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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder caused by dopamine deficiency. To elucidate
network-level changes through the cortico-basal ganglia pathways in PD, we recorded neuronal activity in PD monkeys
treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. We applied electrical stimulation to the motor cortices and
examined responses in the internal (GPi) and external (GPe) segments of the globus pallidus, the output and relay nuclei of
the basal ganglia, respectively. In the normal state, cortical stimulation induced a triphasic response composed of early
excitation, inhibition, and late excitation in the GPi and GPe. In the PD state, cortically evoked inhibition in the GPi mediated
by the cortico-striato-GPi “direct” pathway was largely diminished, whereas late excitation in the GPe mediated by the
cortico-striato-GPe-subthalamo (STN)-GPe pathway was elongated. l-DOPA treatment ameliorated PD signs, particularly
akinesia/bradykinesia, and normalized cortically evoked responses in both the GPi and GPe. STN blockade by muscimol
injection ameliorated the motor deficit and unmasked cortically evoked inhibition in the GPi. These results suggest that
information flow through the direct pathway responsible for the initiation of movements is largely reduced in PD and fails
to release movements, resulting in akinesia/bradykinesia. Restoration of the information flow through the direct pathway
recovers execution of voluntary movements.
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Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder that
affects around 1% of the population over 60 years of age (Reeve
et al. 2014). PD is caused by progressive loss of dopaminergic
neurons in the substantia nigra pars compacta (SNc), a nucleus
in the basal ganglia, and is characterized by motor and non-
motor symptoms, such as bradykinesia, rigidity, tremor, cog-
nitive impairments, depression, and autonomic dysfunctions
(Fahn et al. 2011; Seppi et al. 2011; Obeso et al. 2017). These PD

symptoms are manifested by malfunctions of the basal ganglia
caused by dopamine deficiency (Marsden 1982; Albin et al. 1989;
DeLong 1990; Gerfen et al. 1990).

In the normal state, basal ganglia play a pivotal role in
controlling voluntary movements by way of receiving cortical
inputs, processing information through the cortico-basal
ganglia pathways, and returning processed information to the
original cortices through the thalamus (Alexander et al. 1986;
Alexander and Crutcher 1990). The striatum and subthalamic
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nucleus (STN) are input stations of the basal ganglia, and the
internal segment of the globus pallidus (GPi) and substatia
nigra pars reticulta (SNr) are output stations. On the other
hand, the external segment of the globus pallidus (GPe) is a
relay nucleus. There exist 3 cortico-basal ganglia pathways
that convey distinct information from the cortex to the
GPi/SNr: The cortico-STN-GPi/SNr “hyperdirect”, cortico-striato-
GPi/SNr “direct,” and cortico-striato-GPe-STN-GPi/SNr “indirect”
pathways (Nambu et al. 2000, 2002b; Nambu 2008). Signals
through the direct pathway facilitate movements by GPi/SNr-
thalamic disinhibitory mechanism, whereas signals thorough
the hyperdirect and indirect pathways suppress voluntary
movements.

The pathophysiology of PD has been extensively stud-
ied using non-human primate models, and the following
representative 2 mechanisms were proposed: Firing rate
increase/decrease in the basal ganglia (Miller and DeLong 1987,
1988; DeLong 1990) and abnormal oscillatory/synchronized
activity in the basal ganglia (Bergman et al. 1994, 1998a; Nini
et al. 1995; Raz et al. 2000; Soares et al. 2004; Tachibana et al.
2011). However, these previous studies mostly targeted the
spontaneous activity changes in one or a few specific nuclei
of the basal ganglia, and few studies have been conducted to
examine network-level changes.

In the present study, we investigated network-level changes
through the cortico-basal ganglia pathways underlying PD
symptoms by using a Japanese monkey model of PD generated
by the injection of a dopaminergic neurotoxin, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP; Burns et al. 1983).
We recorded neuronal activity of GPi and GPe neurons in the
awake state, and analyzed not only spontaneous activity, but
also activity changes in response to electrical stimulation of the
motor cortices. Cortical stimulation induces a triphasic response
composed of early excitation, inhibition and late excitation
in the GPi and GPe in normal monkeys, and we have shown
that each response component in the GPi is mediated by the
hyperdirect, direct, and indirect pathways, respectively (Nambu
et al. 2000, 2002b; Tachibana et al. 2008). Thus, by examining
cortically evoked response patterns of GPi and GPe neurons, we
can comprehend changes in the signal transmission through
the cortico-basal ganglia pathways (Nambu et al. 2000; Chiken
et al. 2008, 2015; Sano et al. 2013). We also performed dopamine
replacement therapy (Cotzias et al. 1969; Fahn 2008) and STN
blockade (Wichmann et al. 1994; Levy et al. 2001; Baron et al.
2002) to alleviate motor signs in the PD monkeys, and examined
the causal relationship between changes in PD signs and
cortically evoked responses in the GPi and GPe. We have found
that reduced signal transmission through the direct pathway
has a crucial role in the manifestation of PD symptoms and
that dopamine replacement therapy and STN blockade restore
this signal transmission. The present study has added a new
perspective to the pathophysiology of PD: Alteration of dynamic
information flow through the cortico-basal ganglia pathways is
the fundamental pathophysiological mechanism underlying PD
symptoms, and its restoration is a key mechanism to treat PD
symptoms.

