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Elimination of the Cortico-Subthalamic Hyperdirect
Pathway Induces Motor Hyperactivity in Mice
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The substantia nigra pars reticulata (SNr) is the output station of the basal ganglia and receives cortical inputs by way of the
following three basal ganglia pathways: the cortico-subthalamo (STN)-SNr hyperdirect, the cortico-striato-SNr direct, and the
cortico-striato-external pallido-STN-SNr indirect pathways. Compared with the classical direct and indirect pathways via the
striatum, the functions of the hyperdirect pathway remain to be fully elucidated. Here we used a photodynamic technique to
selectively eliminate the cortico-STN projection in male mice and observed neuronal activity and motor behaviors in awake
conditions. After cortico-STN elimination, cortically evoked early excitation in the SNr was diminished, while the cortically
evoked inhibition and late excitation, which are delivered through the direct and indirect pathways, respectively, were
unchanged. In addition, locomotor activity was significantly increased after bilateral cortico-STN elimination, and apomor-
phine-induced ipsilateral rotations were observed after unilateral cortico-STN elimination, suggesting that cortical activity
was increased. These results are compatible with the notion that the cortico-STN-SNr hyperdirect pathway quickly conveys
cortical excitation to the output station of the basal ganglia, resets or suppresses the cortical activity related to ongoing move-
ments, and prepares for the forthcoming movement.
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The basal ganglia play a pivotal role in the control of voluntary movements, and their malfunctions lead to movement disor-
ders, such as Parkinson’s disease and dystonia. Understanding their functions is important to find better treatments for such
diseases. Here we used a photodynamic technique to selectively eliminate the projection from the motor cortex to the subtha-
lamic nucleus, the input station of the basal ganglia, and found greatly reduced early excitatory signals from the cortex to the
output station of the basal ganglia and motor hyperactivity. These results suggest that the neuronal signals through the cor-
tico-subthalamic hyperdirect pathway reset or suppress ongoing movements and that blockade of this pathway may be benefi-
cial for Parkinson’s disease, which is characterized by oversuppression of movements. /

ignificance Statement

Introduction

The basal ganglia are crucial for motor behaviors, such as action
selection and motor learning (Graybiel, 2005; Redgrave et al.,
2010). The striatum and subthalamic nucleus (STN) are the
input stations of the basal ganglia and receive cortical inputs
(Fig. 1A). Two pathways that originate from the striatum exert
opposing effects on the substantia nigra pars reticulata (SNr) and
the internal segment of the globus pallidus [GPi (or the entope-
duncular nucleus in rodents)], the GABAergic basal ganglia out-
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put stations (Alexander and Crutcher, 1990). The striato-SNr/
GPi direct pathway inhibits SNr/GPi activity, and thereby disin-
hibits the thalamocortical and brainstem circuitries and releases
movements; while the striato-external pallido (GPe)-STN-SNr/
GPi indirect pathway enhances SN1/GPi activity, and thereby
suppresses the thalamocortical and brainstem circuitries and
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Selective elimination of the cortico-STN projection by a PDT. A, Schematic illustration showing the cortico-basal ganglia circuitry composed of the cortico-STN- SNr hyperdirect , cor-

tico-striato-SNr direct, and cortico-striato-GPe-STN-SNr indirect pathways. RetroBeads-chlorin injection, stimulation (Stim.), and recording (Rec.) sites are also indicated. B7, B2, Coronal section
containing the STN. B7, Photomicrograph showing that rhodamine-labeled RetroBeads-chlorin (yellow-red) were successfully injected into the STN. Neurons were counterstained with
NeuroTrace (green). Similar results were obtained in the other four mice for histologic examinations. B2, lllustration of BT indicating the injection site with a red color. €1, €2, Coronal section
containing the motor cortex 1 month after laser irradiation. €7, Photomicrograph showing that rhodamine-labeled cortico-STN neurons (red) were selectively eliminated in the laser-irradiated
cortex, while they were spared from elimination in the surrounding nonirradiated cortex. €2, lllustration of €7 indicating rhodamine-labeled projection neurons with red dots. D1, D2, D3,
Double-labeled cells in the motor cortex. D1, D2, Photomicrographs of layer 5 in the laser-irradiated motor cortex (D7) and in the surrounding nonirradiated cortex (D2). Cortico-STN neurons
were labeled with rhodamine-RetroBeads (red), while neurons were stained with NeuroTrace (green). D3, The numbers of double-labeled cells were counted in the laser-irradiated cortex
[Laser (+)] and in the surrounding nonirradiated cortex [Laser (~)] in five mice. Data are expressed as the mean == SD. Gray lines show the data from individual mice. **p = 0.007 significantly
different from one another, two-tailed paired ¢ test. Cx, Cortex; M Cx, motor cortex; S Cx, somatosensory cortex; Str, striatum; Th, thalamus.

movements (Kravitz et al., 2010; Sano et al., 2013; Chiken et al.,
2015; Oldenburg and Sabatini, 2015).

