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Abstract  52 

The substantia nigra pars reticulata (SNr) is the output station of the basal ganglia and 53 

receives cortical inputs by way of three basal ganglia pathways: the cortico-subthalamo 54 

(STN)-SNr hyperdirect, cortico-striato-SNr direct, and cortico-striato-external 55 

pallido-STN-SNr indirect pathways.  Compared to the classical direct and indirect 56 

pathways via the striatum, the functions of the hyperdirect pathway remain to be fully 57 

elucidated.  Here we used a photodynamic technique to selectively eliminate the 58 

cortico-STN projection in male mice and observed neuronal activity and motor 59 

behaviors in awake conditions.  After cortico-STN elimination, cortically evoked early 60 

excitation in the SNr was diminished, while the cortically evoked inhibition and late 61 

excitation, which are delivered through the direct and indirect pathways, respectively, 62 

were unchanged.  In addition, locomotor activity was significantly increased after 63 

bilateral cortico-STN elimination, and apomorphine-induced ipsilateral rotations were 64 

observed after unilateral cortico-STN elimination, suggesting that cortical activity was 65 

increased.  These results are compatible with the notion that the cortico-STN-SNr 66 

hyperdirect pathway quickly conveys cortical excitation to the output station of the 67 

basal ganglia, resets or suppresses the cortical activity related to on-going movements, 68 

and prepare for the forthcoming movement.  69 

 70 

Significance Statement  71 

The basal ganglia play a pivotal role in control of voluntary movements, and their 72 

malfunctions lead to movement disorders, such as Parkinson’s disease and dystonia.  73 

Understanding their functions is important to find better treatments for such diseases.  74 

Here we used a photodynamic technique to selectively eliminate the projection from the 75 
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motor cortex to the subthalamic nucleus, the input station of the basal ganglia, and 76 

found greatly reduced early excitatory signals from the cortex to the output station of 77 

the basal ganglia and motor hyperactivity.  These results suggest that the neuronal 78 

signals through the cortico-subthalamic hyperdirect pathway reset or suppress on-going 79 

movements and that blockade of this pathway may be beneficial for Parkinson’s disease, 80 

which is characterized by oversuppression of movements.     81 

 82 

 83 

84 
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Introduction  85 

The basal ganglia are crucial for motor behaviors, such as action selection and motor 86 

learning (Graybiel, 2005; Redgrave et al., 2010).  The striatum and subthalamic 87 

nucleus (STN) are the input stations of the basal ganglia and receive cortical inputs (Fig. 88 

1A).  Two pathways that originate from the striatum exert opposing effects on the 89 

substantia nigra pars reticulata (SNr) and the internal segment of the globus pallidus 90 

(GPi, or the entopeduncular nucleus in rodents), the GABAergic basal ganglia output 91 

stations (Alexander and Crutcher, 1990).  The striato-SNr/GPi direct pathway inhibits 92 

SNr/GPi activity, thereby disinhibits the thalamocortical and brain stem circuitries and 93 

releases movements; while the striato-external pallido (GPe)-STN-SNr/GPi indirect 94 

pathway enhances SNr/GPi activity, and thereby suppresses the thalamocortical and 95 

brain stem circuitries and movements (Kravitz et al., 2010; Sano et al., 2013; Chiken et 96 

al., 2015; Oldenburg and Sabatini, 2015).   97 

 On the other hand, the STN receives direct cortical inputs and projects to the 98 

SNr/GPi and GPe, and thus forms the cortico-STN-SNr/GPi hyperdirect pathway (Fig. 99 

1A; Nambu et al., 1996, 2000, 2002).  The hyperdirect pathway rapidly conveys 100 

cortical activity to the SNr/GPi, which may reset the cortical activity related to on-going 101 

movements.  However, the functions of the hyperdirect pathway remain to be fully 102 

elucidated.  Our previous study successfully eliminated cortico-STN neurons 103 

originating from the supplementary motor area of the primate brain by combining a 104 

neuron-specific retrograde gene-transfer vector and immunotoxin-mediated tract 105 

targeting (Inoue et al., 2012).  However, these animals did not show any apparent 106 

motor deficits by simple neurological observations.  In the present study, we used mice 107 

whose motor activity could be quantitatively measured.  In addition, to selectively 108 
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eliminate the cortico-STN projection, we used a photodynamic technique (PDT; 109 

Madison et al., 1990; Macklis, 1993; Madison and Macklis, 1993), which did not 110 

require viral vectors.  The PDT successfully eliminated corticocortical and 111 

corticothalamic neurons in mice or rats (Macklis, 1993; Madison and Macklis, 1993; 112 

Magavi et al., 2000) and cats (Eyding et al., 2003), and affected vocal behaviors in 113 

songbirds (Scharff et al., 2000).  We observed basal ganglia activity and motor 114 

behaviors of mice in awake conditions before and after cortico-STN elimination and 115 

found that its elimination reduced cortically evoked early excitation in the GPe and SNr 116 

and induced locomotor hyperactivity.   117 

 118 

119 
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Materials and Methods 120 

Animals 121 

Male C57BL/6 mice aged 12–16 weeks at the start of the experiment were housed 2–3 122 

per cage and used in the present study.  The experimental protocol was approved by 123 

the Institutional Animal Care and Use Committee of the National Institutes of Natural 124 

Sciences, and all procedures were conducted according to the guidelines of the National 125 

Institutes of Health Guide for the Care and Use of Laboratory Animals.  126 

 127 

Experimental design 128 

Following experiments were performed. 129 

(1) Histological examinations to confirm selective elimination of cortical neurons 130 

projecting to the STN (5 mice were used).  Retrobeads conjugated with chlorin e6 131 