Materials and Methods
Animals

Two female Japanese monkeys (Macaca fuscata; Monkey A, 5.0-
kg body weight; Monkey P, 6.5 kg) were used to produce an

MPTP-induced hemi-parkinsonian monkey model. Additionally,
2 monkeys, one female Japanese monkey (Monkey M, 6.2 kg) and
one male Rhesus monkey (Macaca mulatta; Monkey G, 7.2 kg), were
used for analyses of spontaneous neuronal firings in the normal
state. The experimental protocols were approved by the local
Institutional Animal Care and Use Committee, and experiments
were conducted according to the guidelines of the National
Institutes of Health “Guide for the Care and Use of Laboratory
Animals.” Prior to experiments, monkeys were trained daily to
sit in a monkey chair quietly. During the experimental session,
their body weight and food intake were monitored daily.

Surgery

Each monkey received a surgical operation to fix its head
painlessly in a stereotaxic frame attached to a monkey chair.
After anesthesia with ketamine hydrochloride (5–8-mg/kg body
weight, i.m.) and xylazine hydrochloride (0.5–1 mg/kg, i.m.),
sodium thiopental (25 mg/kg, i.v.), or propofol (6–9 μg/mL blood
concentration, i.v.; using target-controlled infusion pump, TE-
371, Terumo) with fentanyl (2–5 μg/kg, i.m.) was injected. The
monkey’s head was fixed in a stereotaxic apparatus. The skull
was widely exposed, and small screws were attached to the
skull as anchors. The exposed skull and screws were completely
covered with transparent acrylic resin, and then 2 pipes for head
fixation were mounted and fixed on the monkey’s head. All
surgical procedures were performed under aseptic conditions,
and arterial oxygen saturation and heart rate were continuously
monitored. Antibiotics and analgesics were injected (i.m.) after
surgery.

After recovery from the first surgery, the monkey was
positioned in a stereotaxic apparatus with its head restrained
painlessly using the pipes under anesthesia with ketamine
hydrochloride (8 mg/kg, i.m.), and the skull over the primary
motor cortex (M1) and supplementary motor area (SMA) was
removed. The forelimb regions of the M1 and SMA were
identified by electrophysiological mapping (for details, Nambu
et al. 2000, 2002a). According to this mapping, 3 pairs of bipolar
stimulating electrodes made of a 200 μm-diameter Teflon-
coated stainless steel wire were implanted chronically into the
forelimb regions of the M1 and SMA: 2 pairs into the M1, and
1 pair into the SMA. These electrodes and exposed areas were
covered with transparent acrylic resin.

Recording of Neuronal Activity in the GPi/GPe and STN

Two or 3 days after implantation of the stimulating electrodes,
the monkey was positioned in a stereotaxic apparatus with
its head painlessly restrained under anesthesia with ketamine
hydrochloride (8 mg/kg, i.m.), 2 holes (10–15-mm diameter) were
made in the skull over the midline and the lateral region of the
M1, and then 2 rectangular plastic chambers covering the holes
were fixed with acrylic resin.

Extracellular recordings of GPi/GPe and STN neuronal activity
were started on the next day in the awake state. A glass-coated
Elgiloy-alloy microelectrode (0.8–1.2 MΩ at 1 kHz) was inserted
obliquely (40◦ or 45◦ from vertical in the frontal plane) into the
GPi/GPe or vertically into the STN through the dura mater using
a hydraulic microdrive (Narishige Scientific Instrument Lab)
with local application of lidocaine. Signals from the recording
electrodes were amplified (×10 000) and filtered (300–5000 Hz).
Waveforms of action potentials were continuously monitored
with an oscilloscope. The GPi/GPe and STN were identified by
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the depth profile of microelectrode penetration and their firing
patterns. Unit activity was isolated and converted to digital
pulses using a homemade time-amplitude window discrimina-
tor. Then, single pulse stimulation (monophasic, 300-μs pulse
width, 0.5-mA strength) was applied every 1.4 s through the
bipolar stimulating electrodes implanted in the M1 and SMA.
Responses of GPi/GPe and STN neurons to cortical stimulation
and their spontaneous activity were sampled at 2 kHz, and
stored on the computer. Cortical stimulation typically induces
a triphasic response composed of early excitation followed by
inhibition and late excitation in GPi/GPe neurons and biphasic
excitation in STN neurons (Nambu et al. 2000; Kita et al. 2004;
Tachibana et al. 2008; Iwamuro et al. 2017; Polyakova et al. 2020).
Thus, the forelimb regions of the GPi, GPe, and STN were con-
firmed by the response patterns evoked by cortical stimulation.
The GPe and GPi were distinguished by their characteristic firing
patterns and GPe/GPi border: GPe neurons fire at high frequen-
cies with pauses, whereas GPi neurons fire continuously without
any pauses (DeLong 1971); and the GPe/GPi border was identified
by border neurons with middle-frequency regular firings and
silent zones corresponding to the medial medullary lamina.

