory responses in a small number of phasically active putamen
neurons. These data suggest that with single stimulation and during STN-BHEFS, the STN-GPe excitatory response dominates over the
STN-GPe-GPe recurrent inhibition in the GPe, whereas the STN-GPe-GPi inhibitory response dominates over the STN-GPi excitatory

response in the GPi.
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Introduction

The subthalamic nucleus (STN) receives cortical, thalamic, and
brainstem inputs and is considered to be an input nucleus of the
basal ganglia (Kita, 1994). Stimulation of the motor cortex evokes
a monosynaptic excitatory response that is overlapped by
polysynaptic responses in the STN (Kitai and Deniau, 1981; Fu-
jimoto and Kita 1993; Nambu et al., 2000). STN neurons respond
very strongly to task-related events or sensorimotor stimuli
(Matsumura et al., 1992; Bergman et al., 1994; Wichmann et al.,
1994). The STN activity formed by the cortical and other inputs is
conveyed mainly to the external segment of the globus pallidus
(GPe) and the basal ganglia output nuclei, the internal segments
of the globus pallidus (GPi), and the substantia nigra pars reticu-
lata (SNr) through branched axons (Kita et al., 1983b; Kita and

Received April 29, 2005; revised July 2, 2005; accepted Aug. 9, 2005.

This work was supported by National Institutes of Health Grants NS-42762 and NS-47085 (H.K.), by Grants-in-Aid
for Scientific Research on Priority Areas 17022042 from the Ministry of Education, Culture, Sports, Science and
Technology of Japan (A.N.), and by the Naito Foundation (A.N.). We thank Dawn Merrick for editing this manuscript.

Correspondence should be addressed to Hitoshi Kita, Department of Anatomy and Neurobiology, College of
Medicine, The University of Tennessee Memphis, 855 Monroe Avenue, Memphis, TN 38163. E-mail:
hkita@utmem.edu.

DOI:10.1523/JNEUR0SCI.1719-05.2005
Copyright © 2005 Society for Neuroscience  0270-6474/05/258611-09%$15.00/0

Kitai, 1987; Smith et al., 1990; Parent and Hazrati, 1995; Parent et
al.,, 1999; Sato et al., 2000). The subthalamo-pallidal glutamater-
gic projections play pivotal roles in the control of the outputs of
the basal ganglia and, hence, in motor control (Kitai and Kita,
1987; Bergman et al., 1990; Mink and Thach, 1993; Kita, 1994;
Nambu, 2004). Pathological or experimental lesioning of the
STN results in dyskinesia or hemiballismus (Dewey and Jankovic,
1989). In Parkinson’s disease patients or animals, STN neurons
often show higher firing rates and more burst activity than in
normal subjects (Bergman et al., 1994; Hutchison et al., 1998). A
lesion or high-frequency stimulation of the STN ameliorates
some parkinsonian symptoms such as rigidity and akinesia
(Bergman et al., 1990; Aziz et al., 1991; Benazzouz et al., 1993;
Hutchison et al., 1998; Levy et al., 2000; Barlas et al., 2001).

The GPe is located in the strategic locus in the basal ganglia
connections (Bergman et al., 1990; Mink and Thach, 1993; Kita,
1994; Nambu et al., 2000; Kita et al., 2004). The GPe receives its
main inputs from the neostriatum and the STN and sends inhib-
itory projections mainly to the GPi/SNr and to the GPe itself
through recurrent-collateral axons. Based on these connections,
it can be expected that an activation of the STN should induce a
monosynaptic excitation overlapped by a disynaptic inhibition in
both the GPe and GPi. Thus, it can be assumed that the net
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outcome of the overlapped responses in the GPe and GP1i to both
single and high-frequency stimulation (HFS) of the STN might
be critically dependent on the relative strength of these two op-
posing responses. To investigate this power balance issue, re-
sponses of pallidal neurons to single and burst high-frequency
stimulation (BHFS) of the STN (STN-BHFS) were recorded in
awake monkeys and were characterized by local application of
glutamate and GABA,, ionotropic receptor blockers. BHFS was
used to mimic burst firing of STN neurons and also to address the
effects of the continuous HFS of the STN, which has been used as
a treatment for patients with Parkinson’s disease (Benazzouz et
al., 1996; Lopiano et al., 2001).