(Retrobeads-chlorin) were injected into the unilateral (right) STN.  After two weeks, 132 

the right motor cortex was irradiated with a near-infrared laser.  One month after laser 133 

irradiation, injection sites in the STN and cortical neurons projecting to the STN were 134 

examined histologically. 135 

(2) Electrophysiological recordings to examine the effects of cortico-STN elimination 136 

on GPe and SNr activity (5 mice; 3 for GPe, 5 for SNr).  Retrobeads-chlorin were 137 

injected into the unilateral (right) STN.  Two weeks after Retrobeads injection, 138 

recordings of spontaneous activity and cortically evoked responses in the right GPe and 139 

SNr were started and performed for two weeks ("before" cortico-STN elimination).  140 

Four weeks after Retrobeads injection, the right motor cortex was irradiated with a 141 

near-infrared laser.  One month after laser irradiation, neural recordings in the GPe and 142 



 

 8 

SNr were resumed in the same five mice ("after" cortico-STN elimination).  Recording 143 

sites were reconstructed based on histological examination.  144 

(3a) Behavioral tests to assess locomotor activity after bilateral elimination of the 145 

cortico-STN projection (10 mice).  Ten mice were randomly divided into two groups.  146 

In the first group (5 mice), Retrobeads-chlorin were injected into the bilateral STN 147 

(“cortico-STN eliminated” mice), while in the second group (other 5 mice), Retrobeads 148 

without chlorin e6 (Retrobeads w/o chlorin) were injected into the bilateral STN 149 

("control" mice).  One week after Retrobeads injection, locomotor activity was 150 

measured and continued for seven days (“before” laser irradiation).  Two weeks after 151 

Retrobeads injection, the bilateral motor cortices of both groups were irradiated with a 152 

near-infrared laser.  Then, locomotor activity was chronologically measured for four 153 

weeks (“after” laser irradiation).   154 

(3b) Behavioral tests to assess rotational behaviors after unilateral elimination of the 155 

cortico-STN projection (5 mice).  Retrobeads-chlorin were injected into the unilateral 156 

(right) STN.  One week after Retrobeads injection, rotational behaviors were observed 157 

(“before” cortico-STN elimination).  Apomorphine was also systemically 158 

administrated.  Two weeks after Retrobeads injection, the right motor cortex was 159 

irradiated with a near-infrared laser.  One month after laser irradiation, rotational 160 

behaviors were observed without and with apomorphine administration (“after” 161 

cortico-STN elimination).   162 

 Injection sites of Retrobeads in the STN and cortical neurons projecting to the 163 

STN were also examined histologically in experiments (2), (3a), and (3b).  Details of 164 

the method are described below. 165 

 166 
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Surgery 167 

To painlessly fix the head of an awake mouse to the stereotaxic apparatus, a small 168 

U-frame head holder was first mounted on its head as previously described (Chiken et 169 

al., 2008, 2015; Sano et al., 2013; Dwi Wahyu et al., 2021).  Briefly, each mouse was 170 

anesthetized with ketamine hydrochloride (100 mg/kg body weight, i.p.) and xylazine 171 

hydrochloride (5 mg/kg, i.p.) and then fixed in the stereotaxic apparatus.  After widely 172 

exposing the skull, the periosteum and blood on the skull were completely removed.  173 

The exposed skull was completely covered with bone-adhesive resin (Bistite II; 174 

Tokuyama Dental) and acrylic resin (Unifast II; GC Corporation).  A small polyacetal 175 

U-frame head holder for head fixation was mounted on the head and fixed with acrylic 176 

resin.   177 

 After recovery from the first surgery (2–3 days later), the mouse was 178 

positioned in a stereotaxic apparatus with its head restrained using the U-frame head 179 

holder under anesthesia with ketamine hydrochloride (50–100 mg/kg, i.p.).  Part of the 180 

skull was removed to enable access to the motor cortex, STN, GPe, and SNr.  A pair of 181 

stimulating electrodes (tip distance, 300–400 m) made of 50- m diameter 182 

Teflon-coated tungsten wires (California Fine Wire) was inserted into the caudal 183 

forelimb area of the motor cortex (0.8 mm anterior and 1.7 mm lateral to bregma), 184 

which was confirmed by forelimb movements evoked by intracortical microstimulation 185 

(train of 10 pulses at 333 Hz, 200 s duration, up to 30 A strength).  Stimulating 186 

electrodes were then fixed in place using acrylic resin.  The cortex around the insertion 187 

sites remained uncovered for later laser irradiation.   188 

 189 

Injection of Retrobeads-chlorin into the STN 190 
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To selectively eliminate the cortico-STN projection, we used a PDT with chlorin e6 191 

(Madison et al., 1990; Macklis, 1993; Madison and Macklis, 1993; Sheen and Macklis, 192 

1994; Magavi et al., 2000; Scharff et al., 2000; Eyding et al., 2003).  We first localized 193 

the STN by recording the neuronal activity using similar methods described in 194 

“Electrophysiological recordings of GPe and SNr activity” below.  A glass-coated 195 

Elgiloy-alloy microelectrode (≈ 1.0 MΩ) was inserted vertically into the STN (1.8–2.2 196 

mm posterior and 1.3–1.8 mm lateral to bregma; Paxinos and Franklin, 2001).  STN 197 

neurons were characterized by moderate firing frequency (≈ 40 Hz) and a biphasic 198 

excitatory response composed of early and late excitation to the cortical stimulation 199 

(Nambu et al., 2000; Iwamuro et al., 2017; Polyakova et al., 2020).   200 

 Retrobeads-chlorin were made by conjugating retrogradely transportable 201 

microspheres (rhodamine-labeled Retrobeads, Lumafluor) with chlorin e6, a 202 

photosensitizer (Frontier Scientific), using a previously described method (Madison and 203 

Macklis, 1993).  A glass micropipette with a Teflon-coated tungsten wire (30- m 204 

diameter) for recordings was connected to a Hamilton microsyringe and filled with 205 

