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Abstract

The subthalamic nucleus (STN) ptag key role inthe control of voluntary
movements and basal gangl{G) disorders,s u c h as Parkinsonods
hemiballismus.lt is known that lesion, chemical blockade or deep brain stimulation
(DBS) of the STN is an effective treatment of movement disordérs.STNreceives
glutamatergic inputs directly from theerebralcortex andgammaaminobutyric acid
mediated (GABAergic)nputs from the external segment of the globus pallidus (GPe),
which are mediated by theortico-STN hyperdiretand corticestriato GPeSTN indirect
pathways, respectively. Then, the STN drives the internal segment of the globus pallidus,
the output nucleus of the BGhus, it is important to clarify how STN neuronal activity

is controlled by these inputs.

In thefirst part ofthe study,| investigate the origin of each component of the
biphasic response in the STN induced by cortical stimulation in awake mdivasaca
fuscata, n= 2). In the present studyl, considered two hypothetical options for the
formation of theSTN biphasic responsevokedby cortical stimulationl) Early and late
excitations are mediated by thgperdirectandindirect pathways, respectively. In that
case, the origin of early excitation is excitatory input from the cortex and the origin of
late exdtation is disinhibition from the GP&) Cortically induced long excitation is
intervened by the inhibition from the GPe through£K\N-GPeSTN transmission. In
order to clarify this issué recorded neuronal activity in ti8'N combined with electrical
stimulation of the motor corticeprimary motor cortex (Mlandsupplementary motor
area (SMA) Cortical stimulation induced early excitation and following late excitation

in STN neuronsin order b examine the origin of thesedhasic responsesguronal



responses were compared before and after drug applitatiiothe basal ganglia. Local
application of glutamatergic antagonists, especifliynethyltD-aspartate(NMDA)
receptorantagonist, into the vicinity of recorded STN neurons, diminishecednky
excitation among biphasic responses. Blockade of the striatum by local injection of
muscimol, GABA receptor agonist and blockade of the GPe by local injection of
muscimol diminished late excitation. Blockade of the straie transmission by local
injection of gabazine, GABA receptor antagonist, into the GPe also abolished late
excitation. These results suggest that cortically induced early and late excitation in STN
neurons are mediated ltlye hyperdireciandindirect pathways, respectively, arbat

cortical inputs to the STN are mainly mediated by NMDA receptors.

In the second part of the studyexamined the degree to which STN neuronal
activity is involved specifically in voluntary movement control and their origins as
described abovéonkeySwas trained to perform gadirected reaching task with delay
that includes AGo/ Stop/ NoGoo types of trial

the monkey was required to perform reaching movements to the target, which was

indicated by aninstaut i on si gnal . Il n AStopo trials, sa
presented as in AGoo trials, however, t he
stopping of action. I n ANoGoo trial s, from

instruction gnal that movement performance is not required. This task paradigm
combined with cortical stimulation and manipulation of inputs by local drugs application
into the STN allows us to investigate cortical control of STN activity during motor
performance. Téresults showed that Méceiving region in the STN is involved in both
motor execution and cancellation. Taskated STN activity was also controlled through

direct glutamatergic and indirect GABAergic inputs from the corteop-&lated activity



was nainly transmitted through thieyperdirectpathway that caused facilitation in the

STN, while the role of thandirect pathway was minor. | revealed the direction selective

(DS) =activity in both fAGoo and AStopo tria
related activity involved in a specific stop, while other neurons participated in a global

stop.

The functions and neural dynamics of the STN in voluntary movement control are
still under debates nowadays. In the present study, | demonstrated the anitdi¢he
hyperdirectpathway on early excitation and thelirect pathways on late excitation of
the STN biphasic response induced by cortical stimulation. | also discussed the role of
glutamatergic and GABAergic inputs to the STN in motor control. | d/bkeé to suggest
based on the results that the STN plays a specific role in motor execution and cancellation,

which is regulated by inputs from bdtlgperdirectandindirect pathways.



Introduction

The subthalamic nucleus (STN) playesr#ical role in thecontrol of voluntary
movementsas the driving force athe basal ganglié&TN neurons change their activity
in relation to limb and eye movemeiiBelong et al. 1985, Hikosaka et al. 200R¢cent
studies highlighted STN activity specific to inhibiting/cancelling movements or changing
task(Isoda et al. 2008, Schmidt et al. 2013, Pasquereau et al.. 2@%i)n orchemical
blockade of the STN reduced firing rate of GPe/GPi neurons and interferes normal
voluntary movements by inducing involuntary movements, hemibalsg\Whittier et al.
1949, Carpenter et al. 1950, Hamada et al. 1992, Nambu et al. 200@)mal activity
of STN neurons, such as firing rate and pattern changes, has been reported in various
movement disorders, s udcBergnas etB.al99K,iHassaniptdé s di S
al. 1996, Galvan et al. 2008hd dyskinesigwWichmann et al. 1994, Rodrigu€2roz et
al. 2001, Hanson et al. 201R)oreover, lesions or chroniagh-frequencystimulation in
the STN ameliorate PD symptor(Bergman et al. 1990, Aziz et al. 1991, Pollak et al.
1993, Benabid et al. 1994, Limousin et al. 199%)erefore, it is important how steady

state and phasic STN activity is controlled by afferent inputs to the STN.

The STN is annput stationas well as a relay nucleus of the basal ganglia. It
receivessomatotopically organized glutamatergic inputs directly from the frontal cortex,
forming the corticeSTN hyperdirectpathway(Monakow et al. 1978, Nambu et al. 1996,
Nambu et al. 2000, Nambu et al. 200R) also receivegyammaaminobutyric acid
(GABA)ergic inputs from the external segment of the globus pallidus (GPe) as a relay

nucleus in the striat&Pe STNindirectpathwayAlexander et al. 1990The STN finally



projects to the GPe and timernal segment of the globus pallid@&Pi), anoutput station

of the basal ganglia, and control their acti{ilgeger et al. 2011)

The STN is composed of glutamatergic neurons wspedntaneouslfire at mid
frequency (2040 Hz) Cortical stimuation induced biphasiesponsgwhich is composed
of early excitation and late excitatiomterposed by a short ggplambu et al. 2000)
There are two possibilities of the origin biphasic response in the STN induced by
cortical stimulation 1) Early andlate excitations are mediated by thngperdirectand
indirectpathways, respectivelyhich was shown ianesthetizedats experimentitai
et al. 1981, RouzairBubois et al. 1987, Fujimoto et al. 1993, Maurice et al. 1988)
Cortically inducel long excitation is intervened by the inhibition from the GPe through
Cx-STN-GPeSTN transmission.The rebound excitation after the inhibition might
contribute to late excitationfhe orgin of that biphasic response is still not clé&ar
monkeys Thefirstgoal of the present study is to investigate the origin of each component
of thebiphasicresponse in the STN induced by cortical stimulation in awake monkeys.
The second goal of thpresentstudy is to examine the control mechanism of STN
spontaneous activity through thgperdirectandindirect pathwaysthe former inputs to

the STN are glutamatergic and the latter inputs are GABAergic.

In the present study also made an attempt to clayiineuronal substrates of
voluntary movement controf he c¢cl assi c alDemmdegl 1®f90BG Mi nk
suggests that STN i mpl emikeasal exyuatmpyuatit @nruyc lieni
which inhibit the Stthuadliaensu sofa ntdh et hSeT Nc oirnt eaxn i
demonstrated its activgtAirom cur iang MBOWEmMe Ria

Schmidt et al . 2.0He3TN a®iatgwas reporeed to @ay a keprdlel 4 )



in action suppressiofFrank 2006, Li et al. 2008, Sharp et al. 2010, Fife et al. 2017,
Pasquereau et al. 201The signals througthe hyperdirectandindirect BG pathways
areconsidered to be able to block activity responsible for motor initiation that transmits

through the direct pathwaiMink 1996, Nambu et al. 2002, Nambu 200Mlor eo v e r ,
therevidence that STN acti vwihtey mod omo ¢pu laatne
voluntary | { Abemamndmenes al. 1990, Fischer

T h ulshypothesize that aubdivisionof STN neuronsmight be involvedin motor

program execution and cancellatidn. this study | made an attempt to clarifthe
funcofo@®Nnhenf or mati on pr omesdsuirngnganmbtiomt e

performance.

In order to reveal the specific role of the STN in movement and the influence of
each pathway on the STN movemesiated activity, | used combination of
AGo/ St op/ NWedwuggen eh al. K808, Schall et al. 2012, Pasquereau et al.
2017), which are typically used to study neuronal activity in motor performance and stop
conditiors. Herel hypothesze that STN functions are implementédferently by the
corticoSTN hyperdirect and corticestriatocGPeSTN indirect inputs based on
behavioral contexts h e fA G o onaype imtiatedthsough botthe hyperdirectand
indirectpathwgy s, wh i precess, @Hicb reguires quick processing, may involve
the hyperdirectpathway However,there is no direct evidence regarding thisstion
Thus, the third goal of thgresentstudy is to clarify the degree to which STN neuronal
activity is involved specifically in voluntary movement control anputs to the STN

activity.



Material s & Methods
Animals

Theexperimental protocols were approved by the Institutional Animal CatréJar
Committee, and all experiments were performed in accordance with the guidelines of the
National Institutes of HealtBuide for the Care and Use of Laboratory Animdlsree
female Japanese monkeydacaca fuscataMonkey K8 K9, and $, weighing 5.85.5
and6.2kg, were used in this studylonkey K8, Kvere used for simulation study, and
MonkeyS for behaioral study The animal was housed in individual primate cages and
had ad libitunaccess to food and wat&ach monkey wasainedto sit in a primate chair

quietly.

Behavioral task

In the present experiment, | trainkbnkey So perform goalirected reaching task
with delay using its right upper limbn orderto investigate the role of the STN in
voluntary movement control. The task was ¢
task and the AGo/ NoGoo task. "Stop" and "N
movement suppression, such as sudden cancelimsteady inhibition.