Materials and Methods

Monkey preparation. This study was performed in compliance with the
guidelines of the National Institutes of Health Guide for Care and Use of
Laboratory Animals and the National Institute of Physiological Sciences
for the Use and Care of Laboratory Animals in Research. The monkey
preparation methods used in the present study were very similar to those
reported previously (Nambu et al., 2000; Kita et al., 2004). Macaca fus-
cata, named K11, K12, and K15 and a Macaca mulatta named K13 were
trained to sit quietly in a monkey chair. The monkeys received a surgery
to fix their heads painlessly to a stereotaxic frame attached to a chair.
Under sodium pentobarbital (25 mg/kg, i.v.) and ketamine hydrochlo-
ride (10 mg/kg, i.m.) anesthesia, the skull of the monkey was widely
exposed, and two stainless-steel pipes were mounted in parallel over the
frontal and occipital areas for head fixation. A few days after the surgery,
the primary motor cortex (M1) and the supplementary motor area
(SMA) were mapped by observing body part movements induced by
cortical microstimulation and also by unitary responses to somatosen-
sory stimuli (skin touch and passive joint movement) to identify the
forelimb regions. After mapping, two pairs of stimulating electrodes
(made of 200-um-diameter enamel-coated stainless-steel wire; intertip
distance, 2 mm) were implanted chronically in the forelimb region of the
M1 and the SMA. To access the pallidum and STN, two holes (10-15 mm
diameter) were drilled in the skull. A rectangular shaped plastic chamber
covering both holes, 30 and 55 mm long in the rostrocaudal and medio-
lateral directions, was fixed with an ~20° tilt from the horizontal plane
onto the skull with acrylic resin.

Electrode assembly for unit recording and local injection of drugs. Re-
cordings of pallidal units began after recovery from the surgery. During
the experimental sessions, the monkeys were seated in a monkey chair
with their heads restrained. Single-unit recordings of pallidal neurons in
combination with local applications of GABA , or glutamate antagonists
were performed with an electrode assembly consisting of a platinum-
iridium wire (catalog #7675; A-M Systems, Carlsborg, WA) placed in a
silica tube (outer diameter, 147 wm; inner diameter, 74 wm; part
#2000018; Polymicro Technologies, Phoenix, AZ) for unit recordings,
two other silica tubes for drug delivery, and a protective stainless-steel
tubing [for more details on the electrode assembly, see Kita et al. (2004)].
The impedance of the unit-recording electrode ranged from 0.7 to 1.2
M) (measured with 1 kHz AC).

The electrode assembly was penetrated obliquely (45° from vertical)
into the putamen (Put), GPe, and GPi. The syringes contained the
AMPA/kainate blocker 1, 2, 3, 4-tetrahydro-6-nitro-2, 3-dioxo-
benzo[f]quinoxaline-7-sulfonamide (NBQX; 0.5-1 mm), the NMDA an-
tagonist 3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP;
0.5-1 mm), or the GABA,, antagonist gabazine (0.2—-1 mm) dissolved in
saline. A total volume of 0.1-0.2 ul was injected at a rate of 0.03 wl/min
(i.e., the total injection time was 3—7 min) by advancing the plungers with
computer-controlled stepping motor driven actuators. Our previous
study, using the same injection method, indicated that the drug effect
became maximum 5-10 min after the injection and the radius of the
effective area was <1 mm with a 0.2 ul injection (Kita et al., 2004). Thus,
once an injection was made, the next injection site was separated by =1
mm from the previous injection site. For chemical activation of the STN,
the same electrode assembly was penetrated vertically into the STN, and
gabazine (0.2 mm; 0.4—1.0 ul) was injected.
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A: STN single stim. 0.7 mA

Figure 1. A, B, Responses of a GPe neuron to single stimulation (stim.; A) and double stim-
ulation (stim.; B) of the STN. Ten overlapped traces show that single or double stimulation of the
STN (marked by arrows) induced highly synchronized spiking ~3.5 ms after each stimulus. The
second spikes following the initial short-latency spikes were also synchronized. Stimulus arti-
facts lasted ~1 ms and hampered the detection of the spikes that occurred during those
periods.

Unit recordings and data analysis. The STN was stimulated by a
concentric-bipolar electrode with a stainless-steel center lead (diameter,
120 wm) and a stainless-steel outer tube (outer diameter, 0.35 mm), with
a tip separation of 0.5 mm and an impedance of ~5 K() (measured with
1 kHz AC). To place the electrode in the forelimb regions of the STN,
multiunit spontaneous activity and responses to stimulation of the M1
and SMA were recorded through the center lead of the stimulus elec-
trode. The forelimb regions of the STN were identified as having neurons
with ~25 Hz irregular spontaneous firing and a specific STN response
pattern consisting of a short-latency excitation following an inhibition
and a slow excitation to cortical stimulation, as reported previously (data
not shown) (Matsumura et al., 1992; Bergman et al., 1994; Wichmann et
al., 1994; Nambu et al., 2000). The duration of the stimulus current
pulses was always 300 us. Other stimulus parameters were as follows:
single stimulation, strength up to 0.7 mA, delivered every 1.4 s; double
stimuli, strength up to 0.7 mA, delivered every 2.4 s; BHFS with 10 burst
(100 Hz) pulses, strength up to 0.4 mA, usually delivered every 5.4 s
unless otherwise indicated; and BHFS with 20 burst (100 Hz) pulses,
strength up to 0.4 mA, delivered every 10.4 s. Stimulation with these
parameters did not induce any body movements.