MPTP Treatment

After recordings of neuronal activity in the normal state, MPTP
treatment was conducted. Under general anesthesia with
ketamine hydrochloride (5–8 mg/kg, i.m.), xylazine hydrochlo-
ride (0.5–1 mg/kg, i.m.), and sodium thiopental (25 mg/kg,
i.v.), the common carotid artery together with the internal
and external carotid arteries were dissected at its bifurcation
point from the neck region ipsilateral to the side of neuronal
recordings. MPTP was dissolved in saline (2 mg/mL) and applied
through the common carotid artery (2.1 mg/kg for Monkey A and
0.7 mg/kg for Monkey P) with the external carotid artery clumped
(Tachibana et al. 2011). Monkey A exhibited clear PD signs with
akinesia and rigidity on the contralateral side to the carotid
arterial injection. Monkey P exhibited only mild bradykinesia
after the carotid arterial injection and received additional
intravenous MPTP injection through the great saphenous vein
(0.3 mg/kg, 3 times, every 3 days; 0.9 mg/kg in total). Two weeks
after the final MPTP treatment, monkey’s behavior was clinically
assessed by a monkey parkinsonian rating scale (Smith et al.
1993; score, 0–20), which is a sum of the following scores: Tremor
(0–3), posture (0–2), gait (0–4), bradykinesia (0–4), balance (0–2),
gross motor skills (0–3), and defense reaction (0–2). More serious
parkinsonian stages are represented by higher scores. Then,
recordings of GPi/GPe and STN activity were performed in the
PD state by the same methods as used in the normal state for
5 months in Monkey A and 9 months in Monkey P.

l-DOPA Treatment of PD Monkeys

Prior to l-DOPA treatment, activity of a single isolated GPi/GPe
or STN neuron was recorded, and spontaneous firings and
cortically evoked responses were examined. Then, l-DOPA
(DOPASTON; 2.0–2.5 mg/kg) was intravenously injected through
the great saphenous vein, while recording of the neuronal
activity was continued. Changes in PD motor signs were
carefully observed, and spontaneous firings and cortically
evoked responses of the same neuron were continuously
monitored. In case obvious improvement of PD signs was not
observed in 10 min, additional l-DOPA injections were made (up
to 5.0 mg/kg in total).

Injection of Muscimol into the STN of PD Monkeys

To examine the effects of STN blockade on PD signs and corti-
cally evoked responses of GPi/GPe neurons, muscimol, gamma-
aminobutyric acid type A (GABA A) receptor agonist, was injected
into the STN. Based on the mapping of the STN, an injection
electrode consisting of a needle of a microsyringe for musci-
mol injection and a 50-μm diameter Teflon-coated tungsten
wire electrode for recording (attached 0.7 mm ahead the tip
of the needle; see Nambu et al. 2000) was vertically inserted
into the STN using a hydraulic microdrive. Neuronal activity
was recorded, and responses to cortical stimulation were exam-
ined. The STN where neurons showed biphasic responses to
cortical stimulation was sought, and the injection electrode
was placed 0.7-mm ventral to the position. Before muscimol
injection into the STN, activity of a single isolated GPi/GPe
neuron was recorded, and spontaneous firings and cortically
evoked responses were examined. Then, 0.5–2.0 μL of muscimol
(0.5–1.0-μg/μL dissolved in saline) was injected into the STN
through the injection electrode. Changes in spontaneous firings
and cortically evoked responses of the same GPi/GPe neuron
together with PD motor signs were continuously monitored.