Retrobeads-chlorin.  Based on the results of the STN mapping, a glass micropipette 206 

was inserted vertically into the center of the STN.  After electrophysiological 207 

recordings confirmed that the tip of the glass pipette was located inside the forelimb 208 

region of the STN, Retrobeads-chlorin were slowly injected (Fig. 1A; one site, 200 nl, 209 

20 nl/min) by using a microsyringe pump (UltraMicroPump II and Micro4; WPI).  210 

After injection, the glass micropipette was left in place for 5 min.  Retrobeads diffused 211 

only within a restricted region because of their relatively large sizes (Macklis and 212 

Quattrochi, 1991).  Retrobeads would be retrogradely transported to the somata of the 213 
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cortical neurons projecting to the STN in two weeks and persist there (Fig. 1A; Madison 214 

et al., 1990), suggesting that anterograde and transsynaptic transports were negligible. 215 

 216 

Electrophysiological recordings of GPe and SNr activity  217 

Each mouse was placed in a stereotaxic apparatus with its head painlessly restrained 218 

using the U-frame head holder in awake conditions.  A glass-coated Elgiloy-alloy 219 

microelectrode (≈ 1.0 MΩ at 1 kHz) was inserted vertically into the somatomotor areas 220 

of the GPe (0.3–0.7 mm posterior and 1.4–2.2 mm lateral to bregma; Paxinos and 221 

Franklin, 2001) and SNr (3.0–3.4 mm posterior and 1.0–1.8 mm lateral to bregma) 222 

through the dura mater using a hydraulic microdrive (Narishige Scientific Instrument).  223 

Signals from the electrode were amplified, filtered (0.2–5 kHz), and continuously 224 

monitored using an oscilloscope.  The GPe and SNr were identified by the depth 225 

profile of the microelectrode penetrations and their sustained high-frequency 226 

spontaneous firings.  Activity of GPe and SNr neurons was isolated, and the action 227 

potentials were converted to digital pulses using a homemade time-amplitude window 228 

discriminator, and sampled at 2 kHz by using LabVIEW software (National 229 

Instruments) and a computer.  Responses to the cortical stimulation (bipolar 230 

stimulation, single monophasic pulse at 0.7 Hz, 200 s duration, 20–50 A strength) 231 

through the electrodes implanted in the forelimb area of the right motor cortex were 232 

recorded and analyzed by constructing peri-stimulus time histograms (PSTHs, bin width 233 

of 1 ms, summed for 100 stimulus trials).  The spontaneous firings of GPe and SNr 234 

neurons were also recorded as digitized spikes for 50 s.  Neuronal recordings were 235 

performed while the mice were awake but not moving their limbs to avoid effects of 236 

movements on neuronal activity.  In the final experiment, several neuronal recording 237 
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sites were marked by passing cathodal direct current (20 A for 30 s) through the 238 

recording electrode.   239 

 240 

Laser irradiation on the motor cortex 241 

After Retrobeads injection, the motor cortex (1.35-mm diameter area centered at the 242 

insertion points of the cortical stimulating electrodes) was irradiated with a 243 

near-infrared laser (670 nm, 2.4 mW; Shäfter + Kirchhoff) for 15 min (Fig. 1A).  244 

Chlorin e6 was activated by the laser and generated reactive oxygen species exclusively 245 

in the labeled neurons (Madison et al., 1990; Macklis, 1993; Madison and Macklis, 246 

1993; Sheen and Macklis, 1994).  Reactive oxygen species induced a slow (several 247 

weeks) apoptotic process (Sheen and Macklis, 1994), and the motor cortical neurons 248 

projecting to the STN were selectively eliminated within one month.  This technique 249 

can induce the pathway-selective targeted cell death with other pathways intact; 250 

callosal-projecting neurons within the layers 2/3 and 5 (Macklis, 1993; Madison and 251 

Macklis, 1993) and layer 6 feedback-projecting neurons from the primary visual cortex 252 

to the lateral geniculate nucleus (Eyding et al., 2003) were selectively eliminated; laser 253 

irradiation alone or Retrobeads-chlorin injection alone caused no cellular injury 254 

(Madison and Macklis, 1993); and laser irradiation on Retrobeads-chlorin induced 255 

reactive oxygen, but laser irradiation on Retrobeads w/o chlorin did not (Sheen and 256 

Macklis, 1994).  257 

 258 

Behavioral tests to access locomotor activity 259 

Each mouse was placed in a 30-cm diameter arena and video-recorded for 10 min using 260 

a digital video camera.  Distances traveled for 10 min were calculated using a 261 
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computer.  Locomotor activity was measured for seven days before laser irradiation, 262 

and the mean value was calculated in each mouse and used as the baseline activity.  263 

We confirmed no significant activity difference between control and cortico-STN 264 

eliminated groups before laser irradiation.  Locomotor activity was chronologically 265 

measured after laser irradiation and indicated by the ratio to the baseline activity in each 266 

mouse.   267 

 268 

Behavioral tests to access rotational behaviors 269 

Each mouse was placed in a 30-cm diameter arena and video-recorded for 30 min using 270 

a digital video camera.  Numbers of ipsilateral (to the cortico-STN eliminated right 271 

side) and contralateral rotations in 30 min were counted using a computer.  On a 272 

different day, a non-selective dopamine agonist, apomorphine (Sigma-Aldrich) was 273 

systemically administrated (3.0 mg/kg, i.p., before cortico-STN elimination; 0.5, 1.5, 274 