The unit recordings were amplified and passed through a 0.7-2 kHz
bandpass filter and then to a homemade window discriminator that was
capable of excluding stimulus artifacts. When the strongest intensity
stimulus used in this study, 0.7 mA, was applied to the STN, a stimulus
artifact lasted ~1 ms, and any firing that occurred during this period was
undetectable (Fig. 1). The artifacts created short, one or two bins, gaps, or
shorting of bins in the peristimulus time histograms (PSTHs) immedi-
ately after the stimulation. The artifacts might lead to 10% underestima-
tion of firing rate during 100 Hz BHFS, when an even distribution of
spikes is assumed. Stimulation of the STN or the GPi resulted in a sharp
excitation of the GPe and GPi neurons 45 ms after stimulation (Nambu
et al., 2000; Hashimoto et al., 2003; Bar-Gad et al., 2004). Because the
main excitation peaks are detectable in 100 Hz BHFS (see Fig. 3), we
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neurons were in the forelimb regions of
the GPe (data not shown) (Nambu et al.,
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Figure 2.  Responses of two GPe neurons (4, B) to single stimulation (stim.) of the STN. A-a, A neuron responded with a

short-latency excitation followed by a small and very slow excitation (marked by a double arrow). A-b, To block STN-GPe excita-
tion, a mixture of ionotropic glutamate blockers (NBQX and CPP, 0.5 mm each; 0.2 wl) was locally applied. The blockers greatly
decreased the rate of spontaneous firing and suppressed both the short-latency and slow excitations. B-a, This neuron evoked a
short-latency, short-duration excitation followed by an inhibition. B-b, Local application of a mixture of ionotropic glutamate and
GABA, blockers (NBQX, CPP, and gabazine, 0.5 mm each; 0.2 wl) blocked short-latency excitation and inhibition without a large
reduction of the spontaneous firing rate. In A and B, the PSTHs with the fast and slow time scale were constructed with 1and 4 ms
bins, respectively. In this and the following figures, the mean = SD of prestimulus firing frequency is indicated in the parentheses
located at the bottom left of each PSTH. Also, one or two bin-wide gaps or low bins in some PSTHs immediately after stimulus are

attributable to stimulus artifacts (see Materials and Methods for more details).

considered that the actual error would not significantly change the results
presented in our study.

The responses of pallidal neurons to the STN stimulation were as-
sessed by constructing PSTHs for 50 single-stimulation trials and 25
burst-stimulation trials. The ordinate of all of the PSTHs was converted
to the firing rate. PSTHs with 1 ms bin width were constructed on-line for
initial evaluations and, in some neurons, PSTHs with 4 ms bin width
were used in the off-line analysis. Mean values and SDs of the firing rate
during the 100 ms preceding the stimulation were calculated from PSTHs
and were considered to be the values for base discharge. The changes in
the firing activity in response to STN stimulation were judged to be
significant if the firing rate during at least two consecutive bins of PSTHs
reached the statistical level of p < 0.05 (one-tailed # test). The amplitudes
and durations of slow responses to STN stimulation were obtained from
PSTHs with 4 ms bins. The changes in unitary responses by local injec-
tions of glutamate and GABA antagonists were assessed by measuring
the peak response amplitude, an average of the two highest for excitation
or of the two lowest for inhibition from the mean prestimulus firing level.
Because the drug effects became strongest 5-10 min after injection and
decayed very slowly (Kita et al., 2004), the spontaneous firing rate, am-
plitudes, and durations of the responses to STN stimulation obtained
before and 5-10 min after drug injection were evaluated by a paired t test.

Several of the recording and drug injection sites were marked by pass-
ing a cathodal direct current (20 wA for 30 s) through the recording
electrode. At the end of the final experiment, the monkeys were killed,
and the recording sites were reconstructed from histological sections of
the brains according to the lesions made by current injections and by the
traces of the electrode tracks, using the methods described previously
(Nambu et al., 2000) (data not shown).

Results

Responses of GPe neurons to STN stimulation

The neurons included in the present study were the high-
frequency firing with pause type of GPe neurons, which is the
most numerous type in monkey GPe (DeLong 1971). A total of 37
GPe neurons that responded to the stimulation of the STN were
included in this report. These neurons were also tested by stimu-
lation of the motor cortices, and it was confirmed that these

2000; Kita et al., 2004). These neurons
were obtained from monkeys K11 (n = 4),
K12 (n=5),K15(n =11),and K13 (n =
14). The neurons were pooled as the spon-
taneous firing and responses to STN stim-
ulation obtained from the four monkeys
were very similar.