Data Analysis

Neuronal responses to cortical stimulation were examined by
constructing peri-stimulus time histograms (PSTHs; bin width
of 1 ms) for 100 stimulus trials. The mean value and standard
deviation (SD) of the discharge rate during the 100-ms period
preceding the stimulation onset were calculated for each PSTH
and considered the baseline discharge rate. Changes in neuronal
activity were judged significant if the discharge rate during at
least 2 consecutive bins (2 ms) reached a significance level of
P < 0.05 (one-tailed t-test; Nambu et al. 2000; Chiken et al. 2008,
2015; Tachibana et al. 2008; Sano et al. 2013). The latency of
each component was defined as the time of the first bin that
exceeded this level. The responses were judged to end when 2
consecutive bins fell below the significance level. The end point
was determined as the time at which the last bin exceeded
this level. The duration of each component was defined as the
time during the significant change (between the latency and
the end point). The amplitude of each component of cortically
evoked responses was defined as the difference between the
number of spikes during the significant change and that of the
baseline discharge in the PSTH (i.e., the area of the response).
If no significant changes were found, the amplitude was set
to zero. For population PSTHs, PSTHs of all neurons exhibiting
significant responses to cortical stimulation were averaged and
filtered with a Gaussian filter (σ = 1.6 ms).

Spontaneous discharge rates and patterns were examined
in neurons that exhibited responses to cortical stimulation.
Firing rates were calculated from continuous digitized record-
ings for 30 s or 50 s. Autocorrelograms (bin width of 0.5 ms)
were constructed from the same spike trains, and shuffled
autocorrelograms were also obtained after random shuffling
of the spike trains. Then, they were filtered with a Gaussian
filter (σ = 1.6 ms). The mean value and SD of autocorrelation
coefficients were calculated between 0.1 and 0.6 s (1000 bins)
of the shuffled autocorrelograms, and the peaks and troughs of
the autocorrelograms were judged significant if the coefficient
during at least 8 consecutive bins (4 ms) exceeded the level of
P < 0.0005 (one-tailed t-test). The firing pattern of neurons was
judged to be oscillatory if at least 2 peaks and one trough were
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observed (Chiken et al. 2008; Tachibana et al. 2008). The mean
and coefficient of variation (CV) of interspike intervals (ISIs) and
the burst index (Hutchison et al. 1998; Sano et al. 2013; Chiken
et al. 2015) were also calculated to characterize firing patterns.

Data obtained from Monkeys A and P were separately
analyzed, except that those of STN blockade were combined
and analyzed due to small numbers of neurons. All values are
expressed as mean ± SD unless otherwise stated.

Histology

In the final experiment, several sites of neuronal recordings
were marked by passing a cathodal direct current (20 μA for
30 s) through a recording electrode. Each monkey was anes-
thetized deeply with sodium thiopental (50 mg/kg, i.v.), ketamine
hydrochloride (10 mg/kg, i.m.), and xylazine hydrochloride (1–
2 mg/kg, i.m.), and perfused transcardially with 0.1-M phosphate
buffer (PB, pH 7.3) followed by 10% formalin in 0.1-M PB, and 0.1-
M PB containing 10% sucrose. Brains were removed immediately
and saturated with 0.1-M PB containing 30% sucrose. They were
cut into frontal 60-μm thick sections on a freezing microtome. To
confirm the recording sites, 2 of every 3 sections were mounted
onto gelatin-coated glass slides, stained with 0.7% neutral red,
dehydrated, and cover-slipped. Images of the brain sections were
captured using a digital microscope (BZ-X710, Keyence), and
the recording sites in the GPi/GPe and STN were reconstructed
according to the lesions made by current injection and traces
of electrode tracks. The sites of stimulation in the M1 and
SMA were also confirmed histologically. Every 3 sections were
used for tyrosine hydroxylase (TH) immunohistochemistry to
evaluate the loss of dopaminergic neurons. Free-floating sec-
tions were incubated overnight with mouse anti-TH antiserum
(Chemicon 1:2000 dilution) in 0.1-M phosphate buffered saline
containing 1% normal horse serum and 0.5% Triton X-100 at 4◦C.
Subsequently, sections were incubated with biotinylated anti-
mouse IgG antibody (1:200 dilution; Vector) for 2 h, and were
then visualized by the ABC method (Vectastain Elite ABC kit;
Vector) with intensification using NiCl2. Sections were mounted,
dehydrated, and cover-slipped. Images of the brain sections were
captured using a digital microscope (BZ-X710) with the constant
exposure. Numbers of TH-positive cells in a region of interest
(ROI, 500 μm × 500 μm) in the SNc was counted. Intensity of TH-
immunoreactivity in a ROI (500 μm × 500 μm) in the putamen
(Put, IPut) and optic tract (IOT) of the same slice was measured
using ImageJ software (National Institute of Health), and the
relative intensity in the Put was calculated as (IPut—IOT)/IOT.