On the other hand, the STN receives direct cortical inputs
and projects to the SNr/GPi and GPe, and thus forms the cor-
tico-STN-SNr/GPi hyperdirect pathway (Fig. 1A; Nambu et al,
1996, 2000, 2002). The hyperdirect pathway rapidly conveys
cortical activity to the SNr/GPi, which may reset the cortical ac-
tivity related to ongoing movements. However, the functions of
the hyperdirect pathway remain to be fully elucidated. Our previ-
ous study successfully eliminated cortico-STN neurons originat-
ing from the supplementary motor area of the primate brain by
combining a neuron-specific retrograde gene-transfer vector and
immunotoxin-mediated tract targeting (Inoue et al., 2012).
However, these animals did not show any apparent motor defi-
cits by simple neurologic observations. In the present study, we
used mice whose motor activity could be quantitatively meas-
ured. In addition, to selectively eliminate the cortico-STN projec-
tion, we used a photodynamic technique (PDT; Madison et al,,
1990; Macklis, 1993; Madison and Macklis, 1993), which did not
require viral vectors. The PDT successfully eliminated cortico-
cortical and corticothalamic neurons in mice or rats (Macklis,
1993; Madison and Macklis, 1993; Magavi et al., 2000) and cats
(Eyding et al., 2003), and affected vocal behaviors in songbirds
(Scharff et al, 2000). We observed basal ganglia activity and
motor behaviors of mice in awake conditions before and after
cortico-STN elimination and found that its elimination reduced
cortically evoked early excitation in the GPe and SNr, and
induced locomotor hyperactivity.

Materials and Methods

Animals. Male C57BL/6 mice aged 12-16 weeks at the start of the
experiment were housed two to three per cage and were used in the pres-
ent study. The experimental protocol was approved by the Institutional
Animal Care and Use Committee of the National Institutes of Natural

Sciences, and all procedures were conducted according to the guidelines
of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Experimental design. The following experiments were performed
(Fig. 1A). (1) Histologic examinations were performed to confirm selec-
tive elimination of cortical neurons projecting to the STN (five mice
were used). RetroBeads conjugated with chlorin e6 (RetroBeads-chlorin)
were injected into the unilateral (right) STN. After 2 weeks, the right
motor cortex was irradiated with a near-infrared laser. One month after
laser irradiation, injection sites in the STN and cortical neurons projec-
ting to the STN were examined histologically. (2) Electrophysiological
recordings were performed to examine the effects of cortico-STN elimi-
nation on GPe and SNr activity (five mice; three for GPe, five for SNr).
RetroBeads-chlorin were injected into the unilateral (right) STN. Two
weeks after RetroBeads injection, recordings of spontaneous activity and
cortically evoked responses in the right GPe and SNr were started and
performed for 2 weeks (“before” cortico-STN elimination). Four weeks
after RetroBeads injection, the right motor cortex was irradiated with a
near-infrared laser. One month after laser irradiation, neuronal record-
ings in the GPe and SNr were resumed in the same five mice (“after” cor-
tico-STN elimination). Recording sites were reconstructed based on
histologic examination. (3a) Behavioral tests were performed to assess
locomotor activity after bilateral elimination of the cortico-STN projec-
tion (10 mice). Ten mice were randomly divided into two groups. In the
first group (five mice), RetroBeads-chlorin were injected into the bilat-
eral STN (“cortico-STN eliminated” mice), while in the second group
(the other five mice), RetroBeads without chlorin e6 (RetroBeads w/o
chlorin) were injected into the bilateral STN (“control” mice). One week
after RetroBeads injection, locomotor activity was measured and contin-
ued for 7 d (“before” laser irradiation). Two weeks after RetroBeads
injection, the bilateral motor cortices of both groups were irradiated
with a near-infrared laser. Then, locomotor activity was chronologically
measured for 4 weeks (“after” laser irradiation). (3b) Behavioral tests
were performed to assess rotational behaviors after unilateral elimination
of the cortico-STN projection (five mice). RetroBeads-chlorin were
injected into the unilateral (right) STN. One week after RetroBeads
injection, rotational behaviors were observed (“before” cortico-STN
elimination). Apomorphine was also systemically administrated. Two
weeks after RetroBeads injection, the right motor cortex was irradiated
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with a near-infrared laser. One month after laser irradiation, rotational
behaviors were observed without and with apomorphine administration
(“after” cortico-STN elimination). Injection sites of RetroBeads in the
STN and cortical neurons projecting to the STN were also examined his-
tologically in experiments 2, 3a, and 3b. Details of the method are
described below.