3.0, and 5.0 mg/kg, i.p., after cortico-STN elimination) 5 min before testing to enhance 275 

basal ganglia activity and reveal subtle activity asymmetry between the left and right 276 

basal ganglia (Delfs et al., 1995; Waszczak et al., 2002; Sano et al., 2003).  The ratios 277 

of the ipsilateral rotations to the total rotations (sum of ipsilateral and contralateral 278 

rotations) were calculated.  279 

 280 

Histology 281 

The mice were deeply anesthetized with sodium pentobarbital (120 mg/kg, i.p.) and 282 

perfused transcardially with 0.1 M PB (pH 7.3) followed by 10% formalin in 0.1 M PB, 283 

and then 0.1 M PB containing 10% sucrose.  Brains were immediately removed, 284 

immersed in 0.1 M PB containing 30% sucrose, and then cut into 50- m-thick coronal 285 
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sections on a freezing microtome.  The sections were permeabilized in PBS (pH 7.2) 286 

containing 0.1% Triton X-100, incubated with NeuroTrace (Molecular Probe, dilution 287 

factor 200), mounted onto glass slides, and coverslipped.  The sections were observed 288 

under a fluorescence microscope.  Retrogradely transported Retrobeads were detected 289 

with red fluorescent rhodamine, and neuronal somata were visualized with green 290 

fluorescent NeuroTrace.  Numbers of cells double-labeled with Retrobeads and 291 

NeuroTrace in layer 5 of the motor cortex were counted.  To localize the 292 

electrophysiological recording sites, the sections were mounted onto gelatin-coated 293 

glass slides, stained with 0.5% cresyl violet, dehydrated, and coverslipped.  The 294 

sections were observed under a light microscope, and the recording sites were 295 

reconstructed according to the lesions made by the current injection and the traces of the 296 

electrode tracks.  Stimulation sites in the motor cortex were also verified 297 

histologically. 298 

 299 

Data analysis 300 

The responses of GPe and SNr neurons to the cortical stimulation were assessed by 301 

PSTHs using Igor Pro software (WaveMetrics).  The mean and SD of the firing rate 302 

during the 100 ms preceding the onset of stimulation were calculated from a PSTH and 303 

considered to be the values for the baseline discharge.  Changes in the firing rate in 304 

response to the cortical stimulation (i.e., excitation or inhibition) were judged to be 305 

significant if the firing rate during at least two consecutive bins (2 ms) reached the 306 

statistical level of p < 0.05 (one tailed t-test), when compared to the baseline discharge 307 

(Chiken et al., 2008, 2015; Sano et al., 2013).  The latency of each response 308 

component was defined as the time of the first bin that exceeded this level.  Responses 309 
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were judged to end when two consecutive bins fell below the significance level.  The 310 

end point was determined as the time of the last bin that exceeded this level.  The 311 

duration of each response component was defined as the time during the significant 312 

change (between the latency and the end point).  The amplitude of each response 313 

component was defined as the number of spikes that occurred during the significant 314 

change minus that of the baseline discharge (i.e., the area of the response); positive or 315 

negative values indicate excitatory or inhibitory responses.  If no significant changes 316 

were found, the amplitude and duration were set to zero.  For population PSTHs, 317 

PSTHs of all responsive neurons were averaged and then smoothed using a Gaussian 318 

window (σ = 1.0 ms).   319 

 The spontaneous firing rates and the parameters that characterized the firing 320 

patterns were calculated from digitized recordings for 50 s (Hutchison et al., 1997; 321 

Chiken et al., 2008, 2015; Sano et al., 2013; Dwi Wahyu et al., 2021), namely the mean, 322 

coefficient of variation (CV), skewness, and kurtosis of interspike intervals (ISIs); burst 323 

index (a ratio of the mean ISI to the mode ISI); and the percentage of spikes in bursts 324 

detected by the Poisson surprise method (Poisson surprise value, -log10 P ≥ 3.0; 325 

spikes/burst ≥ 3; Legendy and Salcman, 1985).  Autocorrelograms (bin width of 0.5 326 

ms) were constructed from the same continuous digitized recordings for 50 s.   327 

 328 

Statistical analyses 329 

Statistical analyses were performed using Prism software (Graphpad).  Numbers of 330 

double-labeled cells in the laser-irradiated and surrounding non-irradiated cortices were 331 

compared by using two-tailed paired t-test.  The parameters of cortically evoked 332 

response components and spontaneous neuronal activity before and after cortico-STN 333 
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elimination were compared by using two-tailed t-tests.  Proportions of cortically 334 

evoked response patterns before and after cortico-STN elimination were examined by 335 

using 2 tests.  Behavioral data were analyzed by using two-way repeated measures 336 

ANOVA with Bonferroni test, one-way repeated measures ANOVA with Tukey test, or 337 

two-tailed paired t-tests.  All values are expressed as mean ± SD unless otherwise 338 

stated.  339 

340 
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Results 341 

Selective elimination of cortical neurons projecting to the STN 342 

We injected rhodamine-labeled Retrobeads-chlorin into the STN and found that they 343 

were successfully localized within the STN (Fig. 1B1, 2).  One month after laser 344 

irradiation, rhodamine-labeled layer 5 neurons projecting to the STN were selectively 345 

eliminated in the laser-irradiated cortex (Fig. 1C1,2, D1), while they were spared from 346 

elimination in the surrounding non-irradiated cortex (Fig. 1C1, 2, D2).  Around 67% of 347 

labeled cells were eliminated in the laser-irradiated cortex compared with the 348 

surrounding non-irradiated cortex (Fig. 1D3; t(4) = 5.17, p = 0.007, two-tailed paired 349 

t-test).  Non-labeled neurons in the laser-irradiated cortex remained intact (Fig. 1D1).  350 

Only large neurons in the layer 5 were labeled (Fig. 1C1, D2), and no labeled terminals 351 

were found in the SNr (data not shown), suggesting that transsynaptic and anterograde 352 

transports of Retrobeads were negligible.  353 

 354 

GPe and SNr activity before and after cortico-STN elimination 355 

We recorded the activity of GPe and SNr neurons in response to the stimulation of the 356 

forelimb area of the motor cortex in awake conditions and constructed PSTHs (Fig. 2).  357 