In the present task, | used a touch panel with three slots (Left, Center, Right; height,
18 mm, width, 6 mm, and depth, 11 mm), which were aligned horizontally with 10 cm
intervals. In the bottom of each slot a tamlor (green anded) lightemitting diode
(LED) was installed. The touch panel was placed at distance of 30 cm in front of a monkey.
The task includes three tyop(€igureb.fEachtridl al s : A
was initiated after the monkey placed its hand at the resting position that was located

below the touch panel for at least 1500 ms.



I n A Go(Figutet),omelofsthree LEDs was lit with red color for 150 ms as an

instruction signal (S1). After that, a random delay period{BBI0 ms) was introduced.
The monkey was required to keep its hantthatresting position during the S1 and delay
periods. After a delay period, all three LEDs were lit with green color for 1200 ms as a
triggering signal (S2). Within S2 presentation monkey was required to put its index finger
inside the slot that has beiastructed bys1.1f the monkey reach the correct target within
S2 presentatigrit was rewarded (RW) with sweetened water. If the monkey released its
hand before S2 presentation, rezattihe wrong slator reached the target after 1200,ms
the trial withthe same task conditions was repeated. The timings of hand release (HR)
from the resting position and finger in (FI) the slot were detected by infrared photoelectric
sensors (Keyence, Japan), installed in the resting position and slots on the touch panel.

Il n A St oRgorel}, $1ivnes similarfpresentedtd Go 0 Afteritha delay,
al three LEDs were lit with red coloas S2 The monkey was required toancel
movements. If monkelgept its hand at the resting position during the ertskperiod
it was rewarded

Il n A No Giguretl)rall threesLEDs were lit simultaneously with red color
as S1. After a random delay period, all three LEDs were lit with green color as S2. In that
case, the monkey was required to keep the hand at the resting position during the entire
taskperiodto get reward.

ARGoo, NStopo aeratandoMygpresenteaithr aiprabalslity of 60,
30, and 10% respectively. Left, Centard Right targetsvere alsaandonty presented
with equal probability. The task was controlled by LabVIEW R€mhe software

(National Instruments) and a computer.
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The nonkey wastrained to perform the task with short (2880 ms) reaction times

andhigh successful rate (> 909%h) all trial conditions.

Surgery

After the chair training(Monkey K8 and K9) and task training fonkey $
monkeys received aseptic surgical operation to fix their head painlessly in a stereotaxic
frame attached to a monkey chi@dar details, seé@Nambu et al. 2000, Nambu et al. 2002)
Briefly, under generahnesthesia with thiopentabdium (25 mg/kg body wt, ivafter
ketamine hydrochloride (10 mg/kom) and xylazine hydrochloride {2 mg/kg,im), or
with propofol (69 pg/ml,target blood concentration) with fentanyt331g/kg, im) after
ketamine hydrochloride (10 mg/kign) and xylazine hydrochloride {2 mg/kg,im), the
monkey head was fixed in stereotaxic apparatus, the skull was widely exposed and
covered with transparemicrylic resin (Unifast 1l; GC Corporation), and two polyether
ether ketong PEEK) or stainless tubes were mounted for head fixation. Antibiotics
(amikacin sulfate) and analgesics (ketoprofen) were administratedyrgstally. After
full recovery from tle above operation, the skull over the primary motor cortex (MI) and
supplementary motor area (SMA) was removed under anesthesia with ketamine
hydrochloride (10 mg/kg, im) and xylazine hydrochloride-2(1mg/kg, im).
Electrophysiological mapping was perforinand the forelimb regions of the MI and
SMA were identified by recording neuronal activity in response to somatosensory stimuli
and observing body part movements evoked by intracortical microstimul@iodetails,
see(Nambu et al. 2000, Nambu et al. 2002)fter mapping, two pairs of bipolar
stimulating electrodes (enamabated stainless steel wireQ02um diameter; 2 mm

intertip distance) were implanted chronically into the distal and proximal forearm regions

11



of the MI, and one pair into the forearm region of the S(#lyure2A). Exposed areas

were covered with the transparent acrylic resin except two ared$ (hon diameter) for
access to the putamen, Gad STN. Two rectangular plastic chambers covering each
craniotomy were fixed onto the skull with acrylic resin. Animals were administered
antibiotics, steroids (dexamethasone), and analgesics after the surgical procedures.

Recordings of neuronal actiyitverestarted after full recovery from the second surgery.

Recording STN neuronal activity

Recording of STN neuronal activity was performed two or three days per week for
several month During the experimental session, the monkey was seated in a primate
chair with head fixed in the frame, leaving body and limbs free to move. Recordings were
performed while the monkey was awake. First, the location and borders of the STN were
defined based on the singlait extracellular recordings. Using a hydraulic Midrive,
a glasscoated Elgiloy microelectrode (X . 5 MY at 1 kHz) was pene
into the STN through dura mater withlocal application of lidocaine. The neuronal
activity of STN recorded from the microelectrode was amplifietO(®00), filtered (100
Hz to 2 kHz). The unitary activity of STN neurons was isolated, converted into digital
data with a homemade tirsmplitudewindow discriminator, and sampled using
LabVIEW software (National Instruments) and a computepfdine data analysis. Ae
unitary activity and converted digital data were also stored on videotapes using a PCM
recorder. The monkeybds arousal | evel was ma
spontaneous firing rate and patterns of activity of STN neurons:sfarilus time
histograms (PSTHs; 1 ms bin, summed for 100 stimulus trials) were constructed to

examine responses to electrical stimulation through the electrodes implanted ih the M

12



and SMA (bipolar stimulation, 300 ps duration, single pudsengthof 0.5-0.7 mA and
interval of 1.4 s). STN neurons can be identified by-freduency (20- 40 Hz) firings
andresponses to passive joint movementge nost reliablecriterionis thepattern of the
response$o cortical stimulation: the response pattern of S¥urons is early and late
excitations intervened by a short gégambu et al. 2000)The STN can be easily
discriminated from surrounding structures, such as zona incerta and lateral hypothalamus

by using these criteria.

In Monkey $Sneuronal activity during performance was also recorded and stored in

computer.

Drug injection in the vimity of recorded STN neurons

Singleunit recordings of STN neurons in combination with local applications of
drugs were performed with an electrode assembly consisting of acglaesl Elgiloy
microelectrode (0i7l . 5 MY at 1 kHz) Wocsiticatubes (OD, 450 c or di n
pm; 1D, 75 pm; Polymicro Technologies Inc, Phoenix, AZ, USA) for drug delivery
(Figure2B) (Kita et al. 2004, Tachibana et al. 2008e silica tubes were connected to
two 25pl Hamilton microsyringes, which contained two of theduling drugs dissolved
in saline: 1) the N-methylp-aspartate (NMDA) receptor antagonist, -3
carboxypiperazi-yl)propyt1-phosphonic acid (CPP, 1 mM, Sigma, St Louis, MO,
USA); 2) the alphaminc3-hydroxy-5-methylisoxazoled-propionic  acid
(AMPA)/kainate receptor antagonist, 1, 2, 3;tettahydre6-nitro-2, 3-dioxo-
benzo[flquinoxaline7-sulfonamide disodium (NBQX, 1 mM, Sigma); 3) a mixture of
CPP (22 mM) and NBQX (-2 mM); 4) the GABA. receptor antagonist, gabazine

(SR95531, 1 mM, Sigma). Usinghgydraulic microdrive, the electrode assembly was

13



penetrated vertically into the STN through a small incision of dura madeaJaital
application of lidocaine. The neuronal activity of STN neurons was recorded, and PSTHs
were constructed to examine respes to cortical stimulation as described above. When
STN neurons responded to MI and/or SMA stimulation, a total volume2efd6 pul of

each drug was injected at a rate of @00&5 ul/min by advancing plungers with computer
control (Nihon Kohden, XF320-J or UltraMicroPumgll, WPI). Thisamount of drugs is
expected affect areas approximately 1mm from the injection site as described elsewhere
(Kita et al. 2004)As the drug effects became maximumI®min after injection and
decayed very slowly, the special attention was paid to this period and PSTHs were
constructed. Digitized spontaneous activity was also recorded for 50 s before and after
drug injectionsand autocorrelograms (0.5 ms bin width) were constructed. Injection sites
were located at least 1 mm apart because the effective radius of the drugs was estimated
to be ~1 mm(Kita et al. 2004)I also confirmed that injections of saline alone did not
alter the spontaneous firing rates and patterns and the cortically induced responses of STN

neurons.

Drug injection into the putamen or GPe

This experimentwas done irMonkey K8and K9. First, forelimb region of the
putamen and GPe were mapped by recording neuronal activity. Using a hydraulic
microdrive, a glassoated Elgiloy microelectrode (3 . 0 MY at 1 kHz) was
obliquely (45 degreesom vertical in the frontal plane) into the putamen or GPe through
dura mater withalocal application of lidocaine. The forelimb region of the putamen or
GPe was identified by firing patterns, passive joint movements, and responses to cortical

stimulation (Nambu et al. 2000¥ambu et al. 2002, Kita et al. 2004)ypical response

14



patterns are excitation in the putamen and triphasic response composed early excitation,

inhibition and late excitation in the GPe.