Surgery. To painlessly fix the head of an awake mouse to the stereo-
taxic apparatus, a small U-frame head holder was first mounted on its
head as previously described (Chiken et al., 2008, 2015; Sano et al., 2013;
Dwi Wahyu et al,, 2021). Briefly, each mouse was anesthetized with keta-
mine hydrochloride (100 mg/kg body weight, i.p.) and xylazine hydro-
chloride (5 mg/kg, i.p.) and then fixed in the stereotaxic apparatus. After
widely exposing the skull, the periosteum and blood on the skull were
completely removed. The exposed skull was completely covered with
bone-adhesive resin (Bistite II, Tokuyama Dental) and acrylic resin
(Unifast II, GC Corporation). A small polyacetal U-frame head holder
for head fixation was mounted on the head and fixed with acrylic resin.

After recovery from the first surgery (2-3d later), the mouse was
positioned in a stereotaxic apparatus with its head restrained using the
U-frame head holder under anesthesia with ketamine hydrochloride
(50-100 mg/kg, i.p.). Part of the skull was removed to enable access to
the motor cortex, STN, GPe, and SNr. A pair of stimulating electrodes
(tip distance, 300-400 um) made of 50-um-diameter Teflon-coated
tungsten wires (California Fine Wire) was inserted into the caudal fore-
limb area of the motor cortex (0.8 mm anterior to bregma and 1.7 mm
lateral to bregma), which was confirmed by forelimb movements evoked
by intracortical microstimulation (train of 10 pulses at 333 Hz, 200 pis in
duration, up to 30 pA in strength). Stimulating electrodes were then
fixed in place using acrylic resin. The cortex around the insertion sites
remained uncovered for later laser irradiation.

Injection of RetroBeads-chlorin into the STN. To selectively eliminate
the cortico-STN projection, we used a PDT with chlorin e6 (Madison et
al., 1990; Macklis, 1993; Madison and Macklis, 1993; Sheen and Macklis,
1994; Magavi et al., 2000; Scharff et al., 2000; Eyding et al., 2003). We
first localized the STN by recording the neuronal activity using similar
methods described in “Electrophysiological recordings of GPe and SNr
activity” section below. A glass-coated Elgiloy-alloy microelectrode
(~1.0 MQ) was inserted vertically into the STN (1.8-2.2 mm posterior
to bregma and 1.3-1.8 mm lateral to bregma; Paxinos and Franklin,
2001). STN neurons were characterized by moderate firing frequency
(~40Hz) and a biphasic excitatory response composed of early and late
excitation to the ipsilateral cortical stimulation (Nambu et al., 2000;
Iwamuro et al., 2017; Polyakova et al., 2020).

RetroBeads-chlorin were made by conjugating retrogradely trans-
portable microspheres (rhodamine-labeled RetroBeads, Lumafluor) with
chlorin e6, a photosensitizer (Frontier Scientific), using a previously
described method (Madison and Macklis, 1993). A glass micropipette
with a Teflon-coated tungsten wire (diameter, 30 pm) for recordings was
connected to a Hamilton microsyringe and filled with RetroBeads-
chlorin. Based on the results of the STN mapping, a glass micropipette
was inserted vertically into the center of the STN. After electrophysiolog-
ical recordings confirmed that the tip of the glass pipette was located
inside the forelimb region of the STN, RetroBeads-chlorin were slowly
injected (Fig. 1A; one site, 200 nl, 20 nl/min) by using a microsyringe
pump (UltraMicroPump II and Micro4, WPI). After injection, the glass
micropipette was left in place for 5 min. RetroBeads diffused only within
a restricted region because of their relatively large sizes (Macklis and
Quattrochi, 1991). RetroBeads would be retrogradely transported to the
somata of the cortical neurons projecting to the STN in 2 weeks and per-
sist there (Fig. 1A; Madison et al., 1990), suggesting that anterograde and
transsynaptic transports were negligible.

Electrophysiological recordings of GPe and SNr activity (Fig. 1A).
Each mouse was placed in a stereotaxic apparatus with its head painlessly
restrained using the U-frame head holder in awake conditions. A glass-
coated Elgiloy-alloy microelectrode (~1.0 M() at 1kHz) was inserted
vertically into the somatomotor areas of the GPe (0.3-0.7 mm posterior
to bregma and 1.4-2.2 mm lateral to bregma; Paxinos and Franklin,
2001) and SNr (3.0-3.4 mm posterior to bregma and 1.0-1.8 mm lateral
to bregma) through the dura mater using a hydraulic microdrive
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(Narishige Scientific Instrument). Signals from the electrode were ampli-
fied, filtered (0.2-5kHz), and continuously monitored using an oscillo-
scope. The GPe and SNr were identified by the depth profile of the
microelectrode penetrations and their sustained high-frequency sponta-
neous firings. The activity of GPe and SNr neurons was isolated, and the
action potentials were converted to digital pulses using a homemade
time-amplitude window discriminator, and sampled at 2 kHz by using
LabVIEW software (National Instruments) and a computer. Responses
to the cortical stimulation (bipolar stimulation, single monophasic pulse
at 0.7 Hz, 200 ps in duration, and 20-50 pA strength) through the elec-
trodes implanted in the forelimb area of the right motor cortex were
recorded and analyzed by constructing peristimulus time histograms
(PSTHs; bin width, 1 ms; summed for 100 stimulus trials). The sponta-
neous firings of GPe and SNr neurons were also recorded as digitized
spikes for 50 s. Neuronal recordings were performed while the mice
were awake but not moving their limbs to avoid the effects of move-
ments on neuronal activity. In the final experiment, several neuronal re-
cording sites were marked by passing cathodal direct current (20 pA for
30 s) through the recording electrode.