Results
PD Signs and Loss of Dopaminergic Neurons after
MPTP Treatment

Two Japanese monkeys were subjected to MPTP and exhibited
prominent PD motor signs in their contralateral bodies to the
carotid arterial injection of MPTP (Table 1): Monkey A treated
with 2.1-mg/kg MPTP exhibited severe PD signs (17/20 in monkey
parkinsonian rating scale; Smith et al. 1993) with akinesia and
rigidity, and Monkey P treated with 1.6-mg/kg MPTP exhibited
moderate PD signs (10/20) with bradykinesia, rigidity, and a
decreased capacity to use its affected limbs. These motor signs
were stable during the whole experimental period (5 months
in Monkey A and 9 months in Monkey P), and no obvious motor
recoveries were observed.

TH immunohistochemistry confirmed loss of dopaminergic
neurons in the SNc and dopaminergic axonal terminals in the
Put and caudate nucleus (Cd) of the ipsilateral side to the carotid
arterial injection of MPTP (Fig. 1). In the ipsilateral side, TH
immunoreactivity in the SNc, Cd, and Put was almost completely
lost in Monkey A (Fig. 1A,D) and greatly diminished in Monkey
P (Fig. 1B,E). On the other hand, TH immunoreactivity in the
ventral tegmental area (VTA) was rather preserved (Fig. 1A,B).
In the contralateral side to the MPTP injection, TH immunore-
activity was robustly observed in the VTA, SNc, Cd, and Put
(Fig. 1C,F). Quantitative analysis (see Supplementary Fig. S1A)
revealed that the numbers of TH-positive cells in the ipsilateral
SNc of Monkeys A and P were significantly smaller than that in
the contralateral SNc (P < 0.0001, one-way analysis of variance
[ANOVA] with Tukey’s post hoc test). The relative intensities of
TH-positive terminals in the ipsilateral Put of both Monkeys A
and P were significantly lower than that in the contralateral Put
(see Supplementary Fig. S1B; P < 0.0001, one-way ANOVA with
Tukey’s post hoc test), and that in the ipsilateral Put of Monkey
A was lower than that of Monkey P (P < 0.0001). In summary,
TH immunoreactivity was almost completely lost in Monkey A
exhibiting severe PD signs, and greatly diminished in Monkey P
exhibiting moderate PD signs.

Spontaneous Firings of GPi and GPe Neurons
in the Normal and PD States

We examined spontaneous activity of GPi and GPe neurons
exhibiting responses to cortical stimulation in the normal and
PD states (Fig. 2A,B). In the normal state, the mean firing rates
of GPi and GPe neurons of Monkey A were in the range of
normal monkeys (Monkeys M and G). The mean firing rates
of GPi neurons of Monkeys A and P in the PD state were not
significantly different from those of normal monkeys (Fig. 2A;
P = 0.53; one-way ANOVA). However, the mean firing rates of their
GPe neurons in the PD state were significantly lower than those
of normal monkeys (Fig. 2B; Monkey A, P < 0.0001; and Monkey P,
P = 0.0012; one-way ANOVA with Dunnett’s post hoc test).

The percentage of neurons exhibiting oscillatory activity was
very small in the PD state: Only 8.6% of GPi neurons (Monkey
A, 1/58 and Monkey P, 8/47) and 1.2% of GPe neurons (Monkey
A, 0/76 and Monkey P, 2/90) exhibited oscillation in the PD state
(see Supplementary Fig. S2), whereas no GPi and GPe neurons
exhibited oscillation in normal monkeys (Monkeys M and G). The
burst index was increased in the PD state in both the GPi and
GPe of Monkeys A and P (Table 2). The CV of ISIs in the GPi and
mean ISIs in the GPe were increased in the PD state in Monkey A.

Cortically Evoked Responses of GPi and GPe Neurons
in the Normal and PD States

Cortically evoked responses of GPi and GPe neurons were
examined before and after MPTP treatment, that is, in the
normal and PD states in Monkey A, and in the PD state in Monkey
P (Fig. 2C,D). In the normal state in Monkey A, the most common
response pattern of GPi neurons was a triphasic response
composed of early excitation followed by inhibition and late
excitation (23/39 neurons, 59%), as observed in population
PSTHs (black line in Fig. 2C, upper), which is in accordance
with our previous reports in normal monkeys (Nambu et al.
2000; Tachibana et al. 2008; Iwamuro et al. 2017). On the other
hand, in the PD state in Monkey A, cortically evoked inhibition
in the GPi was mostly lost as observed in population PSTHs
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Table 1 MPTP injection and parkinsonian rating scale in Monkeys A and P

MPTP injection Monkey parkinsonian rating scale (Smith et al. 1993)

Monkey A 2.1 mg/kg (Carotid arterial injection,
2.1 mg/kg)

17/20 (Tremor, 0/3; posture, 2/2; gate, 4/4; bradykinesia, 4/4; balance,
2/2; gross motor skills, 3/3; and defense reaction, 2/2)