The method for drug injection into the putamen or GPe was the same as described
elsewhergTachibana et al. 2008) Teflon-coated tungsten wire (bare diameter, 50 pum)
was attached to the dfauge needle (OD, 250 pum) of a-fiDHamilton microsyringe,
and they were covered by polyamide tubing except for the tip (1 mm). A tungsten wire
was used not only as a recording electrode but also as bipolar stimulating electrodes
together with the syringe needle (0.7 mm inter tip distance). A kanmmicrosyringe
contained one of the following drugs dissolved in saline, muscimol (GA®B&eptor
agonist,0.5 mM, Sigma), NBQX (10 mM)and gabazine (10 mM). Using a hydraulic
microdrive, the needle was penetrated obliquelyddgrees from vertical in the frontal
plane) into the putamen or GPe through a small incision of dura made \atal
application of lidocaine. The orifice of the microsyringe was set at the center in the
forelimb regions of the putamen or GPe by reamydieuronal activity through a tungsten
wire as described above. For STN recordanglasscoated Elgiloy microelectrode (0.7
1.5 MY at 1 kHz) was penetrated vertically
activity was isolated. When STN neuron resged to cortical stimulation, the neuronal
response to the putamen or GPe stimulation (bipolar stimulation, 300 ps duration, single
pulse, strength of 0.4 0.7 mA, sometimes up to 1.0 mA and interval of 1.4 s) was
examined, and a total volume of 1.0.0 ul of the drug was injected into the putamen or
GPe in the following combination: muscimol injection to the striatum to block striatal
activity, muscimol injection to the GPe to block GPe activity, gabazine injection into the

GPe to block ptaminal G2 GABAergic neurotransmissi. Cortical stimulation induced

15



responses in certain areas of the putamen and GPe, and 4fQL10 of the drug is needed

to cover responsible areas of the putamen and GPe.

EMG recording

Electromyograms (EMGs)ere recorded twtimes forMonkey Susing surface
electrodes from the following muscles: wrist extensor, wrist flexor, biceps brachii, triceps
brachii, trapezius, and deltoid. EMG signals were amplif)e@,000), filtered (100

1000Hz), rectified, and sorted on a computer.

Data analyss of stimulation study

Neuronal responses to the cortical stimulation and spontaneous firing rates and
patterns were analyzed using Igor Pro softwagesion 6.3.7.2(WaveMetrics) and
compared before and after dnmgectioninto the STN, putamen or GPeifferent drugs
wereinjected into the STN ira different order Table 1). Responses of STN neurons
induced by cortical gtulation were evaluated based on PSTHs. The mean and standard
deviation (SD) of the discharge rate during the 100 ms period preceding the onset of
stimulation were calculated for eals THand considered as the baseline discharge rate.
Changes in neuronalctivity in response to cortical stimulation (i.e., excitation and
inhibition) were judged to be significant if the firing rate during at least two consecutive
bins (2 ms) reached the statistical level of mean + 1.65 SD (corresponding to p < 0.05,
onetailed t-test) (lwamuro et al. 2017)The maximum effect of drugs injections was
observed in 1445 min and decayed very slowly, thtise analysis of PSTHs was
performed during this period. Tlaenplitude and duration of cortically evoked responses

in the STN were analyzed before and after drjgrtion into the STN, putamen or GPe

Duration of excitation or i nhi bition was

16



mean + 1. 605 i $65SH) Ampliudemasicalculated asnumberof spikes
during the significant response minus that of the baseline discharge (mean) (area of the

significant response over or below the me&opulation PSTHs of STN neurons were

constructed by averaging PSTHseafich neuroandsmoothing witha Gaussin  f i | t er

=10 ms) for each case of drugs injecticersd displayeavith £ SD.

Spontaneous firing rates and patterns were analyzed using continuous digitized
recordings for 50 s. The following parameters were calculated: mean and SD of firing
rates, mean, SD, and mode of intepike intervals (ISIsfurst index (Bl)defined as the
ratio of the mean of ISIs and the mode of ISIs, emefficient of variation (CVylefined
as the ratio of the SD of ISIs and the mean of.ISpontaneous firing patterns were also
analyzedoy calculating autocorrelograms (0.5 ms bin width, for 50 s). The mean and SD
of values between 900 and 1000 ms (200 bins), that was far enoughinfrerg were
calculated as control values because of afldocorrelogranduring this period. Peaks
and troughs of the autocorrelation were judged to be significant if the coefficient during
at least two consecutive bins (1 ms) exceeded the confidence prmis005, ondailed
t-test;(Tachibana et al. 2008)The regularity of firing was assessed by the existence of
multiple peaks and their height in tl®tucorrelogramsAdequate and stable spike
isolation during a recording session was confirmed by constructing ISIs histograms:

absence of ISIs < 2 ms (the refractory period).

Paired, ondailedt-tests were used to compare parameters before and after drug
injections.Bonferroni tests were used to compare parameters oMl SMArecipient

neuronsP < 0.05 was considered significant.

17
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Data analysis of behavioral study

The analysis of neuronal activity during the gdaected reaching task with delay
was performed to weal the difference of the activity relative to different types of trials,
task events, and targets before and after local drugs injections in the vicinity of recorded
STN neuronsFirst, | examinedesponse to cortical stimulatioand recorded activityfo
STN neuronswhichreceivecortical inputdrom the fordimb areaof theMI, during task

performance

In the case of raster plots and population histogramtherbehavioral task,
neuronal activity was aligned separately according to the instructioml s{§1),
triggering signal (S2)hand release from the resting position (HR), finger in the slot (FI)
and reward (RW)imingsfor all types of trialsi.e., Go (Left, Center, Right), Stop (Left,
Center, Right) and NoGo trialSSpikedensity functions (SDFs) were calculated by
smoothing the averaged activity with a
glutamatergic components were calculated as subtracti®DB&for successful trials

before and after drugs injections:
GABAergic component = (SDF before gabazind sDF after gabazine);

Glutamatergic component = (SDF before NBQX+CPP) (SDF after

NBQX+CPP).

In order to detect targetand eventelated changes in SDFs and component
(GABAergic, glutamatergic), the mean + SD during 1000 ms preceding S1 were
calculated as the baseline. If a neuron demonstrated delay related chan§24ti(®d
period), which redwed a significant level (p < 0.001, otaled t-test) within 300 ms

interval beforeS2, the mean + SDluringthe 500 ms period before 3&reusedas the

18
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baseline. The amplitude$ SDFs and component functions relative to task events were
calculated forthe following time intervalsDelay period 700 ms after S1S2,200 ms
before and after SHR, 300 ms before and 400 ms after HR, 300 ms before an800
msafter Ff RW, 200 ms before an800 msafter RW. The following calculations were
performed forthe functions aligned separately to each corresponding task event. When
changes exceed the significant level of the mean + 3.09 SD (p < 0.06thjledé-test)

for at least 10 ms for SDFs and 3 ms for component fungtipmgs considered as
significantactivity changeThe start pointvas defined as the time when the amplitude
exceededanean + 1.65 SD (p < 0.05, otaledt-test). The end point was definedths

time when the amplitude dropped below the significant level p < 0.05. The baseline
activity was subtracted for the amplitude calculation avmeraged byhe number of trials

performed.

The latency of significant changes was calculated with settings different from the
mentioned abovi order to detedhetiming of neuronal activity changésat related to
the actual movementThe latencywas defined as the time from the S2 presentation to
the first amplitude of the largest neuronal response among three targets, where mean +

3.09 SD (p < 0.001, ontiled ttest) was calculated for the 203 eriod before S2.

Delay, S2, HR-, and Fl-related activity were modulated by target directions.

Directional selectivity (DS) of a neuron in each event was defined as

DS =1i (b Amedd +b Aminb )/(b Amad *2),

whereb AmaD , b Amedd, andb Aminb are theabsolute values ahaximum, medium and
minimum amplitudesamong three target(seft, Center, Right)respectivelyTakara et

al. 2011) DS varies between 0 and @S =0 means the same amplitude among three
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targets.DSs were calculatetbr both SDFs and component functions (GABAergic,
glutamatergic)For each neuron, SDs component functionwith the largest changes

among three targets werelacted for calculation gfopulation activity.

| classifiedrecordedSTN neuronsbased on theeomponents: 1)ositive or
negativechanges of componentand 2) Presenceor absenceof the buildup activity
during delay periods further classified STN neurons to following four groups based on
the first criteria I) Negative GABAergicand positive glutamatergic componentl)
Positive GABAergic andoositive glutamatergic componentfj) Positive GABAergic
and negativeglutamatergic componestand IV) Negative GABAergic andnegative
glutamatergic componentéccording to the second criterlapicked up neurons with
buildup activity during the delay periadter S1 eventor each compnent (GABAergic
and glutamatergjcseparately).DSs of each component at eadhsk events were

calculated.

EMG activity was analyzed using similar methods as applied for neuronal activity
in task performance. EMG activity was aligreidtask events suds, S1, S2, HR, and
FI. The mean value and SD of the activity were calculdtgthg 1000 ms before S1
presentationEMG activity wasconsidered asignificant activity changes wen EMG
activity exceed theignificant level of the mean 3.09 SD (p < 0.00lonetailedt-test)

for at least 10 ms.

Histology
At the end of experiments, the recording and drug injection sites were marked by
current injections (cathodal DC current of 20 pA for 30 s). Monkegse deeply

anesthetized with sodium pentobarbital (68/kg iv) and perfused transcardially with
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0.1 M phosphatéuffered saline (pH 7.3), followed by 10% formalin in 0.1 M phosphate
buffer (PB), and the same fresh buffer containing 10% sucrose and then 30% sucrose.
The brains were removed and kept in 0.PBlcontaining 30% sucrose at 4°C, and then

cut serially into 66um-thick frontal sections on a freezing microtonidese sections

were mounted onto gelatroated glass slides and stained with 1% Neutral Red. The
recording and drug injection sites werearstructed according to the lesions made by

current injections and the traces of the electrode tracks.
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Results
Overview of recorded STN neurons

A total of 158 STN neurons (79 neuronshionkey K8 79 neurons irMonkey
K9) were recorded, and drug injections were performed in 91 STN neurons. Among them,
70 STN neurons were selected based on isolation criteria and presence of significant
biphasic responses to cortical stimulation (for details,Materials & Method} and
aralyzed in combination with drug injections into the STN (33 neurgnggmen (15
neurons) or GPe (22 neuron@able 1). The spontaneous firing rates of these STN
neurons were 34.4 £ 16.9 Hz (mean £ SD). Cortical stimulation induced a biphasic
response composed of eaalyd lateexcitatiors, which wereinterve e d by a short 7
(Figure3) in STN neurons, and they were classified into 3&&tiipient (50%, responded
to MI-, but not to SMAstimulation), 24 SMArecipient (34%; responded to SMAut
not to Mkstimulation), and 11 MI+SMAecipient (16%; responded to both Mdnd
SMA-stimulation) STN neurons. The latency of each component is compared and agrees
with data reported previous(fNambu et al. 200, lwamuro et al. 2017 he latencies,
durations, and amplitudes of tearly excitation, gap, and, late excitations were compared
between Mi and SMAstimulation Table?2). Latencies evoked by Mitimulation were
significantly shorter than those evoked by the SBténulation (early excitatiorf(1,68)
=56.52,p=16x 1019 late excitationsi(1,68) = 10.67p = 1.7 x 103, Bonferronitest),
and these data agree with the data reported previ@aigbu et al. 2000, lwamuro et al.
2017) The duration bthe gap was longer (F(1,68) = I+ 0.4 x 1, Bonferroni test)
and the amplitude of early excitation was smaller (F(1,68) = §0%,5.9 x 1C,
Bonferroni test) in SMAstimulation than in Ml stimulation. On the other hand, durations

of the excitatbns were comparable between -Mdnd SMAstimulation, and thus
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durations and amplitudes obtained by MI and SMA stimulation were grouped together
and analyzed in the following drug injection experiments. In 70éasésthese biphasic

responses wefrfellowed by a long inhibitior{latency, 4670 ms, duration 4200 ms).