Laser irradiation on the motor cortex. After RetroBeads injection, the
motor cortex (1.35-mm-diameter area centered at the insertion points of
the cortical stimulating electrodes) was irradiated with a near-infrared
laser (670nm, 2.4 mW; Shifter + Kirchhoff) for 15min (Fig. 1A).
Chlorin e6 was activated by the laser and generated reactive oxygen spe-
cies exclusively in the labeled neurons (Madison et al., 1990; MacKklis,
1993; Madison and Macklis, 1993; Sheen and Macklis, 1994). Reactive
oxygen species induced a slow (several weeks) apoptotic process (Sheen
and Macklis, 1994), and the motor cortical neurons projecting to the
STN were selectively eliminated within 1 month. This technique can
induce the pathway-selective targeted cell death with other pathways
intact; callosal-projecting neurons within layers 2/3 and 5 (Macklis,
1993; Madison and Macklis, 1993), and layer 6 feedback-projecting neu-
rons from the primary visual cortex to the lateral geniculate nucleus
(Eyding et al., 2003) were selectively eliminated; laser irradiation alone
or RetroBeads-chlorin injection alone caused no cellular injury
(Madison and Macklis, 1993), and laser irradiation on RetroBeads-
chlorin induced reactive oxygen, but laser irradiation on RetroBeads w/o
chlorin did not (Sheen and Macklis, 1994).

Behavioral tests to assess locomotor activity. Each mouse was placed
in a 30-cm-diameter arena and video recorded for 10 min using a digital
video camera. Distances traveled for 10min were calculated using a
computer. Locomotor activity was measured for 7 d before laser irradia-
tion, and the mean value was calculated in each mouse and used as the
baseline activity. We confirmed no significant activity difference between
control and cortico-STN-eliminated groups before laser irradiation.
Locomotor activity was chronologically measured after laser irradiation
and indicated by the ratio to the baseline activity in each mouse.

Behavioral tests to assess rotational behaviors. Each mouse was
placed in a 30-cm-diameter arena and video recorded for 30 min using a
digital video camera. The numbers of ipsilateral (to the cortico-STN
eliminated right side) and contralateral rotations in 30 min were counted
using a computer. On a different day, a nonselective dopamine agonist,
apomorphine (Sigma-Aldrich), was systemically administered (before
cortico-STN elimination, 3.0 mg/kg, i.p.; after cortico-STN elimination,
0.5, 1.5, 3.0, and 5.0 mg/kg, i.p.) 5min before testing to enhance basal
ganglia activity and reveal subtle activity asymmetry between the left and
right basal ganglia (Delfs et al., 1995; Waszczak et al,, 2002; Sano et al,,
2003). The ratios of the ipsilateral rotations to the total rotations (sum of
ipsilateral and contralateral rotations) were calculated.

Histology. The mice were deeply anesthetized with sodium pentobar-
bital (120 mg/kg, i.p.) and perfused transcardially with 0.1 m PB pH 7.3,
followed by 10% formalin in 0.1 M PB, and then 0.1 M PB containing
10% sucrose. Brains were immediately removed, immersed in 0.1 m PB
containing 30% sucrose, and then cut into 50-um-thick coronal sections
on a freezing microtome. The sections were permeabilized in PBS pH
7.2 containing 0.1% Triton X-100, incubated with NeuroTrace (dilution
factor, 200; Thermo Fisher Scientific), mounted onto glass slides, and
coverslipped. The sections were observed under a fluorescence micro-
scope. Retrogradely transported RetroBeads were detected with red
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fluorescent rhodamine, and neuronal somata were visualized with green
fluorescent NeuroTrace. The numbers of cells double-labeled with
RetroBeads and NeuroTrace in layer 5 of the motor cortex were counted.
To localize the electrophysiological recording sites, the sections were
mounted onto gelatin-coated glass slides, stained with 0.5% cresyl violet,
dehydrated, and coverslipped. The sections were observed under a light
microscope, and the recording sites were reconstructed according to the
lesions made by the current injection and the traces of the electrode
tracks. Stimulation sites in the motor cortex were also verified
histologically.