Monkey P 1.6 mg/kg (Carotid arterial injection,
0.7 mg/kg; Venous injection, 0.9 mg/kg)

10/20 (Tremor, 0/3; posture, 1/2; gate, 2/4; bradykinesia, 3/4; balance,
1/2; gross motor skills, 2/3; and defense reaction, 1/2)

Figure 1. Photomicrographs showing immunoreactivity of TH in the basal ganglia in Monkeys A and P. TH immunoreactivity in the SNc and VTA (A–C) and in the Cd

and Put (D–F) in the hemisphere ipsilateral to the carotid arterial injection of MPTP in Monkeys A (A, D) and P (B, E), and that in the contralateral hemisphere in Monkey

P (C, F). Arrowheads (E) indicate lesion sites in the GPe and GPi made by current injection (see Materials and Methods).

Table 2 Spontaneous firing patterns of GPi and GPe neurons in the normal and PD states

Normal (Monkeys M and G) PD Monkey A PD Monkey P

GPi No. of neurons 81 58 29
Mean ISIs (ms) 15.6 ± 6.2 18.3 ± 15.2 15.1 ± 7.7
CV of ISIs 0.79 ± 0.62 1.18 ± 0.50∗ 0.81 ± 0.16
Burst index 1.83 ± 0.92 4.60 ± 2.64∗ 2.96 ± 1.57∗

GPe No. of neurons 119 76 28
Mean ISIs (ms) 16.7 ± 7.1 30.8 ± 20.7∗ 23.8 ± 24.4
CV of ISIs 1.33 ± 0.89 1.39 ± 0.59 1.17 ± 0.31
Burst index 1.85 ± 0.68 4.90 ± 3.97∗ 5.46 ± 8.52∗

Notes: Values are mean ± SD. ∗P < 0.01, significantly different from the values in normal monkeys (Monkeys M and G) (one-way ANOVA with Dunnett’s post hoc test).
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Figure 2. Spontaneous firing rates and cortically evoked responses of GPi and GPe neurons in the normal and PD states. (A, B) Spontaneous firing rates of GPi (A) and
GPe (B) neurons in the normal (Monkeys M and G, and A) and PD (Monkeys A and P) states are shown in box plots (center lines, median; top and bottom of boxes, the
first and third quartiles; whiskers, the minimum and maximum values excluding outliers; and open circles, outliers outside 1.5 times the interquartile range from the

first and third quartiles). Numbers of neurons (n) and firing rates (mean ± SD in Hz) are also indicated. ∗P < 0.01 significantly different from those in normal monkeys
(Monkeys M and G). (C, D) Population PSTHs (with Gaussian filter, σ = 1.6 ms) of GPi (C) and GPe (D) neurons in Monkey A in the normal (black lines in upper 2 panels) and
PD (red lines) states, and in Monkey P in the PD state (green lines in lower 2 panels). Population PSTHs in the normal state in Monkey A are also shown in the lower panels
(gray dotted lines) as reference. The number of neurons used for each population PSTH is indicated by n, and the shaded areas represent ± standard error of the mean.

Stimulation was delivered at time 0 (arrows).

(red line in Fig. 2C, upper). Among 58 GPi neurons recorded in
the PD state in Monkey A, only 6 neurons (10%) exhibited a
triphasic response, and the great majority (47/58, 81%) exhibited
biphasic or monophasic excitation, which was often followed
by long-lasting inhibition. Similarly, in the PD state in Monkey
P, cortically evoked inhibition in the GPi was much smaller
than that in normal Monkey A, as observed in population PSTHs

(green line in Fig. 2C, lower), and the number of GPi neurons
showing a triphasic response was smaller (18/47, 38%) than
that showing biphasic or monophasic excitation (19/47, 40%).
The proportion of GPi neurons exhibiting the responses with
inhibition, such as excitation-inhibition-excitation, excitation-
inhibition, inhibition-excitation, and monophasic inhibition,
was significantly smaller in the PD state than that in the normal
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Table 3 Cortically evoked responses of GPi and GPe neurons in the normal and PD states

Normal Monkey A PD Monkey A PD Monkey P

GPi No. of responding neurons 39 58 47
Early excitation

Duration (ms) 2.8 ± 2.8 10.4 ± 10.0∗∗ 7.9 ± 7.4∗∗
Amplitude (spikes) 28.6 ± 36.0 93.2 ± 110.4∗∗ 83.0 ± 90.1∗

Inhibition
Duration (ms) 11.7 ± 4.6 2.3 ± 7.0∗∗ 10.7 ± 18.0∗
Amplitude (spikes) 87.5 ± 35.9 11.6 ± 35.6∗∗ 65.1 ± 79.7∗∗