Before cortico-STN elimination, a triphasic response composed of early excitation, 358 

followed by inhibition and late excitation (Fig. 2A1, B1, Before) was the most common 359 

in both GPe (41%) and SNr (37%) neurons (Fig. 2A2, B2, Before).  After cortico-STN 360 

elimination, drastic changes were observed in the response patterns; early excitation 361 

was diminished in both GPe and SNr neurons (Fig. 2A1, B1, After).  Numbers of 362 

neurons with early excitation, such as a triphasic response, excitation-inhibition, 363 

excitation-excitation and early excitation, were significantly decreased in the GPe 364 
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(before, 73%; after, 23%; 2 = 30.7, df = 1, p < 0.001, 1-  = 0.994, 2 test; cold colors 365 

in Fig. 2A2) and SNr (before, 81%; after, 26%; 2 = 33.5, df = 1, p < 0.001, 1-  = 366 

0.999; cold colors in Fig. 2B2), and the responses without early excitation dominated 367 

(warm colors in Fig. 2A2, B2, After), such as inhibition-excitation (41%) in the GPe, 368 

and monophasic inhibition (30%) and late excitation (31%) in the SNr.  These changes 369 

were also observed in the population PSTHs; early excitation was greatly diminished in 370 

both GPe and SNr neurons after cortico-STN elimination (Fig. 2A3, B3).  Quantitative 371 

analyses (Table 1) showed that the duration and amplitude of early excitation in the GPe 372 

(duration, t(124) = 4.95, p < 0.001; amplitude, t(124) = 5.13, p < 0.001; two-tailed t-test) 373 

and SNr (duration, t(106) = 4.28, p < 0.001; amplitude, t(106) = 4.33, p < 0.001) were 374 

significantly decreased after cortico-STN elimination.  On the other hand, cortically 375 

evoked inhibition and late excitation exhibited little change after cortico-STN 376 

elimination (Fig. 2A1, A3, B1, B3; Table 1).  These observations indicate that the 377 

cortico-STN projection conveys cortical excitation to the GPe and SNr with a short 378 

latency.   379 

We additionally examined spontaneous activity of GPe and SNr neurons before 380 

and after cortico-STN elimination (Fig. 3; Table 2) because their changes in firing rates 381 

and patterns are frequently suggested in movement disorders (Wichmann et al., 2011).  382 

Before cortico-STN elimination, GPe and SNr neurons fired randomly at high 383 

frequency (Fig. 3A, B, Before; Table 2) as reported previously (Chiken et al., 2008, 384 

2015; Sano et al., 2013; Dwi Wahyu et al., 2021).  After cortico-STN elimination, 385 

however, no significant changes were observed in firing rates, autocorrelograms, and 386 

parameters characterizing firing patterns, such as CV, skewness, and kurtosis of ISIs, 387 

burst index, and the percentage of spikes in bursts (Fig. 3A, B, After; Table 2).   388 
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 389 

Locations of recorded GPe and SNr neurons 390 

The locations of recorded GPe and SNr neurons are plotted using different colors based 391 

on cortically evoked response patterns in Figure 4.  We mainly recorded in the middle 392 

and lateral parts of the GPe and the dorso-lateral part of the SNr, which correspond to 393 

the somatomotor regions (Chiken et al., 2008, 2015; Sano et al., 2013; Dwi Wahyu et al., 394 

2021).  Before cortico-STN elimination, the neurons with early excitation dominated 395 

in both the GPe and SNr (cold colors in Fig. 4A, B, Before).  After cortico-STN 396 

elimination, however, the neurons without early excitation dominated and were 397 

distributed in the same areas of the GPe and SNr (warm colors in Fig. 4A, B, After). 398 

 399 

Motor hyperactivity after cortico-STN elimination 400 

Next, we examined locomotor activity of mice before and after bilateral cortico-STN 401 

elimination (Fig. 5A).  There was a gradual increase in the locomotor activity of 402 

cortico-STN eliminated mice starting one week after laser irradiation, while that of 403 

control mice remained.  The gradual increase may reflect a slow elimination process of 404 

cortico-STN neurons.  The activity level became significantly higher than that of 405 

control mice in 2–4 weeks (F (7, 28) = 4.4, p = 0.0016, 1 -  = 0.99 for treatment × day 406 

interaction, two-way repeated measures ANOVA; Day 14, p = 0.045; Day 21, p = 407 

0.016; Day 28, p = 0.0003, Bonferroni test; Fig. 5A).   408 

 On the other hand, unilateral cortico-STN elimination induced no apparent 409 

changes in locomotion (Fig. 5B).  However, apomorphine injection (1.5, 3.0, and 5.0 410 

mg/kg) induced ipsilateral rotations to the cortico-STN eliminated side in a 411 

dose-dependent manner (F (4, 20) = 20.2, p < 0.001, 1 -  = 0.999, one-way repeated 412 
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measures ANOVA; 1.5, 3.0, and 5.0 mg/kg, p < 0.001, Tukey test; Fig. 5B).  413 

Apomorphine injection (3.0 mg/kg) did not induce changes in rotations before 414 

cortico-STN elimination, but ipsilateral rotations after cortico-STN elimination (t(4) = 415 

8.83, p < 0.001, two-tailed paired t-test).  416 

 These observations indicate that cortico-STN elimination induced motor 417 

hyperactivity at the behavioral level.  Other than increased locomotor activity and 418 

apomorphine-induced ipsilateral rotations, we did not observe any other apparent 419 

abnormal behaviors or motor deficits in cortico-STN eliminated mice.   420 

421 
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Discussion  422 

Here, we investigated the functions of the cortico-STN hyperdirect pathway.  We 423 

selectively eliminated the cortico-STN projection and observed neuronal activity and 424 

motor behaviors.  After cortico-STN elimination, cortically evoked early excitation in 425 

the GPe and SNr was diminished, and motor hyperactivity was observed; locomotor 426 

activity was increased, and apomorphine-induced ipsilateral rotations were induced.  427 