Data analysis. The responses of GPe and SNr neurons to the cortical
stimulation were assessed by PSTHs using Igor Pro software
(WaveMetrics). The mean and SD of the firing rate during the 100 ms
preceding the onset of stimulation were calculated from a PSTH and
were considered to be the values for the baseline discharge. Changes in
the firing rate in response to the cortical stimulation (i.e., excitation or
inhibition) were judged to be significant if the firing rate during at least
two consecutive bins (2 ms) reached the statistical level of p < 0.05 (one-
tailed ¢ test), when compared with the baseline discharge (Chiken et al.,
2008, 2015; Sano et al., 2013). The latency of each response component
was defined as the time of the first bin that exceeded this level.
Responses were judged to end when two consecutive bins fell below the
significance level. The end point was determined as the time of the last
bin that exceeded this level. The duration of each response component
was defined as the time during the significant change (between the la-
tency and the end point). The amplitude of each response compo-
nent was defined as the number of spikes that occurred during the
significant change minus that of the baseline discharge (i.e., the area
of the response); positive or negative values indicate excitatory or
inhibitory responses. If no significant changes were found, the am-
plitude and duration were set to zero. For population PSTHs,
PSTHs of all responsive neurons were averaged and then smoothed
using a Gaussian window (o = 1.0 ms).

The spontaneous firing rates and the parameters that character-
ized the firing patterns were calculated from digitized recordings for
50 s (Hutchinson et al., 1997; Chiken et al., 2008, 2015; Sano et al.,
2013; Dwi Wahyu et al., 2021), namely, the mean, coefficient of vari-
ation (CV), skewness, and kurtosis of interspike intervals (ISIs);
burst index (a ratio of the mean ISI to the mode ISI); and the per-
centage of spikes in bursts detected by the Poisson surprise method
(Poisson surprise value, -log;o p > 3.0; spikes/burst >3; Legéndy and
Salcman, 1985). Autocorrelograms (bin width, 0.5ms) were con-
structed from the same continuous digitized recordings for 50 s.

Statistical analyses. Statistical analyses were performed using Prism
software (GraphPad). The numbers of double-labeled cells in the laser-
irradiated and surrounding nonirradiated cortices were compared by
using two-tailed paired t tests. The parameters of cortically evoked
response components and spontaneous neuronal activity before and af-
ter cortico-STN elimination were compared by using two-tailed ¢ tests.
The proportions of cortically evoked response patterns before and after
cortico-STN elimination were examined by using y” tests. Behavioral
data were analyzed by using two-way repeated-measures ANOVA with
Bonferroni’s test, one-way repeated-measures ANOVA with Tukey’s
test, or two-tailed paired ¢ tests. All values are expressed as the mean *+
SD, unless otherwise stated.

Results

Selective elimination of cortical neurons projecting to the
STN

We injected rhodamine-labeled RetroBeads-chlorin into the
STN and found that they were successfully localized within the
STN (Fig. 1B1,B2). One month after laser irradiation, rhoda-
mine-labeled layer 5 neurons projecting to the STN were selec-
tively eliminated in the laser-irradiated cortex (Fig. 1C1,C2,D1I),
while they were spared from elimination in the surrounding
nonirradiated cortex (Fig. 1C1,C2,D2). Approximately 67% of la-
beled cells were eliminated in the laser-irradiated cortex
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compared with the surrounding nonirradiated cortex (Fig. 1D3;
twy = 5.17, p=0.007, two-tailed paired t test). Nonlabeled neu-
rons in the laser-irradiated cortex remained intact (Fig. 1DI).
Only large neurons in layer 5 were labeled (Fig. 1C1,C2,D2), and
no labeled terminals were found in the SNr (data not shown),
suggesting that transsynaptic and anterograde transports of
RetroBeads were negligible.

GPe and SNr activity before and after cortico-STN
elimination

We recorded the activity of GPe and SNr neurons in response to
the stimulation of the forelimb area of the motor cortex in awake
conditions and constructed PSTHs (Fig. 2). Before cortico-STN
elimination, a triphasic response composed of early excitation,
followed by inhibition and late excitation (Fig. 2A1,BI, Before)
was the most common in both GPe (41%) and SNr (37%) neu-
rons (Fig. 2A2,B2, Before). After cortico-STN elimination, dras-
tic changes were observed in the response patterns; early
excitation was diminished in both GPe and SNr neurons (Fig.
2A1,B1, After). The numbers of neurons with early excitation,
such as a triphasic response, excitation-inhibition, excitation-ex-
citation, and early excitation, were significantly decreased in the
GPe (before, 73%; after, 23%; x> = 30.7, df=1, p<0.001, 1 - 3
=0.994, x° test; Fig. 2A2, cold colors) and SNr (before, 81%; af-
ter, 26%; x> = 33.5, df=1, p<0.001, 1 - B8 = 0.999; Fig. 2B2,
cold colors), and the responses without early excitation domi-
nated (Fig. 2A2,B2, After, warm colors), such as inhibition-ex-
citation (41%) in the GPe, and monophasic inhibition (30%)
and late excitation (31%) in the SNr. These changes were also
observed in the population PSTHs; early excitation was
greatly diminished in both GPe and SNr neurons after cor-
tico-STN elimination (Fig. 2A3,B3). Quantitative analyses
(Table 1) showed that the duration and amplitude of early
excitation in the GPe (duration, #(;54) = 4.95, p <0.001; am-
plitude, #(124y = 5.13, p <0.001; two-tailed ¢ test) and SNr
(duration, t(06) = 4.28, p<0.001; amplitude, t(106) = 4.33,
p <0.001) were significantly decreased after cortico-STN
elimination. On the other hand, cortically evoked inhibition
and late excitation exhibited little change after cortico-STN
elimination (Fig. 2A1,A3,B1,B3, Table 1). These observations
indicate that the cortico-STN projection conveys cortical ex-
citation to the GPe and SNr with a short latency.