The mean spontaneous firing rate of
+ GPe neurons was 64.1 * 24.4 Hz (n = 37).
Short, constant, latency spikes capable of
following double stimulation with >200
Hz, suggestive of antidromic responses,
were observed in 3 of 37 neurons exam-
ined (data not shown). In the 34 neurons
examined for orthodromic responses, sin-
gle STN stimulation evoked either a short-
latency excitation (n = 16) (Fig. 2A), a
short-latency excitation followed by a
weak inhibition (n = 15) (Fig. 2B), or a
weak inhibition only (n = 3; data not
shown) in GPe neurons. In some neurons,
STN stimulation reset the timing of the
firing (Fig. 1) and created very narrow and
high peaks and depressions in the excita-
tory response portion of PSTHs (Fig. 2 B-
a). In approximately half of the excitation-
only neurons, the inhibitions following the excitation could be
visually recognized in the PSTH but failed to reach a statistically
significant level. The latency and the duration of the excitation
was 4.2 £ 1.2 and 20.0 = 7.3 ms, respectively (n = 31). The
duration of the excitation tended to be shorter when it was fol-
lowed by an inhibition, an average 25.7 = 8.2 ms without inhibi-
tion versus 11.0 = 3.5 ms with inhibition ( p < 0.05). The latency
and the duration of the inhibitions were 15.3 = 8.2 and 68.5 =
46.5 ms, respectively (n = 15). In eight GPe neurons, single-STN
stimulation evoked a small and very slow excitation in addition to
the short-latency responses (Fig. 2A-a). Local injection of iono-
tropic glutamate blockers (a mixture of 0.5 mM NBQX and 0.5
mM CPP) greatly diminished or abolished both the short-latency
excitations and inhibitions and also the slow excitations to STN
stimulation (Fig. 2A-b). The NBQX/CPP mixture also greatly
decreased the rate of spontaneous firing (58.4 * 28.8 to 17.4 =
8.5;n = 6; p < 0.002) as reported previously (Kita et al., 2004).
Local application of ionotropic glutamate and GABA, blockers
(a mixture of 0.5 mM NBQX, 0.5 mm CPP, and 0.5 mM gabazine)
blocked both the short-latency excitation and the following inhi-
bition with no significant change in the level of spontaneous
firing (62.2 = 29.8 to 68.4 = 28.5; n = 5; p > 0.05) (Fig. 2B-b)
(Kita et al., 2004). The NBQX/CPP/gabazine mixture became a
useful tool in a later experiment.

Thirty-one of the 34 GPe neurons examined with single stim-
ulation were also tested with STN-BHES. During stimulation, 28
neurons evoked a series of short-latency excitations, and the av-
erage firing rate increased. The other three neurons failed to
evoke significant responses. The termination of the BHFS was
followed by either a small inhibition followed by a slow excitation
(n = 16) (Fig. 3) or by a slow excitation only (n = 12) (Fig. 4).
During the BHFS, two forms of potentiations of short-latency
excitations were often observed. During BHES, the excitation to
each stimulation showed progressive potentiation (Fig. 3B-D).
The waxing appeared to reach a steady level by the 5th to 10th
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stimulation (Fig. 3D). The potentiated ex-
citation was maintained for the duration of
the longer periods of BHFS (Fig. 3). An-
other change was a decrease in the stimulus
threshold, a phenomenon similar to the
posttetanic potentiation. As a result of this
change, the threshold stimulus current for
the BHFS was much lower than that for the
single stimulation. For example, Figure 3
shows responses of a GPe neuron to single
and STN-BHFS. Single stimulation with
0.4 mA evoked an insignificant responses
in this GPe neuron (Fig. 3A). BHFS with 0.4
mA evoked strong short-latency excita-
tions even to the first of the burst stimulus
pulses (Fig. 3B). This potentiation was fur-
ther tested in three neurons by using longer
interburst intervals. The potentiation was
observed with all 20.4, 10.4, and standard
5.4 s interburst intervals (data not shown).
Stimulation with lower currents decreased
the magnitudes of all of the response compo-
nents. Specifically, the slow inhibition was no
longer observed, and the peak latency of the
slow excitation shortened as the stimulus in-
tensity decreased (Fig. 3, compare B and C).

Local application of an NBQX/CPP
mixture greatly suppressed all of the re-
sponse components evoked after STN-
BHFS. The glutamate blockers also greatly
decreased the rate of spontaneous firing as
mentioned previously (Fig. 4A). Local ap-
plication of a mixture of NBQX, CPP, and
gabazine also greatly suppressed all of the
responses without significantly changing
the spontaneous firing rate, as reported
previously (n = 7) (Fig. 4B).

Responses of GPi neurons to

STN stimulation

A total of 29 GPi neurons responsive to
STN stimulation were recorded from mon-
keys K11 (n = 3), K12 (n = 4), K15 (n =
10), and K13 (n = 12). These neurons also
responded to stimulation of the M1 or the
SMA (data not shown) (Nambu et al.,
2000). The neurons were pooled, because
the spontaneous firing and responses to
STN stimulation obtained from the four
monkeys were very similar. All of the neu-
rons had continuous firing with the mean
rate of 58.5 * 16.8 Hz (n = 29). Single
stimulation of the STN evoked a short-

latency and a short-duration excitation followed by a strong in-
hibition in 21 of 29 GPi neurons (Fig. 5). Five neurons evoked a
short-latency excitation followed by a small inhibition that was
visually recognizable in the PSTH but statistically insignificant,
and three others evoked an inhibition only (data not shown).
None of the GPi neurons evoked short and constant latency
antidromic-like spikes to STN stimulation. STN stimulation reset
the timing of firing of some GPi neurons, as reported previously
(Hashimoto etal., 2003), and created very narrow and high peaks
and depressions in the excitatory response portion of PSTHs
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Figure 3.  STN-BHFS evoked excitations in a GPe neuron. 4, The threshold intensity for single STN stimulation (stim.) was