Our data suggest that the cortico-STN hyperdirect pathway quickly conveys cortical 428 

excitation to the SNr, and resets or suppresses cortical activity and movements.   429 

 430 

GPe and SNr activity mediated by the cortico-STN projection 431 

In control mice, cortical stimulation induced a triphasic response composed of early 432 

excitation, followed by inhibition and late excitation in the GPe and SNr, which is 433 

consistent with previous reports (Ryan and Clark, 1991; Maurice et al., 1999; Nambu et 434 

al., 2000; Chiken et al., 2008, 2015; Sano et al., 2013; Iwamuro et al., 2017; Ozaki et al., 435 

2017; Dwi Wahyu et al., 2021).  After elimination of the cortico-STN projection, early 436 

excitation was diminished in both GPe and SNr neurons, which is also consistent with 437 

previous reports that elimination of the cortico-STN projection, blockade of the 438 

cortico-STN neurotransmission, and activity blockade or lesions of the STN diminished 439 

early excitation in the GPe/SNr/GPi (Ryan and Clark, 1991; Maurice et al., 1999; 440 

Nambu et al., 2000; Inoue et al., 2012).  The present results have added another strong 441 

evidence that the cortico-STN projection mediates early excitation in the GPe/SNr/GPi.  442 

On the other hand, cortically evoked inhibition and late excitation exhibited little 443 

change after cortico-STN elimination, suggesting that the contribution of the 444 

cortico-STN projection to inhibition and late excitation is minor.  Actually, inhibition 445 
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and late excitation in the GPe/SNr/GPi have been shown to be mediated by the 446 

cortico-striato-GPe/SNr/GPi and cortico-striato-GPe-STN-GPe/SNr/GPi pathways, 447 

respectively (Kita et al., 2004; Tachibana et al., 2008; Sano et al., 2013).   448 

Previous studies have reported that lesions or inactivation of the STN reduced 449 

firing rates and changed firing patterns of GPe and GPi neurons (Hamada and DeLong, 450 

1992; Vitek et al., 1999; Nambu et al., 2000).  The present study showed, however, 451 

that elimination of the cortico-STN projection induced neither reduction of spontaneous 452 

firing rates nor changes of firing patterns in the GPe and SNr, which is consistent with 453 

our previous report (Inoue et al., 2012).  These results suggest that STN neurons 454 

maintain their spontaneous activity at least to some extent after cortico-STN elimination.  455 

Although STN activity was not recorded after cortico-STN elimination in the present 456 

study, previous studies have shown that STN neurons are autonomously active without 457 

any cortical inputs (Nakanishi et al., 1987; Bevan and Wilson, 1999; Do and Bean, 458 

2003; Polyakova et al., 2020) and can maintain the firing rates and patterns of 459 

GPe/SNr/GPi neurons through the STN-GPe/SNr/GPi excitatory projection (Kita et al., 460 

2004; Tachibana et al., 2008).  461 

Could cortically evoked responses in the GPe/SNr be affected by motor 462 

hyperactivity after cortico-STN elimination?  This is unlikely because (1) neuronal 463 

recordings were performed while the mice were not moving their limbs, and (2) motor 464 

hyperactivity after unilateral cortico-STN elimination was subtle and detectable only 465 

after apomorphine administration.   466 

 467 

Motor suppression by the cortico-STN projection 468 
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The current results strongly support the idea that the hyperdirect pathway conveys fast 469 

excitatory signals from the motor cortex to the SNr/GPi, inhibits thalamic activity, and 470 

resets or suppresses the cortical activity related to on-going movements (Mink and 471 

Thach, 1993; Nambu et al., 2000, 2002; Leblois et al., 2006; Guthrie et al., 2013).  472 

Imaging and electrophysiological studies in humans, rats, and monkeys have reported 473 

that STN neurons were activated during stopping movements in reaction to a stop signal 474 

or switching movements (Isoda and Hikosaka, 2008; Jahfari et al., 2011; Alegre et al., 475 

2013; Schmidt et al., 2013; Pasquereau and Turner, 2017).  Manipulating activity of 476 

the mouse STN using optogenetics has also shown its causal role; brief activation or 477 

inhibition of the STN interrupted behaviors or blunted the interruptive effect of surprise, 478 

respectively (Fife et al., 2017).   479 

 However, STN activity is increased not only in the stop task but also in the go 480 

task (Georgopoulos et al., 1983; DeLong et al., 1985; Matsumura et al., 1992; 481 

Wichmann et al., 1994).  Considering the conduction time of each pathway, the 482 

following hypothesis on the function of the cortico-STN hyperdirect pathway is 483 

probable (Mink and Thach, 1993; Nambu et al., 2002; Sano et al., 2013; Chiken et al., 484 

2015).  Signals through the hyperdirect pathway first reset the thalamic and cortical 485 

activity related to on-going movements and prepare for the forthcoming signals through 486 

the direct pathway, which release an appropriate movement.  Finally, signals through 487 

the indirect pathway stop all movements.  A recent study has also suggested that the 488 

GPe can cancel actions through the projection of arkypallidal cells in the GPe back to 489 

the striatum (Mallet et al., 2016).   490 

Was the motor hyperactivity observed in this study indeed caused by 491 

elimination of the cortico-STN projection and loss of signal transmission through the 492 
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cortico-STN-SNr hyperdirect pathway?  The cortico-STN projection is derived from 493 

the axon collaterals of small- to medium-sized cortical neurons projecting to other brain 494 

regions, especially to the spinal cord (Kita and Kita, 2012).  Thus, not only the 495 

cortico-STN projection, but also the cortico-spinal projections may have been 496 

eliminated, at least in part, after laser irradiation.  Besides, the STN also projects to the 497 

substantia nigra pars compacta (SNc) and striatum, although less abundantly than to the 498 