Drug injection in the vicinity of recorded STN neurons

CPP, NBQX and/or gabazine were applied in the vicinit®@STN neurons in
various conbinations and sequencEaplel). The mixtureof NBQX andCPP(NBQX
+ CPP)was applied in the vicinity ofSL.STN neurons to examine the contribution of the
glutamatergic inputs through the ionotropceptorgFigure4). The typical example was
shown inFigure 5A1, and the early and late excitation were suppressed after CPP +
NBQX injection. Quantative analyses showed th&et amplitude (to 42.%86; p =
1.7x103, onetailed paired-test) and duration (t86.4%6; p = 0.024) of early excitation,
and the amplitude (t88%; p = 0.035 of late excitation evoked by cortical stimulation
were significantly decreasedfter NBQX+ CPPinjection (Figure5A2; Table 3). The
duration of ggapbetwea early and late excitatiowvas increase(@o 84%; p=0.02 paired,
onetailedt-test Table3), andmight partly contribute to the attenuation of early and late
excitation. These changes were also observed in popul&®FHs Figure5A3). These

results suggest that early and late excitation is retatglditamatergic inputs.

Next, | examined whether NBQX (AMPA/kainite receptor blocker) or CPP
(NMDA receptor blocker)effectively suppress early and late excitationapplied
separate\NBQX and CPRn the vicinity of STN neuronéTablel). NBQX was applied
in the vicinity of 8 STN neuronsas exemplifiedn Figure5B1. The amplitude of late
excitation was significantly decreasgd 19.5%; p = 0.024 onetailed paired-test)after

NBQX injection but no changes were observed in early excitdikayure5B2; Table3).
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CPP was additionally applied in the vicinity ®STN neuronsas exemplified irFigure
5B1. The amplitude of cortically evoked early excitation in the STaédecreasedto
57.2%;p = 6.5x10°, onetailed paired--test) after CPP injection into the ST{igure
5B2; Table 3). These changes were also observed in popul&®hHs Figure 5B3).
Drugswere injected in the reverse ord€&PP, then NBQX) only one timand CPP
suppressed specifically early excitation (data not shoWmgse results suggest that the
NMDA receptors hee astrongereffect on the early excitation evoked by cortical

stimulation than AMPA{ainitereceptors, which mainly contributed to late excitation

Further gabazine injection after NBQX + CPP injectiwas performed in the
vicinity of 5 STN neurongFigure 5A1). The amplitude ofate excitation but not the
duration, wasignificantly decreaseo 62.1%; p = 0.028,0netailed paired-test)after
gabazinenjection Figure5A2, 3; Table3), andthe gap was not changé&tthen gabazine
was first injected befordNBQX + CPP injection feversed orderfFigure 5C1), no
significant changes were detected &arly excitation, gap, and late excitatiffrigure
5C1, 2, 3;Table3). Additional NBQX + CPP injection decreased both edfigre5C2,

3; Table 3) and late excitationThese data suggest that the late excitation in the STN
evoked by cortical stimulation may be related to GABAergic inputs. On the other hand,

the gap was not induced by GABAergic input.

| also examined the effects of local drug injection on the sponiarfeog rates
andpatterns Table 4, Figure6). After NBQX + CPP injection the spontaneous firing
rate was decreasedto 16%; p = 0.024 onetailed pairedt-test Table4), and was not
changed afteadditional gabazinel@ble4). The spontaneous firing rate was not changed

by separate injections of NBQX GPP, and was significantly decreageet 0.017, one
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tailed pairedt-test) only when thenjection of both drugs.After gabazine injection
without NBQX and CPRhe spontanea.firing rates were increaséd 26.36; p = 0.017
onetailed pairedt-test), but were not changed after additional injection of NBQX and
CPP [able4). These results suggest that spontaneous firing rates were continuously
controlled by AMPA/kinate and NMDA glutamatergic and GABAergic inptsere
were no significant changes in Bl and CVSFN spontaneous neuronal activity, except
for the case of C\increasetp 20.3%;p = 0.008, paired, oneiledt-test) after further
gabazine injection in addition to NBQX+CPP injectidalfle4). No significant changes

of spontaneous firing patterns were observed after local drug injection in
autocorrebgrams(Figure 6A) exceptthe following cases: bursts and pauses in 3 STN
neurons (21%figure 6B) and oscillations in 2 STN neurons (14%gure 6D; The
oscillatory periods were arourdd ms) after NBQX + CPP injection, and oscillations in

2 STN neurons (22%:igure6C; around9 ms) after gabazine injection.

Drug injection into the ptamen

Above experirents of local drug injection 1o the STN suggest that cortically
evoked late excitation is relatéal GABAergic inputs, which is mediated by the striato
GPeSTN indirect pathwayTo examine this possibility,blocked the striatal activity by
injecting muscimol into the putaméRigure4, Figure7A). Cortical stimulation induced
early and late excitation. Muscimol injection into the putamen diminished late excitation
(Figure7A1). The amplitudgto 73.5%;p = 0.01,onetailed paired-tes) and duration
(to 50.3%; p = 0.75 x 1, onetailed paired-tes) of cortically evoked late excitation in
the STN weresignificantlydecreased after muscimol injection into thgamen Eigure

7A2; Tableb5), while those of early excitation remained unchanged. Population PSTHs
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also confirmed that late excitation was diminished after muscimol injection into the
putamen while early excitation remed unchangedFigure 7A3). The spontaneous
firing ratesand patternof STN neuronswvere also examined before and after drug
injections. Firing rate, Bl, and CV did not change after muscimol injection into the
putamenThese data support the idea tiet cortically evoked late excitation is mediated

by the striateGPeSTN indirect pathwa

Drug injection into the GPe

| further block the striat@&sPeSTN indirect pathway by injection afiuscimolor
gabazine into th&Pe(Figure4, Figure8). | first injected muscimol into the GREigure
8A) to block GPe activity. Corticaktimulation induced early and late excitation m a
STN neuror(Figure8A1l), and muscimol injection into the GPe decreased late excitation.
The amplitudgto 70.%%; p = 0.022 onetailed paired-test) and duratio(to 54.%%; p =
0.028 onetailed pairedt-test) of cortically evoked late excitation wesgnificantly
decreaseafter muscimol injection into the GREigure 8A2; Table6), while those of
early excitation remained unchangddhese changes were also observed in population
PSTHs Figure 8A3). The spontaneous firing rates of STN neurons were significantly
increasedto 26.7%0; p= 0.02 onetailed paired-test) As a wholeno significant changes
in Bl and CV were revealed after muscimol injection into the GRéle6). However,
analyses of individual neurons showed pattranges, such as bursts andgesuin 2

STN neurong25%) and oscillations in 3 STN neurons¥3g Figure9A, B).

| also injected gabazine into tiePe Figure 8B) to block the striatasPe
GABAergic neurotransmissioiCortical stimulation induced early and late excitation in

an STN neuron(Figure 8B1), and gabazine injection into the GPe decreased late
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excitation. The amplitudgto 82.6%; p = 0.49 x 10°, onetailed paired-tes) and duration

(to 33.3%; p= 6.4 x 10°) of cortically evoked late excitation in the STN wsignificantly
decreasedfter gabazine injection into the GHadure8B2, C; Table6), while those of
early excitation remained unchangétie gap was increasdgto 53.3%; p = 0.023,0ne
tailed pairedt-test) after gabazine injection into the GPe, and rpastly contribute to
attenuation of late excitationThe spontaneous firing rates of STN neurons were
significantly decreasedt¢ 63%; p = 0.006, ondailed pairedt-test) after gabazine
injection into the GPe€l{@ble6). Bl (to 352%; p = 0.012, paired, oniledt-test) and CV

(to 45.5%;p = 0.019) were increasedfter gabazine injection into the GPEable 6).

Burstswere increased i@ STN neurons (33%Jigure9C).

The GPealso receives the glutamatergic inputs from the STN. Actually, cortical
stimulation induces early excitation in the GPe through the ceBidd¢GPe
glutamatergic projections, and the early excitation can be blocked local injection of
gabazine into the GP€ortical stimulation induced early and late excitation in the STN
in control stateand NBQX injection into the GPe did not change early and late excgation
andduration of thegap between thenk{gure8C1, 2, 3;Table6). These data suggested
that the gap was not induced the cortically evoked eaditatbon. Spontaneous firing

rates and patterns were not changed after NBQX injection into the GPe.

Locations of recorded STN neurons and drug injection sites in the putamen and GPe
Locations of recorded STN neuronereplotted inMonkey K8&ndK9 based on

the experimentssuch as local drug injections into the STRigure10A1, B1) and drug

injections into the GPe or striatufRigure 10A2, B2). The recorded STN neurons were

found in the dorsal half of the STN, corresponding to the somatomotor region of the STN.
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Drug injection sites in the putameamd GPe were also plotteBigure 10A3, B3), and
they were found in the dorseentral mid points in the GPe and putamen, also

corresponding to theomatomotor region of the GPe and putamen, respectively.