Late excitation
Duration (ms) 8.5 ± 9.5 10.1 ± 10.9 12.7 ± 18.1
Amplitude (spikes) 104.2 ± 152.2 89.3 ± 126.7 133.4 ± 205.9

GPe No. of responding neurons 46 76 90
Early excitation

Duration (ms) 3.5 ± 2.5 2.5 ± 2.9∗∗ 6.1 ± 6.7
Amplitude (spikes) 39.8 ± 35.2 22.5 ± 30.0∗∗ 68.8 ± 61.2

Inhibition
Duration (ms) 11.6 ± 5.4 9.7 ± 7.1 9.5 ± 6.6
Amplitude (spikes) 79.9 ± 36.2 46.1 ± 45.6∗∗ 57.7 ± 45.7∗∗

Late excitation
Duration (ms) 9.9 ± 12.1 47.7 ± 37.3∗∗ 33.6 ± 33.6∗∗
Amplitude (spikes) 106.2 ± 119.7 350.9 ± 362.2∗∗ 316.2 ± 357.7∗∗

Notes: Values are mean ± SD. ∗P < 0.05, ∗∗P < 0.01, significantly different from the values in the normal state in Monkey A (one-way ANOVA with Dunnett’s post hoc
test).

state (Normal, 97% in Monkey A; PD, 19% in Monkey A, and 60% in
Monkey P; chi-square test with Bonferroni correction, P < 0.0001).
Quantitative analysis (Table 3) revealed that the duration and
amplitude of inhibition became significantly smaller, and those
of early excitation became significantly larger in the PD state in
both Monkeys A and P. In the monkey with severer PD motor signs
(Monkey A), cortically evoked inhibition was more profoundly
lost, suggesting causality between the loss of cortically induced
inhibition and PD signs.

On the other hand, in the GPe, the most common response
pattern was triphasic in both the normal and PD states (Fig. 2D).
However, in the PD state, late excitation was elongated in both
Monkeys A and P (red line in Fig. 2D, upper, and green line in
Fig. 2D, lower). Quantitative analysis (Table 3) confirmed that
the duration and amplitude of late excitation became signifi-
cantly larger in the PD state in both monkeys. In addition, the
amplitude of inhibition became smaller in the PD state in both
monkeys, and the amplitude and duration of early excitation
were diminished in the PD state in Monkey A.

Effects of l-DOPA Treatment on Cortically Evoked
Responses of GPi and GPe Neurons

To examine causality between changes in cortically evoked
responses in the GPi/GPe and PD signs, we performed dopamine
replacement therapy, which is commonly used to alleviate
motor symptoms in PD patients (Cotzias et al. 1969; Fahn 2008).
In both Monkeys A and P, intravenous l-DOPA injection (2.0–
2.5 mg/kg) improved akinesia/bradykinesia, gross motor skills,
and rigidity of their affected forelimbs within 5–10 min. In 35–
50 min after injection, PD motor signs returned to the original
levels before injection in most cases. During l-DOPA treatment,
dyskinesia was rarely observed (oral dyskinesia, twice; 2/29
sessions in Monkey A and 0/32 in Monkey P), and these data during
dyskinesia were not used for analyses. We examined activity of

one and the same GPi and GPe neurons in the PD monkeys before
and during dopamine replacement therapy (Fig. 3).

Cortically evoked responses of 32 GPi neurons (Monkey A, 17
and Monkey P, 15) were examined in the PD monkeys before
and during l-DOPA treatment (Fig. 3A–C). A typical example is
shown in Figure 3A. In the PD state, cortical stimulation induced
biphasic excitation without inhibition followed by long-lasting
inhibition (Fig. 3A, upper). However, during l-DOPA treatment, PD
signs were relieved, and cortical stimulation induced a tripha-
sic response composed of early excitation, inhibition, and late
excitation in the same neuron (Fig. 3A, lower). Other GPi neurons
showed similar changes as observed in population PSTHs: In
the PD state, cortical stimulation induced biphasic excitation
(Monkey A, red line in Fig. 3B, upper) or a triphasic response with
small inhibition (Monkey P, green line in Fig. 3B, lower). However,
during l-DOPA treatment, cortical stimulation induced a distinct
triphasic response in both monkeys (purple lines in Fig. 3B, upper
and lower). The majority of GPi neurons in the PD state exhibited
biphasic or monophasic excitation without inhibition (Monkey A,
16/17 and Monkey P, 8/15), whereas most of these neurons exhib-
ited responses with inhibition during l-DOPA treatment (Monkey
A, 13/17 and Monkey P, 11/15). Quantitative analysis (Fig. 3C)
also confirmed that inhibition was increased in the duration
(Monkeys A and P) and amplitude (Monkey A) during l-DOPA
treatment. In addition, early excitation (duration in Monkey A,
amplitude in Monkeys A and P) and late excitation (duration and
amplitude in Monkeys A and P) were diminished during l-DOPA
treatment.