SNr (Parent and Hazrati, 1995).  These excitatory inputs from the STN may also be 499 

diminished.  However, such effects should be negligible because loss of excitatory 500 

inputs from the STN to the spinal cord, SNc, and striatum would cause motor 501 

hypoactivity, but not motor hyperactivity as observed in this study.   502 

 503 

Pathophysiology of hemiballism 504 

Previous studies have reported that lesions or inactivation of the STN reduced firing 505 

rates, changed firing patterns of GPi neurons, and induced motor hyperactivity, which is 506 

clinically described as hemiballism (Carpenter et al., 1950; Hamada and DeLong, 1992; 507 

Vitek et al., 1999; Nambu et al., 2000).  The present study showed, however, that the 508 

suppression of excitatory cortical inputs to the STN by cortico-STN elimination was 509 

sufficient to cause motor hyperactivity without any changes in spontaneous firing rates 510 

and patterns of SNr neurons.  Thus, changes in phasic excitatory/inhibitory inputs from 511 

the motor cortex to the output stations of the basal ganglia are as important as 512 

spontaneous activity changes in the pathophysiology of movement disorders.  In line 513 

with our present results, it was also reported that limiting glutamatergic transmission in 514 

a subpopulation of STN neurons expressing vesicular glutamate transporter 2 caused 515 

hyperlocomotion (Schweizer et al., 2014).  Thus, the pathophysiological mechanism of 516 
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hemiballism is considered to be a combination of (1) loss of the reset function by the 517 

cortico-STN-SNr/GPi hyperdirect pathway (present study), (2) loss of the stop function 518 

by the cortico-striato-GPe-STN-SNr/GPi indirect pathway (Sano et al., 2013), and (3) 519 

releasing movements by the firing rate decrease and pauses of SNr/GPi neurons 520 

(Carpenter et al., 1950; Hamada and DeLong, 1992; Vitek et al., 1999; Nambu et al., 521 

2000).  522 

 523 

Clinical significance 524 

Our present study also suggests that blockade of the cortico-STN hyperdirect pathway 525 

shifts the motor balance toward hyperactivity, and thus, may be beneficial for patients 526 

with Parkinson’s disease.  The cortico-STN projection conveys abnormal activity from 527 

the motor cortex to the STN in Parkinson’s disease (Kita and Kita, 2011; Tachibana et 528 

al., 2011).  The STN is, indeed, one of the targets of deep brain stimulation (DBS) 529 

therapy to ameliorate parkinsonian symptoms (Benabid et al., 2009).  A possible 530 

therapeutic mechanism of DBS in the STN may be functional blockade of cortico-STN 531 

inputs by high frequency stimulation (Maurice et al., 2003; Moran et al., 2011; Chiken 532 

and Nambu, 2014).  Such an interpretation is also supported by a study showing that 533 

optogenetic stimulation of the cortico-STN projection improved parkinsonian symptoms 534 

in mice (Gradinaru et al., 2009).  Thus, our study may lead us to better understanding 535 

and future advancement of therapeutic intervention in Parkinson’s disease.   536 

 537 

538 
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Figure Legends 726 

 727 

Fig. 1  Selective elimination of the cortico-STN projection by a PDT.  A, Schematic 728 

illustration showing the cortico-basal ganglia circuitry composed of the cortico-STN- 729 

SNr hyperdirect, cortico-striato-SNr direct, and cortico-striato-GPe-STN-SNr indirect 730 

pathways.  Retrobeads-chlorin injection, stimulation (Stim.), and recording (Rec.) sites 731 

are also indicated.  B, Coronal section containing the STN.  B1, Photomicrograph 732 

showing that rhodamine-labeled Retrobeads-chlorin (yellow-red) were successfully 733 

injected into the STN.  Neurons were counter-stained with NeuroTrace (green).  734 

Similar results were obtained in other four mice for histological examinations.  B2, 735 

Illustration of B1 indicating the injection site with a red color.  C, Coronal section 736 

containing the motor cortex one month after laser irradiation. C1, Photomicrograph 737 

showing that rhodamine-labeled cortico-STN neurons (red) were selectively eliminated 738 

in the laser-irradiated cortex, while they were spared from elimination in the 739 

surrounding non-irradiated cortex.  C2, Illustration of C1 indicating rhodamine-labeled 740 

projection neurons with red dots.  D, Double-labeled cells in the motor cortex.  D1, 741 

D2, Photomicrographs of layer 5 in the laser-irradiated motor cortex (D1) and in the 742 

surrounding non-irradiated cortex (D2).  Cortico-STN neurons were labeled with 743 

rhodamine-Retrobeads (red), while neurons were stained with NeuroTrace (green).  D3, 744 

Numbers of double-labeled cells were counted in the laser-irradiated cortex (Laser (+)) 745 

and in the surrounding non-irradiated cortex (Laser (-)) in five mice.  Data are 746 

expressed as mean ± SD.  Gray lines show the data from individual mice.  ** p = 747 

0.007 significantly different from one another, two-tailed paired t-test.  Cx, cortex; M 748 

cx, motor cortex; S cx, somatosensory cortex; Str, striatum; Th, thalamus.  749 



 

 35 

 750 

Fig. 2  A, B, Diminished cortically evoked early excitation in the GPe (A) and SNr (B) 751 

after cortico-STN elimination.  A1, B1, Raster plots and PSTHs of typical GPe (A1) 752 

and SNr (B1) neurons before (Before) and after (After) cortico-STN elimination.  753 