~0.4 mA. B, STN-BHFS with 0.4 mA (10 pulses with 100 Hz) evoked short-latency excitations during stimulation that were
followed by a smallinhibition and another long-lasting slow excitation after the termination of the stimulation. During BHFS, the
short-latency excitation to each stimulation showed progressive potentiation (waxing). The excitation to the first of 10 burst
stimulus pulses was always stronger than that evoked by a single stimulation with the same intensity (compare 4 and B). C,
Lower currentintensity (0.1 mA) BHFS was still able to induce excitatory responses. D, Responses to BHFS with twice the duration
(0.4 mA; 20 pulses with 100 Hz). The waxing of the short-latency excitations reached the maximum level at approximately the
10th stimulus. PSTHs with fast (—25 to 200 ms) and slow (—0.1to 1.2 s) time scales were constructed with 1and 4 ms bins,
respectively.
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Figure4. Effects of local application of a mixture of NBQX and CPP and a mixture of NBQX, CPP, and gabazine on GPe neurons.
Recordings in A and B are from two different neurons. A-a, In the control, STN-BHFS evoked short-latency excitations during
stimulation (stim.) and a slow excitation after the termination of the stimulation. A-b, Local application of a mixture of NBQX and
CPP (0.5 mmeach, 0.2 ) greatly suppressed both the short-latency and the slow excitations. The glutamate blockers also greatly
decreased the rate of spontaneous firing. B-a, In the control, STN-BHFS evoked a short-latency excitation during stimulation
(stim.) and a weak, slow excitation after the stimulation in this GPe neuron. B-b, Local application of a mixture of NBQX, CPP, and
gabazine (0.5 mm each; 0.2 wl) greatly suppressed the excitations without causing large changes in the spontaneous firing rate.
All of the PSTHs were constructed with 4 ms bins.

(Figs. 5, 7A). In 9 of the 21 neurons that evoked excitation-
inhibition, the inhibition abruptly ended and was followed by a
rebound-like short excitation (Fig. 5B). The mean latency of the
short-latency excitation was 3.9 = 0.4 ms, which was ~0.4 ms
shorter than that of the GPe neurons. The mean duration of the
short-latency excitation was 9.3 * 5.8 ms and was significantly
shorter than that of the GPe neurons ( p < 0.01). The latency and
duration of the inhibition was 13.9 = 4.2 and 40.3 *= 15.2 ms,
respectively. Local application of gabazine abolished the inhibi-
tion and increased the rate of spontaneous firing (Fig. 5). The
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Single stimulation of the STN evoked a short-latency and a very short-duration excitation, followed by an inhibition

in GPi neurons. Recordings in A and B are from two different neurons. In some neurons, the STN stimulation (stim)-induced
inhibition was followed by a rebound-like excitation (B-a). Local application of the GABA, blocker gabazine greatly decreased the
inhibition and also increased the rate of spontaneous firing (4-b, B-b). Gabazine also blocked the rebound-like excitation (B-b).
The short-latency excitation observed after local gabazine application was very similar to that observed in the GPe. All of the PSTHs

were constructed with 1 ms bins.
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STN-BHFS evoked along inhibition inamajority of GPi neurons. Recordingsin Aand B are from two different neurons.

A-a, B-a, STN-BHFS with 0.2 mA evoked a brief, small excitation followed by an inhibition in these neurons. The inhibition evoked
in neuron Alasted for ~120 ms after the termination of the stimulation (stim.), whereas in neuron B, the inhibition ended shortly
after the termination of the stimulation (stim.). The inhibition often terminated abruptly and, in approximately one-half of the GPi
neurons, was followed by a slow, long-lasting excitation. A-b, B-b, Local application of gabazine greatly suppressed the inhibition
during burst stimulation. However, gabazine was less effective during the later part of the inhibition that occurred after the
termination of the stimulation. Gabazine also increased the rate of spontaneous firing and the amplitude of the excitation after the
inhibition. PSTHs with fast (—50 to 300 ms) and slow (—0.1 to 1.0 s) time scales were constructed with 1 and 4 ms bins,

respectively.

duration of the short-latency excitation was increased to 45 =
12.8 ms (n = 5; p < 0.01). Gabazine also abolished the rebound-

like excitation (Fig. 5B).