Taskrelatedactivity in the control state

| recorded 115 STN neurons Monkey Sunderthe contol state during the
performancef goatdirected reaching task with deléfyigurel). Neuronalactivity in the
task was modulated lgskeventssuch asdelay period after S1, S2, HR, RhdRW,
andby target direction (Left, Center, Right). Peefed target direction wadefinedfor
each neuro@s the direction showinfpe largest amplitude (positive or negativegach

task event.

The representative example of the STN neuron during the task performance is
shown inFigurell. Stimulation of theMl inducedbiphasic responssomposed early and
late excitation(Figurell, right bottom corner). Raster plots and spilensity functions
(SDFs)of the neurorshowedmovementrelated activityc hange s . [, thereft Go O
was gradual activity increase after S1 (del@jated activity), phasiactivity increase
before HR,and another phasic increase before Fl. Patterns of moveetat@d activity
were different among Left, Center, and Right target trials: The first increase was large,
and the second increase was small in the Right target trials; and the second incsease wa
large and formed two peaks in the Left target trinls.. i St otpisneutom shavkeds
different activity patterrs among different targets. This neuron showed dedated
activity especially in the Right target trials and activity increase after S2 in the Left target
trials, suggesting target dependency of stop related activity. A" No Go o tri al s

S1- or S2relatedactivity changes.
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Among 115 STN neurons, n i Go 076 heurona €6%), were mainly
modulatedduring HR, 29 neurons46%) showedthe strongest response during &hd
four neurons duringRW. Almost half of the recorded STN neurons showsztiulation
of the activity after Sand in six neurons (5%&8mong thenthat response was dominant
These activity changes were activity increase in most STN neurons (86%) in all task
events of Néu@os@eretmodulatedsmostly ibeft (41% n= 47 neuron,
Center(27% 31 neuron$, or Right (32%, 37 neuron}targetin HR and FI events (actual
movement) The hgh percentage in Left target trials is probably because the monkey
needed large movements to retdubleft target using its right upper limb.n A St op 0 t r i &
53 neurons46%) weremodulatednainlyduring delay period after S26 neurons32%)
changedheir activity mainly afterS2 presentatiorand 24 neuron22(%) demonstrated
the highest firing ratehanges durinfRW. Theseactivity changes were activity increase
in most STN neurons (90). They were modulated mostlylireft (38%,n = 44 neuron},
Center(19%, 21 neuronk or Right (42%, 48 neuronytarget trialsn S1 and S2 events

I n A No Gohére wergjereelalgno activity changes irelationto the S1 or S2.

Changes of theaskrelated activityby drugs injections

To explorethe contribution of GABAergic and glutamatergic inputs to STN
activity duringtask performance,ihjectedtheir antgonists into the STNMnd observed
STN activity in23 neuronsl tested different order of drugs injectioriGabazine first
followed by NBQX and CPP mixturén 22 neurons, andpposite ordem one neuron.
Threerepresentative examples of STN neurons dutask performance are shown in

Figurel2 - Figurel8.
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The first example of the STN neurarmas shown irFigurel2. In the control state
i n @ Gtor i al sanactivithiecreasdefomedHR and before FI. Amplitudes of the
first increase were different amotigethree targetsl n fiSt opo and ANoGooO
were no significant changes in the activity in any of task events. A#bazine
application into the STNaskrelated activitywas not changed in Center and Right target
trials, and the first peak was increased in Left target ttiats. " St opo tri al s, t
peak appeared around 350 ms aftelirSReft target trials After the additional NBQX
and CPRapplicationsharp peaks oftaske | at ed act i weretdiyninishad i Go 0
I n AStopo trials, t he 1 ncrease camuatead r S2
GABAergic andglutamatergic components by subtract®igFs before and after drugs
injections Figure 13). This neuron showedignificant inhibitory GABAergt and
facilitatory glutamatergic components in Léfials of Go trials. Thushe movement
related response ifrigure 12 is formed by biphasic GABAergic inhibitory and
glutamatergic facilitatory compemnts(Figure13). The direction selectivity was observed

in both GABAergicand glutamatergic components. There is GABAergic (Left target)

andgl ut amat ergic (Ri ght ,andnogigntficantGABAeIgt s i n

andgl ut amat ergic coarmponents in ANoGoO

The second example of the STN neunas shown ifFigure1l4. Rasterand SDFs
in control state and after gabazine injectstowed two increasen A Ga dhefirsti al s
peak around00-300 ms after SAnd the second peak arols@130 ms after HRwhich
were interposedy inhibition during HR I n ASt op o absativoaidcregse t her e
after S2, which were similar to those in Go trigddter additional NBQX and CPP
mixture injection most of responseswerelosth A No Go o6 tri al s, there

responses iontrol andafter gabaime, and NBQX + CPP injectionThe analysis of
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GABAergic and glutamatergic components revealed theititatory GABAergic and

facilitatory glutamatergic componeritsn i Go 0 an dFigir&l)op o6 tri al s

The third examplevas shown irFigure16. This neurorshowedactivity increase
started 100 ms after HR and ended witle¥ntin control and after gabazine and NBQX
+ CPP injection, and activity patterraasimilar among three targeIni St op o tr i al
there were no significant changes the control statebut activity increase after S2
appeared in Left target triaddter gabazineThese responses disappeared aftiglitional
NBQX+CPP application. This neur@howedho significantc hange s trialsimfi No Go 0
control sate and after drug injectioifie ®@mponentanalysis revealethati n A Go o0 t r i al
inhibitory GABAergic andfacilitatory glutamatergiccomponents between HR and FI
(Figure 17). In Left targettrials of i St o p ¢significantanhitstory GABAergic and

facilitatory glutamatergic componenigere observewithin 200 ms after S2 presentation.

Analyses of GABAergic amgdutamatergic components
| comparedatencies ofGABAergic and glutamatergic components after(fé2
details, se®ata Analysi¥(Figurel8).In f @ialspGABAergic components (240+117
ms) showedlonger latencies than glutamatergmmponent$162+104 ms)p = 0.0178
paired, ondailedt-test) The similar tendency was obseniedi St op o0 tr i al s: GATE
components (163106 mshowedlonger latenies than glutamatergic components
(141+131 ms). In general, thetencies n A St oved et rsihaolrds er t han t h

and ANoGoo trial s.

STN neurons can be classified by the polarities of GABAergic and glutamatergic
componentst) Inhibitory GABAergic and facilitatoryglutamatergic compones¢n =9,

39%), 1) FacilitatoryGABAergic andfacilitatoryglutamatergic components=8, 35%)
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[ll) FacilitatoryGABAergic and inhibitoryglutamatergic componeni{tn= 3, 13%) and
IV) Inhibitory GABAergic andinhibitory glutamatergic components = 3, 13%). Then,
| examinedthe population activity oilGABAergic and glutamatergic components of the
first group(Figurel9, Figure20). In i G o ¢thetdecieasd o GABAergic component
wasstatedaround200 ms before HR eveand terminated diR. Thesecond decrease
was stagdafter HR and terminated at ffigure19). Glutamatergic componeshowed
abuildup of the activityduring delay period andas increased before HR and terminated
at HR. The second increase started after HR and reached its peak béFogeifel20).
There wereno significart changes oGABAergic and glutamatergic inpuitsii St op 6 and
i No Go o | axaminedDSsof GABAergicandglutamatergic components at different
task events and fas2nDS=0.MMa 0.26) itrwasisi@roficantly r i al s
higher (p = 0.018 paired, oftailedt-test) tharthati n A St op &057D.36) s ( DS
(Figure23A). The same tendency wabkservedatS 1 ( A Go 0 =10.69+ 8.Bls : DS
ASt opo t0.53a044).andDdchanges in RSHR, RI,andRW.

| also examinedhe second groupf STN neurons withfacilitatory GABAergic and
facilitatory glutamatergiccomponentin A G o ¢ GABAergia tomponenincreased
after S2, reached its peak arodri)-400 ms after Sand retuned to 0 at Hfigure21).
It increased after around 150 rafter HR and continued after FT.here were no
significant changes ifi St op 0 and . &litamatergic componarntheweda
similar tendency to that in GABAergic component ihGo 0 {Figuread2)s
Glutamatergic componerdiso showed buildup activity during delay perafter S1in
AGoo and AStopo tri al s anStopielatedrglatanmtergia f t er
activity reached its peak at 85 ms after S2, which was shorter than that of mevement

rel ated act i,andrtetyned tem0 afo@hd 100 rmsrafteaRWs This-lasting
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i ncrease was obser ved aslexandnedDS of GABAergi® a n d
andglutamatergic components at different task eventsfaund no significant changes
in DS at differenttask event®f the second grouf-igure23B).

Number of he thirdand fourthgroups was small and not further analyzed.

Among the recordedeurons GABAergic component(=5) and glutamatergic
componentif = 7) showeda gradual decrease and gradual increase actiiiting the
delay period, respectively. Inhibitory GABAergic component was small, and only
facilitatory glutamatergic component was
glutamatergic component started to increase around@Giiter 3 (Figure24). Il n AGooO
trials, it continued around 150 ms after &&responihgto the movemerdnsetl n A St op O

trials, it retuned to the baseline around 500 ms after S

EMG activity during task performance

Figure25 shows a typical example of EMG activity during task performance. EMG
was aligned with S2 signal for al |l types
changes were observed withireactual movement fowrist extensor, wrist flexor, biceps
brachii, triceps brachii, trapezius, and deltaidall target directions. There were no
significant changes in muscle activity withihredelay period. All muscles, except triceps
brachiiand deltoid showed different activity among Left, Center, and Right targets, and
this may determine the direction of reachi

changesn EMG activity were detected.
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Discussion

Cortical stimulation induced fphasic respase composed of early excitation and
late excitation intervened ashort gap. In the present studlgxamined the responsible
pathway for each response componénir findings suggest thét) early excitation and
late excitation in the STN induced by cortical stimulation are mediated by pleedirect
andindirect pathways, respectively, B)e corticeSTN-GPeSTN transmission has little
effects on cortically evoked responses in the S|, 3 the corticeSTN transmission
is mainly mediated by NMDA receptors. These results support the first hypothesis
regarding the origin of the cortically evoked biphasic response in theEsarly:and late
excitations are mediated by thgperdirectandindirect pathways, respectively. These
results largely agree with previous studies in rodéfitai et al. 1981, RouzairBubois
et al. 1987, Fujimoto et al. 1993, Maurice et al. 199%8)wever other rodent study

reported the cortic® TN-GPeSTN transmission indied inhibition in the STN.