Cortical stimulation (Cx stim.) was applied at 0 ms.  Raster plots and PSTHs expanded 754 

between 0 and 20 ms are also shown.  The mean firing rate of the baseline discharge 755 

and statistical levels of p < 0.05 (one-tailed t-test) are indicated by a gray solid line and 756 

gray dashed lines, respectively.  A2, B2, Response patterns of GPe (A2) and SNr (B2) 757 

neurons before and after cortico-STN elimination (n, number of neurons sampled).  A3, 758 

B3, Population PSTHs of GPe (A3) and SNr (B3) neurons before (blue) and after (red) 759 

cortico-STN elimination.  The shaded areas represent ± SD.  See also Table 1.   760 

 761 

Fig. 3  A, B, Spontaneous activity of typical GPe (A) and SNr (B) neurons before 762 

(Before) and after (After) cortico-STN elimination, which is denoted by the digitized 763 

spikes and autocorrelograms (bin width of 0.5 ms).  See also Table 2.   764 

 765 

Fig. 4  A, B, Recording sites in the GPe (A) and SNr (B) before (Before) and after 766 

(After) cortico-STN elimination.  Data from all mice (GPe, 3 mice; SNr 5, mice) are 767 

overlaid on the coronal sections.  Locations of recorded neurons are indicated by 768 

different colors based on response patterns evoked by the cortical stimulation.  769 

Numbers below the sections represent the distances from bregma.  cp, cerebral 770 

peduncle; ic, internal capsule.   771 

 772 
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Fig. 5  Motor hyperactivity after cortico-STN elimination (n, number of mice tested).  773 

A, Time course of locomotor activity changes (mean ± SD) of the control (cyan) and 774 

bilaterally eliminated (magenta) mice before and after laser irradiation.  The 775 

light-colored lines show the data from individual mice.  * p < 0.05 significantly 776 

different from the control mice, two-way repeated measures ANOVA with Bonferroni 777 

test.  B, Numbers of contra- and ipsi-lateral rotations to the cortico-STN eliminated 778 

side (mean ± SD, white bars) in 30 min and the ratios of the ipsilateral rotations to total 779 

rotations (mean ± SD, magenta lines) of unilaterally eliminated mice injected with 780 

different doses of apomorphine (Apo).  The light-colored lines show numbers of 781 

contra- and ipsi-lateral rotations (gray) and the ratios of the ipsilateral rotations (light 782 

magenta) of individual mice.  The ratios of the ipsilateral rotations were compared.  783 

** p < 0.001 significantly different from 0.0 mg/kg Apo after cortico-STN elimination, 784 

one-way repeated measures ANOVA with Tukey test,  ## p < 0.001significantly 785 

different from one another, two-tailed paired t-test.   786 

 787 

788 
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Table 1: Cortically evoked responses of GPe and SNr neurons before and after 789 
cortico-STN elimination 790 
 791 

 GPe    SNr  

 Before After  Before After 

Total no. of neurons recorded 118 100  83 91 

No. of neurons responding to cortical stimulation (%) 70 (59%) 56 (56%)  54 (65%) 54 (59%) 

Early excitation Latency (ms) 3.9 ± 1.4 4.0 ± 1.3  4.5 ± 2.5 7.3 ± 2.6** 

 Duration (ms) 2.0 ± 1.8 0.5 ± 1.2***  3.1 ± 3.0 0.9 ± 2.1*** 

 Amplitude (spikes) 35.2 ± 38.1 7.6 ± 17.2***  45.1 ± 51.2 10.9 ± 23.7*** 

Inhibition Latency (ms) 9.5 ± 1.9 9.6 ± 2.4  11.7 ± 4.1 11.3 ± 3.7 

 Duration (ms) 5.9 ± 5.2 5.3 ± 4.0  1.9 ± 3.2 1.4 ± 2.3 

 Amplitude (spikes) -38.5 ± 37.9 -34.1 ± 30.7  -6.6 ± 16.7 -7.0 ± 11.9 

Late excitation Latency (ms) 18.2 ± 5.0 19.3 ± 3.1  15.7 ± 4.9 14.6 ± 5.3 

 Duration (ms) 13.5 ± 17.2 9.7 ± 8.4  8.7 ± 7.5 10.0 ± 9.5 

 Amplitude (spikes) 88.5 ± 125.9 63.2 ± 77.7  98.7 ± 112.3 79.9 ± 80.3 

 792 

Values are mean ± SD. 793 

** p < 0.01, *** p < 0.001 significantly different from the values before cortico-STN 794 

elimination (two-tailed t-test). 795 
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Table 2: Firing rates and patterns of GPe and SNr neuron before and after cortico-STN 796 

elimination 797 

 GPe   SNr  

 Before After  Before After 

No. of neurons 70 56  54 54 

Firing rate (Hz)  52.3 ± 26.6 53.9 ± 20.4  47.7 ± 16.8 50.9 ± 13.7 

ISI  mean (ms)  27.4 ± 22.6 23.7 ± 19.2  28.0 ± 11.0 24.4 ± 6.4 

    CV 1.0 ± 0.6 0.8 ± 0.4  0.8 ± 0.2 0.9 ± 0.3 

    Skewness 4.5 ± 2.6 3.4 ± 1.9  3.6 ± 2.3 2.9 ± 0.7 

    Kurtosis 41.1 ± 53.9 26.8 ± 39.1  34.5 ± 53.0 18.2 ± 6.6 

Burst index 3.6 ± 4.7 2.3 ± 2.1  3.2 ± 2.9 3.7 ± 1.4 

Spikes in bursts (%) 8.1 ± 17.0 4.7 ± 8.4  3.4 ± 5.7 4.8 ± 4.8 

 798 

Values are mean ± SD.   799 

No significant changes were observed between before and after cortico-STN elimination 800 

(p > 0.05, two-tailed t-test).   801 

 802 

 803 