We additionally examined spontaneous activity of GPe and
SNr neurons before and after cortico-STN elimination (Fig. 3,
Table 2) because their changes in firing rates and patterns are fre-
quently suggested in movement disorders (Wichmann et al,
2011). Before cortico-STN elimination, GPe and SNr neurons
fired randomly at high frequency (Fig. 3A,B, Before, Table 2) as
reported previously (Chiken et al., 2008, 2015; Sano et al., 2013;
Dwi Wahyu et al,, 2021). After cortico-STN elimination, how-
ever, no significant changes were observed in firing rates, auto-
correlograms, and parameters characterizing firing patterns,
such as CV, skewness, and kurtosis of ISIs; burst index; and the
percentage of spikes in bursts (Fig. 3A,B, After, Table 2).

Locations of recorded GPe and SNr neurons

The locations of recorded GPe and SNr neurons are plotted
using different colors based on cortically evoked response pat-
terns in Figure 4. We mainly recorded in the middle and lateral
parts of the GPe and the dorsolateral part of the SNr, which cor-
respond to the somatomotor regions (Chiken et al., 2008, 2015;
Sano et al,, 2013; Dwi Wahyu et al., 2021). Before cortico-STN
elimination, the neurons with early excitation dominated in both
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Table 1. Cortically evoked responses of GPe and SNr neurons before and after cortico-STN elimination

GPe SNr
Before After Before After
Neurons recorded, N 118 100 83 91
Neurons responding to cortical stimulation, n (%) 70 (59%) 56 (56%) 54 (65%) 54 (59%)
Early excitation
Latency (ms) 39+14 4013 45+25 73 * 2.6%*
Duration (ms) 20*+18 0.5 £ 1.2%%* 31230 0.9 £ 2.1%%*
Amplitude (spikes) 352 £38.1 7.6 £ 17.2%%* 451 %512 10.9 £ 23.7%**
Inhibition
Latency (ms) 95*+19 9.6 =24 1.7 =41 13 *x37
Duration (ms) 59+52 5340 1.9£32 14+23
Amplitude (spikes) —38.5+379 —34.1 %307 —6.6 = 16.7 —7.0 =119
Late excitation
Latency (ms) 182+5.0 19.3+3.1 157 £49 146 £53
Duration (ms) 13.5+£17.2 97+84 87+175 10.0£95
Amplitude (spikes) 88.5 + 1259 632777 98.7 £ 1123 79.9 = 80.3

Values are the mean = SD.

*¥p < 0.01, ***p < 0.001, significantly different from the values before cortico-STN elimination (two-tailed ¢ test).

the GPe and SNr (Fig. 4A,B, Before, cold colors). After cortico-
STN elimination, however, the neurons without early excitation
dominated and were distributed in the same areas of the GPe
and SNr (Fig. 4A,B, After, warm colors).

Motor hyperactivity after cortico-STN elimination

Next, we examined locomotor activity of mice before and after
bilateral cortico-STN elimination (Fig. 5A4). There was a gradual
increase in the locomotor activity of cortico-STN eliminated
mice starting 1 week after laser irradiation, while that of control
mice remained unchanged. The gradual increase may reflect a
slow elimination process of cortico-STN neurons. The activity level
became significantly higher than that of control mice in 2-4 weeks
(F728) = 44, p=0.0016, 1 - B = 099 for treatment x day

interaction, two-way repeated-measures ANOVA; day 14, p = 0.045;
day 21, p=0.016; day 28, p=0.0003, Bonferroni’s test; Fig. 5A).

On the other hand, unilateral cortico-STN elimination
induced no apparent changes in locomotion (Fig. 5B). However,
apomorphine injection (1.5, 3.0, and 5.0 mg/kg) induced ipsilat-
eral rotations to the cortico-STN-eliminated side in a dose-de-
pendent manner (F40) = 20.2, p<0.001, 1 - B = 0.999, one-
way repeated-measures ANOVA; 1.5, 3.0, and 5.0mg/kg,
p<<0.001, Tukeys test; Fig. 5B). Apomorphine injection
(3.0mg/kg) did not induce changes in rotations before cortico-
STN elimination, but it induced ipsilateral rotations after cor-
tico-STN elimination (¢4 = 8.83, p <0.001, two-tailed paired ¢
test).