In the second part of the stud§TN neuronal activitgluring the performance of
A Go/ St o mdaldiceGearl deaching task with delay was recorded, and their origins
were analyzed. The results showed thatr&tieiving region in the STN is involved in
both motor execution and cancellation. Taslated STN activity was also controlled
throughdirect glutamatergic anthdirect GABAergic inputs from the cortexthe fop-
related activity was mainly transmitted through thgerdirectpathway that caused
facilitation in the STN, while the role of thedirect pathway was minor. The DS was
evidentin boti Goo and AStopo trial s, Su-tplgteds t i ng t

activity involved in a specific stop, while other neurons participated in a global stop.
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Origin of early excitation

Thepresent study demonstrated the decrease of cortically evokgeeeithtion
in the STN after local injection of NBQX and CPP into the SJiNjgesting that the early
excitation is mediated by ionotropic glutamatergic inputs probably from the cortex.
However,the weak response still remained according to populakda(Figure 5A3),
probably because of the following reasons: (1) Different types of receptors, such as
metabotropic glutamate recept@kauwajima et al. 2004, Galvan et al. 200@hich are
involved in the maintenance of STN spontaneous firing, may also partly contribute to the
early excitation, and (2) NBQX and CPP injection could not entirely cover large dendritic
fields of STN neuronéRafols et al. 1976, Afsharpour 1985, Sato et al. 208§Pecially
distal dendrites, where glutamatergic receptors are expressed abuiiSaritly et al.

1988)

To examine whethethis effectwas mediated by NMDA or AMPA/kainate
receptors, NBQX and CPP were applied separately. NBQX had no effect on the early
excitation, whereas additional application of CPP almost diminished the early excitation
(Figure 5B). These results suggest ti@volvement of NMDA receptors, but not
AMPA/kainate receptors, in the glutamatergic coH®DN transmission. Previous
anatomical and physiological studiedescribed existence of both NMDA and
AMPA/kainate receptors in STN neurqi@arke et al. 1998, Wang et al. 2000, Smith et
al. 2001, Swanger et al. 201&0d fastAMPA and slow longasting NMDA-mediated
excitatory responsg®louroux et al. 1993, Gotz al. 1997, Ozawa et al. 1998, Nambu
et al. 2000, Wilson et al. 20045 TN neurons are spontaneously active, and NMDA
receptors might be activated and be easily involved in ce®idd neurotransmission. It

was also reported that NMDA receptors play a major role in ceH®idd
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neuotransmission of parkinsonian states in rodéR@n et al. 2014and nonhuman
primates (Bhattacharya et al. 20L8Actually NMDA receptors, not AMPA/kainate
receptors, are considered as potential therapeutic targets fokugDin et al. 1993,

Blandini et al. 2001, Hallett et al. 2004, Swanger et al. 2015)

Origin of late excitation

Cortically induced late excitation in the STN was not completely, but partly
suppressed by gabazinecal injection into the STNFigure 5A, C), suggesting
involvement of the GR8TN GABAergic projections. Blockade of cortistriatocGPe
STN pathways by muscimol injection into the putamen or striatum significantly
decreased latexcitation in theSTN (Figure7A, Figure8A). Galazine injection into the
GPe was expected to suppress cortically induced inhibition in the GPe, which was
mediated by corticstriatoGPe pathwayKita et al. 2004)al decreased late excitation
in the STN(Figure8B). These results support that cortically induced late excitation in the
STN is caused by disinhibition from the GPe through the cesticatcGPeindirect
pathway. The mechanism that gabazimection into the STN could not totally suppress
cortically evoked late excitation in the STN remains to be elucidated. But following
explanations could be considered: (1) STN neurons have their intrinsic membrane
properties regulating firingéFarries et al. 2010)and blockade of GABAergic inputs
could not incease spontaneous firing rates to the level of late excitation, and (2) Other
transmissiog, such as GABAreceptors in the STGalvan et al. 2004, Charara et al.

2005)may contributed tonic inhibition and phasic disinhibition by the GPe.

Cortically induced late excitation in the STN tended to be suppressed after local

NBQX or NBQX + CPP application into the ST{Rigure5). This is probably because
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spontaneous firing rates were decreased after NBONBQX + CPP application, and
disinhibition from the GPe could not release enough firing increase. The presjmus r
suggests that glutamatergic local axon collaterals of STN neurons maintain spontaneous
activity (Smith et al. 1988, Gout€olomer et al. 2018)This amplifying mechanism

might also contributéo late excitation.

Origin of gap

The GPe receives cortical inputs through the co/@itd-GPe pathway, which
induces early excitation in the STN evoked by cortical stimulgi@a 1992, Nambu et
al. 2000, Jaeger et al. 201Lgxamined the possibility that the early excitation in the GPe
may contribute to the gap in the STN thorough the GABAergic inhibitory-&SR¢
proections. Local gabazine injection into the STN did not affect the(lgagpire 5C3).
NBQX injection into the GPe, which was supposed to suppress early excitation in the
GPe(Kita et al. 20@) did not affect the gafFigure8C). These results suggest that the

gap is notictive GABAergic inhibition from the GPbut a simple absenoé excitatiors.

Origin of longlasting late inhibition

Cortical stimulation usually induced lo#@sting inhibition after biphasic
response followed by loAigsting excitation. In the present studygdid not intend to
clarify the origin of these response$ieEe responses were resistance to pharmacological
manipulations in the present study, suggesting the origin outside the basal ganglia. Most
probable origin is disfacilitation and facilitation from the cortex after the stimulation,

which was also observed the putamefNambu et al2002)
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Spontaneous activity changes

Local application of CPP andB®QX in the vicinity of recorded STN neurons
decreased thiring rate. Thus, glutamatergic cortical inputs are the major driving forces
to maintain STN neuronal activityn the case of gabazine injection into t8&N,
spontaneous firing rates were incresl he spontaneous firing rates were decreased after
gabazine injection into the GPe, and were increased after muscimol injection into the GPe.
These results suggest that STN activity is also controlled by tonic GABAergic inputs from
the GPe. On the oth@and, muscimol injection into the putamen had no effect on STN
spontaneous firing rates, probably because striatal neurons show low base firing rate

(Nambu et al. 2002)

Firing patterns of STN neurons were resistant to drug manipulakoeptfor
increased CV after gabazine injectiorio the STN and increased Bl and CV after
gabazine injection into the GPe, which is contrast those observed in GPe aat&Pi
et al. 2004, Kita et al. 2006, Tachibana et al. 200@} is probably because STN neurons
have their intrinsic membrane properties maintaining spontaneous agtiskgnishi et
al. 1987) On the other hand, gabazine injection into the GPe increased spontaneous
activity and induced burstiita et al. 2004)probably because of intrinsic cellular
properties, pacemaker mechanism of GPe neyRIraz et al. 1999, Jaeger et al. 2011)

which finally induced burst activity in the STN.

Functional considerations
In the present study,have clearly shown that the STN receaicertical inputs
mainly through the cortic®TN hyperdirect and corticestriatcGPeSTN indirect

pathways. The contributioof other pathways, such as cori 8@ N-GPeSTN pathway,
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is less probabld. used electrical stimulation in the motor cortices in the present study,
but activity in the cortex is similarly transmitted along the corhiasal ganglia pathway
during voluntary movements, thus electrical stimulation can mimic irdoom flow
during movements. STN neurons were repottethcrease their activity during upper
limb or eye movements during task performafizelong et al. 1984, Delong et al. 1985,
Matsumura et al. 1992, Wichmann et al. 199Mdre recent reports emphasized STN
activity related changing or cagling tasks or movemen¢éron et al. 2006, Isoda et al.
2008, Pasquereau et al. 2017, Schmidt et al. 2®Etause STN activity increases GPi
activity, decreases thalaroortical acivity, and finally has suppressive effects on
movements. The activity in the STN during task performance is also considered to be
mediated by the cortieBTN hyperdirector corticostriatocGPeSTN indirect pathways,

and contribution of each pathway to thetivity during task performance remains to be

elucidated.

The STN activity finally transmitted to the GPi and substantia nigra pars reticulata
(SNIr), output nuclei of the basal ganglia and contrithatatrol ofvoluntarymovements.
The cortical stimulton induced early excitation, inhibition and late excitation in the GPe
and GPI/SNr. It is highly probable that early and late excitation in the STN induces early
and late excitation in the GPe and GPi/SNlambu et al. 2000, Kita et al. 2004,
Tachibana et al. 2008Based on the cortically evoked respondesave proposed the
dynamic model of the bakganglia functions: signals through the coH®BN-GPi/SNr
hyperdirectpathway reset ongoing cortical activity, signals through the cestitato
GPe/SNrdirect pathway disinhibit thalamoortical activity and release appropriate
movements, and fingllsignals through the cortiestriatc GPeSTN-GPi/SNrindirect

pathway inhibit thalamaortical activity and stop movements.
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Clinical significance

| sometimes observed dyskinetic movements after gabazine injection into the GPe
(Crossman et al. 1984, Grabli et al. 200%his manipulation suppressed cortically
induced late excitation in the STN. Sprcablation of striateGPe indirect pathway
neurons increased locomotor activity in m{&ano et al. 2003)They did not observe
STN activity but found that cortically induced late excitation was lost in the SNr. These
observations suggest that corticafigucedlate excitation play a role to suppress or stop
movements. Moreover, STN lesion or blockadéucedhemiballism(Whittier et al.
1949, Carpenter et al. 1950, Hamada et al. 1992, Nambu et al., 20@0jnay be

explainedtheloss of stop signals from the basahgka.