Twenty-four of the 29 GPi neurons examined with single
stimulation were also tested with STN-BHFS. In 18 neurons,
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BHFS evoked a brief 3-16 ms short-
latency excitation at the beginning of the
BHEFS, followed by an inhibition. The in-
hibition lasted for various durations, from
100 to 300 ms after the termination of the
BHFS, was often abruptly terminated, and
was followed by an excitation (Fig. 6). Lo-
cal application of gabazine blocked the in-
hibition during BHFS and disclosed exci-
tations. However, gabazine was less
effective during the later part of the inhi-
bition that occurred after the termination
of the BHFS. Gabazine also increased the
rate of spontaneous firing and the ampli-
tude of the excitation following the inhibi-
tion (Fig. 6). The six remaining neurons
evoked a series of excitation during stim-
ulation followed by an inhibition with the
response pattern very similar to GPe neu-
rons (data not shown).

To block disynaptic STN/GPe/GPi in-
puts at the GPe and to maintain the spon-
taneous firing level of the GPe, a mixture
of NBQX, CPP, and gabazine (0.5 mMm
each; 0.4-0.6 ul) was injected into the
GPe 5-30 min before GPi recording. The
injection was made while the electrode as-
sembly for GPi recording was passing
through the GPe at approximately the
middle of the tract length of the nucleus.
After the injection, both single and BHFS
of the STN did not evoke inhibition in any
of the eight GPi neurons tested but did
evoke predominantly short-latency exci-
tations (Fig. 7). The slow excitation ob-
served before GPe blockade was also not
observed in any of the eight neurons (Fig.
7). We tested a mixture of NBQX and CPP
(0.5 mM each; 0.4—0.6 ul) in the same ex-
perimental paradigm. Injections of this
mixture into the GPe greatly increased the
spontaneous firing level of the GPi (55.7 =
25.3t0102.3 = 28.2 Hz; n = 6; p < 0.01)
and obscured the excitatory responses
(data not shown).

Responses of pallidal neurons to
chemical activation of the STN

In addition to the electrical stimulation re-
sults, we examined the effect of gabazine
injections into the STN on the level of the
spontaneous firing of GPe and GPi neu-
rons. It was expected that a blockade of the
GABAergic pallidal inputs to the STN
should increase the spontaneous activity
of STN neurons (Kita et al., 1983a). In-
deed, local injection of gabazine (0.2 mwm;
0.4-1.0 ul) greatly increased spontaneous

activity of STN neurons with a decrease of the amplitude of
spikes, although a precise measurement of the increase was not

possible, because our electrode assembly permitted only multi-

unit recordings (data not shown). The average firing frequencies
of GPe and GPi neurons were obtained from 50 s of sampling
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Figure 7.  The blockade of the GPe suppressed the inhibition of GPi neurons evoked by STN
stimulation. Before GPi recording, a mixture of NBQX, CPP, and gabazine (0.5 mm each; 0.6 wl)
was injected into the GPe to block STN stimulation-induced responses in that nucleus. 4, Single
stimulation (stim.) of the STN evoked a short-duration, short-latency excitation. B, STN-BHFS
evoked short-latency excitations. stim., Stimulation. €, Local application of the NBQX/CPP mix-
ture greatly suppressed the excitation during BHFS. The PSTH in A was constructed with T ms
bins, and those in B and C were constructed with 4 ms bins.

times before and after the gabazine injection into the STN. The
numbers of neurons tested were small, because the gabazine in-
jection can be done only once or twice a day in monkeys. Six GPe
neurons all increased the firing rate after the gabazine injection
into the STN (47.0 = 19.5t0 96.8 = 35.0 Hz; p < 0.02). The firing
increase lasted for =1 h with the peak effect at 5-15 min after the
injection. Of 10 GPi neurons tested, 4 increased and 6 decreased
(Fig. 8), and as a group, there was no significant change in the
firing rate, the mean firing rate of 57.5 = 9.1 before the injection
to 57.6 = 30.6 Hz after.

Gabazine injection into the STN occasionally induced dyski-
netic movements of the contralateral forelimb. The dyskinesia
was mild and was not so evident as in the muscimol injection
(Nambu et al., 2000). Raisin presenting tests also revealed slow
and disturbed precision grip. When removed from the chair soon
after the injection, the monkeys occasionally showed a body tilt
and a circling behavior to the contralateral side to the injection
site.

Responses of Put neurons to STN stimulation

It is possible that stimulation of the STN antidromically activates
the cerebral cortex or the centromedial thalamic nucleus and that
these activations then orthodromically activate striatopallidal
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Figure 8.  Effects of gabazine injection (0.2 mm; 0.4 — 0.6 wul) into the STN on the spontane-
ous (Spont.) firing level of six GPe (4) and 10 GPi (B) neurons.

neurons. To test this possibility, 22 spontaneously inactive Put
neurons with evoked excitation to cortical stimulations that we
considered phasically active neurons (PANs) and 28 tonically
active neurons (TANs) were tested by single and BHES of the
STN. PANs and TANs were identified by their firing frequency,
firing patterns, and spike width (Crutcher and DeLong, 1984;
Kimura et al., 1984, 1990). Neurons were sampled from the area
of the Put that exhibited orthodromic responses to the stimula-
tion of the forelimb regions of the motor cortex. Single stimula-
tion of the STN failed to activate any PANs. STN-BHFS induced
slowly growing, weak excitation in three PANs (Fig. 9A). In 22
TANSs, single STN stimulation induced an excitation with a
20-30 ms latency followed by a weak inhibition-excitation se-
quence (Fig. 9B-a). However, when these neurons were tested
with STN-BHFS, the excitations and inhibitions appeared to can-
cel each other, and no clear response could be evoked (Fig. 9B-b).