These observations indicate that cortico-STN elimination
induced motor hyperactivity at the behavioral level. Other than
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Table 2. Firing rates and patterns of GPe and SNr neuron before and after cor-
tico-STN elimination

GPe SNr
Before After Before After
Neurons (n) 70 56 54 54
Firing rate (Hz) 523+ 26.6 539+204 47.7 +16.8 509 =13.7
ISl mean (ms) 274+226 237192 280+10 244+64
v 1.0+06 0804 0.8 +0.2 09+03
Skewness 45*26 34+19 3623 29+07
Kurtosis 411539 268 +39.1 345+ 53.0 182+ 6.6
Burst index 36 =47 23+21 32+29 3714
Spikes in bursts (%) 8.1£17.0 47 £ 84 34£57 48 £ 438

Values are the mean = SD. No significant changes were observed between before and after cortico-STN
elimination (p > 0.05, two-tailed ¢ test).

increased locomotor activity and apomorphine-induced ipsilateral
rotations, we did not observe any other apparent abnormal behav-
iors or motor deficits in cortico-STN-eliminated mice.

Discussion

Here, we investigated the functions of the cortico-STN hyperdir-
ect pathway. We selectively eliminated the cortico-STN projec-
tion and observed neuronal activity and motor behaviors. After
cortico-STN elimination, cortically evoked early excitation in the
GPe and SNr was diminished, and motor hyperactivity was
observed; locomotor activity was increased, and apomorphine-
induced ipsilateral rotations were induced. Our data suggest
that the cortico-STN hyperdirect pathway quickly conveys
cortical excitation to the SNr, and resets or suppresses corti-
cal activity and movements.

GPe and SNr activity mediated by the cortico-STN

projection

In control mice, cortical stimulation induced a triphasic response
composed of early excitation, followed by inhibition and late ex-
citation in the GPe and SNr, which is consistent with previous
reports (Ryan and Clark, 1991; Maurice et al., 1999; Nambu et
al., 2000; Chiken et al., 2008, 2015; Sano et al., 2013; Iwamuro et

RN OO AW

100 150 200
ms

JON S M

100 150 200
ms

A, B, Spontaneous activity of typical GPe (A) and SNr (B) neurons before (Before) and after (After) cortico-STN
elimination, which is denoted by the digitized spikes and autocorrelograms (bin width, 0.5 ms). See also Table 2.
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al.,, 2017; Ozaki et al., 2017; Dwi Wahyu et
al., 2021). After elimination of the cor-
tico-STN projection, early excitation was
diminished in both GPe and SNr neurons,
which is also consistent with previous
reports that elimination of the cortico-
STN projection, blockade of the cortico-
STN neurotransmission, and activity
blockade or lesions of the STN dimin-
ished early excitation in the GPe/SNr/GPi
(Ryan and Clark, 1991; Maurice et al,
1999; Nambu et al, 2000; Inoue et al,
2012). The present results have added
another strong piece of evidence that the
cortico-STN projection mediates early ex-
citation in the GPe/SNr/GPi. On the other
hand, cortically evoked inhibition and late
excitation exhibited little change after cor-
tico-STN elimination, suggesting that the
contribution of the cortico-STN projec-
tion to inhibition and late excitation is
minor. Actually, inhibition and late exci-
tation in the GPe/SNr/GPi have been
shown to be mediated by the cortico-
striato-GPe/SNr/GPi and cortico-striato-
GPe-STN-GPe/SNr/GPi pathways, respectively (Kita et al., 2004;
Tachibana et al., 2008; Sano et al., 2013).

Previous studies have reported that lesions or inactivation of
the STN reduced firing rates and changed firing patterns of GPe
and GPi neurons (Hamada and DeLong, 1992; Vitek et al., 1999;
Nambu et al,, 2000). The present study showed, however, that
elimination of the cortico-STN projection induced neither
reduction of spontaneous firing rates nor changes of firing pat-
terns in the GPe and SNr, which is consistent with the findings
of our previous report (Inoue et al., 2012). These results suggest
that STN neurons maintain their spontaneous activity at least to
some extent after cortico-STN elimination. Although STN activ-
ity was not recorded after cortico-STN elimination in the present
study, previous studies have shown that STN neurons are auton-
omously active without any cortical inputs (Nakanishi et al.,
1987; Bevan and Wilson, 1999; Do and Bean, 2003; Polyakova et
al., 2020) and can maintain the firing rates and patterns of GPe/
SNr/GPi neurons through the STN-GPe/SNr/GPi excitatory pro-
jection (Kita et al., 2004; Tachibana et al., 2008).

Could cortically evoked responses in the GPe/SNr be affected
by motor hyperactivity after cortico-STN elimination? This is
unlikely because (1) neuronal recordings were performed while
the mice were not moving their limbs, and (2) motor hyperactiv-
ity after unilateral cortico-STN elimination was subtle and de-
tectable only after apomorphine administration.