Lesions or chronidigh-frequencystimulation (deep brain stimulation, DBS) in
the STN ameliorate PD symptor(Bergman et al. 1990, Aziz et al. 1991, Pollak et al.
1993, Benabid et al. 1994, Limousin et al. 19€spedlly STN-DBS is now important
option for advanced PD patientBhese procedures affect all components in the STN,
such as afferent inputs through tingerdirectandindirect pathways and STN neuronal
activity. This is the basic knowledge to understand the therapeutic mechanism -of STN

DBS and to develop new DBS therapy.

Role of the hyperdirect and indirect pathways in the STN movewgiatdéd activity
| used gatdirected reachingtaskwithe | ay t h&bob/iSholpd Nesod tr
in order to clarify theole of hyperdirectandindirect pathways on the STN movement
related activityMonkey Svas trained to perform the task for more than 6 months to reach
fast reaction timewhich is important for revealing preaory activity after the

beginning of the trialThe success rateachednore than 95% i Go 6 and ANoGo 0o t
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and 99% in fAStopo tr i btdkeintocdnsidestion anly cotrelate pr e s

trials.

The analysis of the taglelated neuroriactivity in the control state revealed its
complexactivity change# the large portion of STN neurons. The strong modulation of
the activity occurred during actual movement in the majority of recorded udétected
the presence of directionselecii t y i n both AGoo and fAStopo t
the Left/Right target trialscompare to the Centéarget trials The observed pattern of
neuronal activity with multiple peaks and target selectivity mightéhesed byhe task
complexity (Greenhouse et al. 2015, Fischer et al. 204%J the influence of the

hyperdirectandindirect pathways

The majority of neurons were involved in
32% of them were modulatedt S2i n A St op 0 t r rokedocSTN nelrong h me an
in both processes: motor program execution and cancellation. That observation agreed
with studies on monkey®asquereau et al. 201ah)d humangBenis et al2016) There
were no activity changesn i N o G evldich is similar ko gputaminal neuro(iEakara
et al. 2011) Theresultsof my studyalso showed delaselated activity after S1, suggest

theinvolvement of the STNh motor planningThobois et al. 2000, Fischer et al. 2017)

In the present studgtoprelated activity was detected in the dorsolateral part of
the STN (MI domainpccording to the organization of corti&I' N inputs(Nambu et al.
2002) Previous reports shad involvement of the ventral region of the STiNstop
action(lsoda et al. 2008, Bastin et al. 2014, Pasquereau et al. @&l@prelated activity

in thedorsal area of the STN in hunsafBenis et al. 2016)The role of Mtreceiving
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territory of the STN in motor control has not been studied in dataifgyprimates or

humans.

It was shown that @AGoo and AStopo signal
that compet between each oth@rogan et al. 1984, Verbruggen et al. 2008)the
present studyl,revealed that both supportive and competitive inputs frorhytherdirect
andindirectpathways participated in the formation of 8iIEN movementelated activity.
The analysis of GABAergic and glutamatergic components revealed that both inputs
participatel in positive or negativaction on STN neuron3he majority of neurons have
facilitatory glutamatergic component and eithiahibitory or facilitatory GABAergic
componerd The dominance dacilitatory glutamatergic component might be caused
by the corticalhigh firing rate, whichmay cause facilitation (increased inputs) or
disfacilitation (decreased inputs) in the STWNhe GABAegic inputswere transmitted

throughboth active inhibition and disinhibiticinom the GPe.

| suggest two main types of information transmission throughytperdirectand
indirect pathways.There are several possibilities. puts from thehyperdirectand
indirect pathways compete with each oth2j. Gutamatergic facilitation through the
hyperdirectpathway is supported by disinhibition from the GABAergic input through the
indirect pathway. The stelated activity is linked to the group of neuronghw
facilitation that transmitted through glutamatergic inputs and disinhibition that comes
through GABAergic inputgFigure21, Figure22). According to the classic BG model,
the role of the STN in stopping motor responisa®galized by means of the inhibitory

indirectpathway(Bogacz et al. 2007, Isoda et al. 2Q08)wever, the idea of steelated

42



information transmission througtne hyperdirectpathway was suggested previously

based on human fMRI and singiit recordinggAron et al. 2016)

It was revealed that the buildup activity after the instruction sigiaalmainly
caused byhe glutamatergic compone(figure 24), however, in some neurons it also
carried through the GABAergic input. It is known that the SEBeivesglutamatergic
inputs(Chu et al. 2015, Chu et al. 201Which may contribute to changes in the STN
firing rate and, consequently, play the role in the adjustment of moveeiatdd activity.
Our results demonstrated that glutamatergic inptgsrelevant in both motor planning
and cancellation. Thus, it might be involved in the action initiation procé83sass et al.

2016)

Neurons with contradictive inputs show high RSinstruction and triggering
signal s iinn AdGomp & rrii ad rs (Rigureé2BA), Witch mighbplaya i al s
role inglobalstop(Aron 2011, Benis et al. 2016)he group of neurons with supportive
i nputs has no significant difference of DS

a role inspecificstop (Aron 2011)(Figure23B).

To confirm that stogelated STN activity is not related to activatioh any
muscles, such as antagonist muscleecorded EMG activity of wrist extensor, wrist
flexor, biceps brachii, kceps brachii, trapezius, and deltoid during the task performance
(Figure25). The results demonstrated significant changes wittéactual movement in

AGoo trials and no activity in AStopd and i

=)}

Stopd trials is not caused by muscles acti
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Conclusions

The present results suggest that the STN receives direct information from the
cortex, which ismediatedthrough NMDA receptorsand contributed to the early
excitation. The late excitation is originated from cortical informattwaughtheindirect
pathway and GABAergic projectioiigigure26). The biphasic response with a short gap
between two excitations is possildlue to unique membrane properties of STN neurons
that modulate action potentials quicker than in striatal neuféasies et al. 2010)
Moreover, the conduction velocities of STN axons are faster than of striatal axons
(Tremblay et al. 1989 hese features of the STN makes it possible to be involved in the
complex regulation of movemerglated activity. In the present studlggemonsrated the
involvement of both pathways to the motor program execution and cancellation by the
STN, which is supported with findings of the existence of different firing patterns: some
STN neurons increase while others decrease activity in the movegBasiis et al. 2014,
Zavala efal. 2015) Moreover,| revealed that stopelated activity is tnasmitted through
the hyperdirectpathway whilethe indirect pathway showsninor function. Our present
data are consistent with the idea that the STN is a key structure of BG and plays important
role in thecontrol of voluntary movements and motor learnifidambu et al. 2002,

Hamani et al. 2004, Frar2006)

The conclusions of the presenuidy are very important to understand not only
the normal functions of the STN but also the pathophysiology of-&@Tdted disorders
and the therapy targeting at the STN. Lesions or applying high frequency stimulation in
the STN ameliorates parkinsonian gtoms. These procedures affect all components in
the STN, such as afferent inputs throughhieerdirectandindirect pathways and STN

neuronal activity. If we can understand which component is most affected by such
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procedures, we may find more effectimeanipulating targets or methods to treat

Parkinsondés di sease.
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Tables& Figures

Tablel. Number of STN neurons tested.

Monkey K8 K9 Total

Drug injection intaSTN (33 neurons)

NBQX+CPP 6 4 10
NBQX - 2 2
NBQX, thenCPP 1 5 6
CPPR, thenNBQX 1 - 1
NBQX+CPP, then a@bazine 1 4 5
Gabazine 2 3 5
GabazinethenNBQX+CPP 4 - 4

Drug injection into putamen (15 neurons)
Muscimol 9 3 12

NBQX - 3 3

Drug injection into GP€22 neurons)

Muscimol 3 5 8
NBQX 2 3 5
Gabazine 5 4 9
Total 34 36 70

Number of neurons thesubthalamic (STN)ested with injection of drugs, suchB<2,
3, 4tetrahydre6-nitro-2, 3-dioxo-benzo[flquinoxaline7-sulfonamide disodiurNBQX,

AMPA/kainate receptor antagonist3-(2-carboxypiperazi#-yl)propyl-1-phosphonic
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acid (CPR. NMDA receptor antagonist gabazine(GABAa receptor antagonistor
muscimol GABAAa receptor agost) into the vicinity of recorded STNyutamenor

external segment of globus pallidus (GPe) in two monkeys

58



Table2. Latencies, durations, and amplitude of STN responses evokdd-land SMAstimulation

Cortical Latency(ms + SD) Duration(ms + SD) Amplitude (spikes = SD)
stimulating site Early excitation Gap Late excitation Early excitation Gap Late excitation Early excitation Late excitation
Ml 5.4+ 1.4 134+28 168+ 4.1* 8.0+4.2 3.3+ 2.8~ 229+11.1 84.0+ 63.1* 241.9+199.6
(n=47)

SMA 8.1+1.8* 14.2+54 20.6+ 4.9* 6.8+2.3 7.0+ 5.6¢* 19.6+7.3 44.8+ 28.6¢ 178.3+ 89.3
(n=23)

Figuresindicate latencie;n ms (meart SD) of each resporscomponent (early excitatiogap and late excitation) in the STNeked
by the stimulation of théorearm regions of the primary motor cortex (MIl) andshpplementary motor area (SMA)p < 0.01, *p <

0.001,significantly different each otheBonferroni test
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Table3. The effectof local drugs injections on cortically evoked responses of STN neurons.