Discussion

Stimulus method

The effectiveness and the types of neuronal elements stimulated
by an electrical field are dependent on the method of stimulation.
We used a vertical penetration of a concentric bipolar electrode
with small contact areas separating 0.5 mm, which should pro-
duce a strong voltage gradient in a small area around the center
lead. We considered that the stimulus method was inefficient in
stimulating axons, because only a small number of GPe neurons
and none of GPi neurons, the axons of which pass near the STN
(Parent et al., 1999), evoked an antidromic response. For the
same reason, we suspect that strong stimulation of small-
diameter dopamine and serotonin axons to be unlikely. The elec-
trodes for the STN-HFS in clinical use are typically penetrated in
the rostrodorsal to caudoventral direction. The electrodes have
large contact areas with long contact separations that effectively
stimulate large myelinated axons, including axons of STN neu-
rons, oriented parallel to the electrode (McIntyre et al., 2004).

Short-latency responses

The present results revealed that responses of GPe and GPi neu-
rons to STN stimulation differ from each other, although both
nuclei receive anatomically similar monosynaptic excitatory and
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Figure9.  Responses of Put neurons to STN stimulation (stim.). 4, STN-BHFS induced a weak
excitation in a PAN. B-a, Single STN stimulation evoked an excitation with a 20 —30 ms latency
followed by a weak inhibition-excitation sequence in a TAN. B-b, However, when the same
neuron was tested with STN-BHFS, no significant response was evoked.

disynaptic inhibitory connections. The primary difference was
the strength of the disynaptic STN-GPe-pallidal inhibition. GPe
neurons activated by STN stimulation can induce stronger inhi-
bition in the GPi than in the GPe. This result is consistent with the
anatomical finding that there is a higher density of GPe synapses
on GPi neurons than GPe neurons (Shink and Smith, 1995). In
the GPe, in both single and BHFS of the STN, the STN-GPe
excitation dominated over the STN-GPe-GPe recurrent inhibi-
tion. As expected, local application of the NBQX/CPP mixture
diminished the short-latency excitations and the subsequent in-
hibition in the GPe (Kita and Kitai, 1991; Kita et al., 2004), sug-
gesting that the inhibition was the recurrent collateral inhibition
and not a result of antidromic activation of GPe-STN axons.

Short-latency excitations to STN-BHES showed two forms of
potentiation. One was the waxing of succeeding excitations to
burst stimulations. This potentiation could be attributable to a
property of the STN-GPe synapses, because unitary EPSPs re-
corded in rat pallidal neurons in slice preparations showed sim-
ilar waxing (Hanson and Jaeger, 2002). The other form of poten-
tiation was similar to posttetanic potentiation in that repetitive
BHES potentiated responses to succeeding BHFS. This potentia-
tion was observed even in 20.4 s interburst intervals, suggesting
the involvement of slow mechanisms.

In the GPi, the most frequently encountered response pattern
to single stimulation of the STN was a short-latency excitation
followed by an inhibition. The duration of the excitation was
significantly shorter and the strength of the inhibition was stron-
ger than those of the GPe. The inhibition was considered to be
GABAergic, originating from the GPe, because the response was
gabazine sensitive and an injection of the NBQX/CPP/gabazine
mixture into the GPe blocked the response. Anatomical studies in
both monkeys and rats have found no extensive local collaterals
of GPi neurons (Nakanishi et al., 1991; Parent et al., 1999). STN-
BHFS evoked excitations similar to the GPe neurons in 25% of
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the GPi neurons. However, in 75% of the neurons, STN-BHFS
evoked a short-latency excitation followed by inhibition. Local
application of gabazine or injection of an NBQX/CPP/gabazine
mixture into the GPe blocked the inhibition and disclosed the
short-latency excitations. These observations suggested that
STN-GPe-GPi inhibitions overrode monosynaptic STN-GPi ex-
citation. To substantiate the results with electrical stimulation,
we examined the effects of chemical activation of the STN on the
spontaneous activity of pallidal neurons. Injection of gabazine
into the STN increased the activity of all GPe neurons. In the GPj,
4 of 10 neurons were increased and 6 were decreased. These re-
sults were consistent with electrical stimulation results. Injection
of gabazine into the STN occasionally resulted in dyskinetic
movements of the contralateral forelimb and in a circling behav-
ior. These observations agree with the previous study that injec-
tion of GABA , blocker, such as picrotoxin or bicuculline, into the
STN evoked dyskinesia (Crossman, 1987), and consistent with
the idea that blockade of information flow at the STN by musci-
mol or gabazine results in involuntary movements.