Motor suppression by the cortico-STN projection

The current results strongly support the idea that the hyperdirect
pathway conveys fast excitatory signals from the motor cortex to
the SNr/GPji, inhibits thalamic activity, and resets or suppresses
the cortical activity related to ongoing movements (Mink and
Thach, 1993; Nambu et al., 2000, 2002; Leblois et al., 2006;
Guthrie et al., 2013). Imaging and electrophysiological studies in
humans, rats, and monkeys have reported that STN neurons
were activated during stopping movements in reaction to a stop
signal or switching movements (Isoda and Hikosaka, 2008;
Jahfari et al, 2011; Alegre et al, 2013; Schmidt et al.,, 2013;
Pasquereau and Turner, 2017). Manipulating the activity of the
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mouse STN using optogenetics has also shown its causal role;
brief activation or inhibition of the STN interrupted behaviors or
blunted the interruptive effect of surprise, respectively (Fife et al.,
2017).

However, STN activity is increased not only in the stop task
but also in the go task (Georgopoulos et al., 1983; DeLong et al.,
1985; Matsumura et al, 1992; Wichmann et al, 1994).
Considering the conduction time of each pathway, the following
hypothesis on the function of the cortico-STN hyperdirect path-
way is probable (Mink and Thach, 1993; Nambu et al., 2002;

Sano et al., 2013; Chiken et al., 2015). Signals through the hyper-
direct pathway first reset the thalamic and cortical activity related
to ongoing movements and prepare for the forthcoming signals
through the direct pathway, which release an appropriate move-
ment. Finally, signals through the indirect pathway stop all
movements. A recent study has also suggested that the GPe can
cancel actions through the projection of arkypallidal cells in the
GPe back to the striatum (Mallet et al., 2016).

Was the motor hyperactivity observed in this study indeed
caused by elimination of the cortico-STN projection and loss
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of signal transmission through the cortico-STN-SNr hyper-
direct pathway? The cortico-STN projection is derived from
the axon collaterals of small- to medium-sized cortical neu-
rons projecting to other brain regions, especially to the spinal
cord (Kita and Kita, 2012). Thus, not only the cortico-STN
projection, but also the cortico-spinal projections may have
been eliminated, at least in part, after laser irradiation.
Furthermore, the STN also projects to the substantia nigra
pars compacta (SNc) and striatum, although less abundantly
than to the SNr (Parent and Hazrati, 1995). These excitatory
inputs from the STN may also be diminished. However, such
effects should be negligible because the loss of excitatory
inputs from the STN to the spinal cord, SN¢, and striatum
would cause motor hypoactivity, but not motor hyperactivity
as observed in this study.

Pathophysiology of hemiballism

Previous studies have reported that lesions or inactivation of the
STN reduced firing rates, changed the firing patterns of GPi neu-
rons, and induced motor hyperactivity, which is clinically
described as hemiballism (Carpenter et al., 1950; Hamada and
DeLong, 1992; Vitek et al., 1999; Nambu et al., 2000). The present
study showed, however, that the suppression of excitatory cortical
inputs to the STN by cortico-STN elimination was sufficient to
cause motor hyperactivity without any changes in spontaneous fir-
ing rates and patterns of SNr neurons. Thus, changes in phasic
excitatory/inhibitory inputs from the motor cortex to the output
stations of the basal ganglia are as important as spontaneous activ-
ity changes in the pathophysiology of movement disorders. In line
with our present results, it was also reported that limiting glutama-
tergic transmission in a subpopulation of STN neurons expressing
vesicular glutamate transporter 2 caused hyperlocomotion
(Schweizer et al., 2014). Thus, the pathophysiological mechanism
of hemiballism is considered to be a combination of (1) loss of the
reset function by the cortico-STN-SNr/GPi hyperdirect pathway
(present study), (2) loss of the stop function by the cortico-striato-
GPe-STN-SNr/GPi indirect pathway (Sano et al., 2013), and (3)
releasing movements by the firing rate decrease and pauses of
SN1/GPi neurons (Carpenter et al., 1950; Hamada and DeLong,
1992; Vitek et al., 1999; Nambu et al., 2000).

Clinical significance

Our present study also suggests that blockade of the cortico-STN
hyperdirect pathway shifts the motor balance toward hyperactiv-
ity, and thus may be beneficial for patients with Parkinson’s dis-
ease. The cortico-STN projection conveys abnormal activity from
the motor cortex to the STN in Parkinson’s disease (Kita and Kita,
2011; Tachibana et al., 2011). The STN is, indeed, one of the tar-
gets of deep brain stimulation (DBS) therapy to ameliorate parkin-
sonian symptoms (Benabid et al., 2009). A possible therapeutic
mechanism of DBS in the STN may be functional blockade of cor-
tico-STN inputs by high-frequency stimulation (Maurice et al,,
2003; Moran et al., 2011; Chiken and Nambu, 2014). Such an
interpretation is also supported by a study showing that optoge-
netic stimulation of the cortico-STN projection improved parkin-
sonian symptoms in mice (Gradinaru et al., 2009). Thus, our
study may lead us to better understanding and future advance-
ment of therapeutic intervention in Parkinson’s disease.
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