Drugs injections into the STN Drugs injections into the STN Drugs injections into the STN
Control NBQX + CPP Gabazine Control NBQX CPP Control Gabazine NBQX+CPP
Early excitation (n =15) (n =15) (n=5) (n=8) (n=8) (n=6) (n=9) (n=9) (n=4)
Amplitude 86.8 +82.2 50.0 £ 63.2** 10.6 +23.8 41.2+24.2 38.8+26.8 16.6 + 13.0** 80.7 £23.9 69.1+27.9 375+157
(spikes * SD)
Duration 9.1+49 6.7 +6.1* 10 2.2 6.6+24 6.1+3.9 48+29 10.0+5.2 9.1+48 8.0+34
(ms + SD) 2.0
Late excitation (n =15) (n =15) (n=5) (n=8) (n=8) (n=6) (n=9) (n=9) (n=4)
Amplitude 261.1+123.6 161.9 + 168.7* 61.3+131.4* 153.7+82.8 123.7 £ 59.1* 162.5+118.6 150.2 £ 63.4 154.9 £143.2 252+74
(spikes £ SD)
Duration 269+11.4 21.8+17.6 5.0+9.1 20.9+95 21.6+104 240+123 21.6+8.3 19.9+9.6 7.00+ 2.2
(ms = SD)
Gap (n=15) (n=13) (n=5) (n=8) (n=7) (n=6) (n=9) (n=9) (n=4)
Duration 25+21 4.6 +2.9* 3.0+13 53+33 6.0+24 6.0+1.8 2023 4047 6.5+7.0
(ms = SD)

Figuresindicateamplitudes (spikes + SD) and durations (ms & 8Cearly excitation, late excitation, and gap. Different drugs were applied in different orders

to the vicinity of recorded STN neuronsp¥x 0.05, ** p < 0.01, significantly different between two adjacent columns;taihed paired-test.
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Table4. The effect of local drugs injections on spontaneous activity of STN neurons.

Firing rate (FR)
(Hz)
Burst index (BI)

Coefficient of

Drugs injections into the STN

Drugs injections into the STN

Drugs injections into the STN

Control NBQX + CPP Gabazine Control NBQX CPP Control Gabazine NBQX+CPP

(n=15) (n=15) (n=5) (n=8) (n=8) (n=6) (n=9) (n=9) (n=4)
38.8+11.4 32.6 +9.7* 43.0+15.3 27.7+175 23.7+10.1 21.9+19.3 37.4+21.0 47.3 +31.2* 34.4+29.7
250+2.13 4.23+5.40 6.64 +6.53 2.22+051 2.52+0.82 3.76 £2.31 1.62+0.73 1.74 £ 0.87 4.64+1.86
1.10+0.64 1.58+1.04 1.9 + 1.58* 1.33+0.94 1.18 £ 0.64 1.28 £0.57 1.29+1.37 1.08 £1.08 1.43+0.53

variation (CV)

Figures indicate mean SD of firing rates (FR), burst index (Bl), and coefficient of variation (CV). Different drugs were applied in differesttorither vicinity

of recorded STN neurons.p< 0.05, **p < 0.01, significantly different between two adjacent columns;taited paired-test.
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Table5. The effects of drug injections into the putamen on cortically evoked responses

and spontaneous activity in STi¢urons.

Control Muscimol into putamen
Cortically evoked responses
Early excitation (n=12) (n=12)
Amplitude (spikes + SD) 52.1+41.2 445+ 34.9
Duration (ms + SD) 6.3+2.8 6.0+ 3.6
Late excitation (n=12) (n=12)
Amplitude (spikes + SD) 188.6 + 167.3 49.9 + 43.3*
Duration (ms + SD) 18.7+6.9 9.3 + 6.0**
Gap (n=12) (n=10)
Duration (ms + SD) 59+5.1 6.6 +4.4
Spontaneous activity (n=12 (n=12
Firing rate (FR) (Hz) 30.1+16.7 24.3+15.2
Burst index (BI) 3.0+£1.0 29+1.9
Coefficient of variation (CV) 1.2+04 1.1+0.5

* p<0.05, **p < 0.01 significantly different from contrabnetailed pairedt-test
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Table6. The effects of drug injections into tké&Peon cortically evoked responses and spontaneous activity in STN neurons.

Drugs injections into the GPe Drugs injections into the GPe Drugs injections into the GPe
Control Gabazine Control Muscimol Control NBQX
Cortically evoked responses
Early excitation (n=9 (n=9 n=9 n=9 (n=9H (n=9H
Amplitude (spikes = SD) 63.4 £58.5 51.4 £50.1 74.7 £64.7 46.5 £49.2 855+70.9 85.0+43.4
Duration (ms + SD) 6.3+21 6.6+1.7 6.8+2.6 54+22 7.0£3.2 9.0£1.2
Late excitation (n=9 (n=9 n=98 n=9 (n=9H (n=9H
Amplitude (spikes = SD) 163.7 £ 86.4 28.4 £ 26.0** 248.8 +190.0 73.4 + 88.6* 355.8+332.5 202.3+113.9
Duration (ms + SD) 156+7.0 10.4 + 10.5** 21.1+12.3 9.6 + 6.4* 224+11.4 19.6+6.4
Gap (n=9 (n=9 (n=8 (n=7 (n=9 (n=9
Duration (ms + SD) 6.0+ 3.0 9.2+ 3.8* 6.5+3.7 7.4+37 68+97 48+7.1
Spontaneous activity (n=9 (n=9 n=9 n=9 (n=9H n=>5
Firing rate (FR) (Hz) 31.1+20.4 11.5 + 10.2** 48.6 £23.2 61.6 + 23.9* 33.1+£16.0 449+255
Burst index (BI) 31+17 14.0 + 12.5* 18+05 19+03 3.0+0.7 4015
Coefficient of variation (CV) 1.1+04 1.6 + 0.6* 0.8+0.2 0.9+0.3 1.4+0.3 1.5+05

* p<0.05, **p < 0.01 significantly different from contrabnetailed pairedt-test
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Figurel. Goaldirected reaching task with delay.

A touch panel with three ligkgmitting diodes (LEDs) with two colors (green and red)

and esting positiorwere set in the front dhemonkey Each trial was initiated after the

animal placed its hand at the resting position that was located below the touch panel for

at least 1,500 m#\fter the task initiationthere were three options of triss . AGoo tri a
(blue arrow): one of three LEDs was lit with red color as an instruction signal (S1). It was

followed by a random delay period. During the instruction signal and delay period, the

monkey was required to keep its hand at the resting pashiver a delay period, all

three LEDs were lit with green color as a triggering signal (S2). During that time, the

monkey was required to reach the LED inside the slot that had been presented previously

as the instruction signal (S1). If the monkey touttie correct LED within 1,200 ms, it

was rewarded with sweetened water. In the case of mistake, the tridhesthme task

conditions was repeated. The timing of hand release (HR) from the resting position and
finger in (FI) to the slot wsdetectedii St opo trials (red arrow): t
stages before delay periockiet h e s ame wi Alllhhred KEDDwerke lit witn| s .

red color(S2). If the monkey kept its hand at the resting position during the entire delay

and triggeringsigma | peri ods, it was rewarded. ANo Gc
initiation all three LEDs were lit simultaneously with red color as an instruction signal

(S1). After a delay period all three LEDs were lit with green color (S2). In thattbase

monkey was required to keep its hand at the resting position during the entire delay and

triggering signal periods to get the reward.
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Figure2. Cortical mapping andchiematic representation of the experimental setup.

A) Cortical mapping oMonkey K9for the implantation of stimulating electrodesl)

Top view of the monkey brain. @y parts indicate mapped areas in 2 and23.A3)
Mapping of the supplementary motor area (SMA) and primary motor cortex (Ml),
respectively. Each letter indicated the somatotopic body Padigit; E, elbow; H, hip;

K, knee; L, lip; J, jaw; S, should€ery, trunk; W, wrist.Somatotopic arrangements in the
mesial surface and the anterior bank of the central sulcus are also shown, along with depth
from the cortical surfacelhree pairs of bipolastimulating electrods were implanted
into the loci,indicated by small gray circles: the forearm region of the SMA and the
proximal (MIp) and distal (MId) forelimb regions of the NB) Schematic representation

of the experimentadetup. Bipolar stimulating electrodes were chronically implanted in
the forelmb regions of theSsMA, MIp, and MId The recordingelgiloy electrode with

two silicatubes(outside diameterl47 um; inside diamete74 pm)for microinjection

was introduced into the subthalamic nucleus (STN). The Hamilton microsyfiatien-
coated tungsten wire with 3jauge needleutside diameteb00 um)for drug injection
was inserted into the striatum (putamen) #melexternal segment of globus pallidus

(GPe) in some experiments.
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Figure 3. Peristimulus time histograms (PSTHs) of STN neurons in respongkpto

SMA, putamen and GPtimulations

PSTHs (100 trialsjvere constructenh response to the singfmilse stimulation (0.5

mA, arrowhead). Mean, meank65 SD (p< 0.05, onetailedt-test), and mean 3.09

SD (p< 0.001, ondailedt-test)wereindicated by solid (mean), dashed (meah&5

SD), and dotted (mean3.09 SD) lines, respectively
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Figure4. Methodand hypotheses of the study

A) Basic circuitry of the basal ganglia (BG). Green and red arrows represent excitatory
glutamatergic (glu) and inhibitory GABAergic (GABA) projections, respectively. White
arrow with cross mark represents blockade of signal transmission. Purple lightming ma
representghearea of electrical stimulatiof). STN neurons receive glutamatergic inputs
from the cortex via théyperdirectpathway. Local injection of CPP and NBQX blocks
these glutamatergic inputd) STN neurons receive cortical inputs via timelirect
pathway through the striatum and GPRluscimol injection into the striatum, and
gabazine or muscimol injection into the GPe block this pathway. STN neurons finally
receive GABAergic inputs from the GPe. Local injection of gabazine blocks the
GABAergic inputs.B) Two possible origins of cortically evoked biphasic responses in

the STN.I) Early and late excitations are mediated by liyperdirectand indirect
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pathwayggreen lines)respectivelyjl) Cortically induced long excitatiofgray line)is
intervened by the inhibition from the GReed line) Cx, cerebral cortex; STN,
subthalamic nucleus; GPe, external segment of globus pallidus; Str, striatum; GPi,

internal segment of globus pallidus; SNr substantia nigra pars reticulata; Th, thalamus.

70



Figure5
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