Previous studies reported that HES of the STN inhibited ac-
tivity of neurons in the SNr, the nucleus that has similar inputs as
the GPi. The inhibition was considered a result of the suppression
of the STN itself or to the activation of GABAergic fibers in the
STN (Benazzouz et al., 2000; Maurice et al., 2003). The results of
the present study add another possibility that the STN-GPe-SNr
inhibition may dominate over the STN-SNr excitation. The re-
ports that HFS of the STN induced both glutamate and GABA
release in the GPe and a larger GABA release in the SNr are
consistent with our present observations (Savasta et al., 2002;
Windels et al., 2003, 2005).

Slow responses

Single and BHFS of the STN evoked a slow excitation in GPe
neurons. Local injection of the NBQX/CPP mixture diminished
the slow excitation, suggesting that excitation of the GPe contrib-
uted to evoking the response. However, whether the response was
caused by slow metabotropic responses or to loop connections
involving other brain areas remains to be investigated. In the GPji,
STN-BHFS was followed by a gabazine-resistant inhibition and
slow excitations. Injection of an NBQX/CPP/gabazine mixture
into the GPe also diminished these responses, suggesting a con-
tribution of GPe excitation in inducing the responses.

Responses of Put neurons

The motor cortex and the centromedial nucleus of the thalamus
project to both the STN and Put. Thus, it was possible that stim-
ulation of the STN antidromically activated these structures and
then the striatal projection neurons. Recording from PANs sug-
gested that STN-BHFS could induce a slow excitation in some
PANSs, although single STN stimulation failed to excite PANS.
The excitation to BHFS was weak and was considered not to be a
significant factor in the responses observed in the pallidum in the
present study. In contrast, a relatively large number of TANs
responded with a weak excitation followed by inhibition and a
second excitation to single STN stimulation, suggesting that STN
stimulation indeed induced a short-latency excitatory drive in the
Put. STN-BHFS failed to evoke strong responses in TANs, prob-
ably because the excitatory and inhibitory forces overlapped and
canceled each other. These observations led to the possibility that
the use of a STN stimulus electrode, which is more effective for
activating cortical or thalamic afferent fibers than the electrode
used in the present study, might induce significant excitations in
the Put. The report that HES of the STN increased striatal gluta-
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mate is consistent with present observations (Savasta et al., 2002).
It can be further speculated that the excitations of striatal neurons
may be beneficial for ameliorating parkinsonian symptoms.

Functional considerations

The most significant implication of this study is that STN-BHFS
or STN-HFS might inhibit the activity of the majority of the
neurons in the GPj, a basal ganglia output nucleus. STN neurons
respond very strongly to task-related events or sensorimotor
stimuli (Matsumura et al., 1992; Bergman et al., 1994; Wichmann
et al., 1994). STN neurons in parkinsonian patients and experi-
mental parkinsonian animals often show higher-frequency firing
and increased burst activity (Bergman et al., 1994; Hutchison et
al,, 1998). The STN burst activity could be induced by both exci-
tatory and inhibitory synaptic inputs and could be supported or
enhanced by the reciprocal connections with the GPe and mem-
brane properties of STN neurons (Bevan et al., 2002; Magill et al.,
2004). The present results suggest that STN-BHFS would facili-
tate burst activity in the GPe by inducing monosynaptic excita-
tions (Ni et al., 2000). However, the burst activity of STN activity
may suppress activity or induce a pause followed by a rebound
discharge in GPi neurons.

It has been suggested that overactivation of the indirect SNr-
GPe-STN-GPi pathway in the parkinsonian state increases the
activity of the STN and then increases that of the GPi (Alexander
and Crutcher, 1990; DeLong, 1990; Mink and Thach, 1993; Nini
etal., 1995). This suggestion may not be so simple as long as the
disynaptic STN-GPe-GPi projection is functioning normally.
First, the increased STN activity might excite the GPe, acting as a
negative feedback circuit, preventing a large decrease of GPe ac-
tivity. Second, the elevated GPe activity effectively inhibits the
GP1i as well as the STN. Thus, the indirect pathway has build in
feedback systems. It is possible to speculate from the present
results that STN-HFS suppresses abnormally increased GPi ac-
tivity in the parkinsonian states through the STN-GPe-GPi path-
way, ameliorating parkinsonian symptoms. In contrast, STN-
BHFS or chemical activation of the STN evoked excitations in a
substantial number of GPi neurons, agreeing with a report of an
increased GPi activity during STN-HES in parkinsonian mon-
keys (Hashimoto et al., 2003). Thus, an alternative explanation
for the mechanism of the HFS treatment may be the disruption of
the abnormal discharge patterns in the GPi in the parkinsonian
state (Hashimoto et al., 2003; Maurice et al., 2003).
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