Spontaneous firing rates were also examined in the same GPi
neurons (Monkey A, 17 and Monkey P, 15) before and during l-
DOPA treatment in the PD monkeys (Fig. 3D). In the PD state,
the mean firing rates of these GPi neurons were 85.3 ± 19.2 Hz
(Monkey A) and 77.8 ± 27.4 Hz (Monkey P), whereas they were sig-
nificantly decreased during l-DOPA treatment in both monkeys
(Monkey A, 50.9 ± 26.8 Hz, P = 0.0003, and Monkey P, 52.6 ± 36.2 Hz,
P = 0.029; one-tailed paired t-test).
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Figure 3. Effects of l-DOPA treatment on cortically evoked responses and spontaneous firing rates of GPi (A–D) and GPe (E–H) neurons in the PD monkeys. (A, E) Typical
examples of PSTHs (100 trials, bin width of 1 ms) of one and the same GPi (A) and GPe (E) neurons in the PD state (upper) and during l-DOPA treatment (lower) in Monkey

A. Stimulation was delivered at time 0 (arrows). The mean firing rate and statistical levels of P < 0.05 (one-tailed t-test) are indicated in PSTHs by a black and white
dashed line (mean), and black (upper limit) and white (lower limit) solid lines, respectively. (B, F) Population PSTHs of GPi (B) and GPe (F) neurons in the PD state (red

and green lines) and during l-DOPA treatment (purple lines) in Monkeys A (upper) and P (lower). (C, G) Durations (Dur) and amplitudes (Amp) of cortically evoked early
excitation (Early ex), inhibition (Inh), and late excitation (Late ex) in the PD state (PD) and during l-DOPA treatment (l-DOPA) of GPi (C) and GPe (G) neurons. Data from
the same neurons are connected in Monkeys A (red lines) and P (green lines). Difference was examined and indicated separately in Monkeys A (red asterisk) and P (green
asterisk). ∗P < 0.05, ∗∗P < 0.01, significantly different between the PD state and during l-DOPA treatment (one-tailed paired t-test). (D, H) Spontaneous firing rates of GPi

(D) and GPe (H) neurons in the PD state and during l-DOPA treatment in Monkeys A (red lines) and P (green lines). Mean firing rates in the PD state and during l-DOPA
treatment are indicated separately in Monkeys A (red arrowheads) and P (green arrowheads).
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Cortically evoked responses of 29 GPe neurons (Monkey A,
12 and Monkey P, 17) were also examined in the PD monkeys
before and during l-DOPA treatment (Fig. 3E–G). A typical exam-
ple is shown in Figure 3E. In the PD state, cortical stimulation
induced a triphasic response with elongated late excitation
(Fig. 3E, upper). However, during l-DOPA treatment, the elongated
late excitation was markedly diminished (Fig. 3E, lower). Other
GPe neurons showed similar changes as observed in population
PSTHs of both monkeys (Fig. 3F). Most GPe neurons in the PD
state exhibited responses with elongated late excitation (Monkey
A, 10/12, red line in Fig. 3F upper; and Monkey P, 13/17, green
line in Fig. 3F, lower), whereas the elongated late excitation was
diminished in most of them during l-DOPA treatment (Monkey A,
8/10 and Monkey P, 9/13; purple lines in Fig. 3F, upper and lower).
Quantitative analysis (Fig. 3G) confirmed that the duration and
amplitude of late excitation were significantly diminished in
both Monkeys A and P during l-DOPA treatment. In addition,
inhibition was also slightly but significantly diminished during
l-DOPA treatment (duration in Monkeys A and P, amplitude in
Monkey P), whereas early excitation was increased (duration in
Monkey P).

As for the spontaneous firing rates of these GPe neurons
(Fig. 3H), the mean firing rates in the PD state were 45.7 ± 20.0 Hz
(Monkey A, 12 neurons) and 57.5 ± 13.4 Hz (Monkey P, 17 neurons)
and remained unchanged during l-DOPA treatment (Monkey
A, 52.6 ± 27.0 Hz, P = 0.19, and Monkey P, 62.4 ± 24.0 Hz, P = 0.21;
one-tailed paired t-test).

Effects of STN Blockade on Cortically Evoked Responses
of GPi and GPe Neurons

To further examine causality between changes in cortically
evoked responses in the GPi/GPe and PD signs, we next
performed STN blockade in the PD monkeys. STN lesion or
blockade is also known to effectively ameliorate PD symptoms
in patients (Alvarez et al. 2001; Levy et al. 2001; Rodriguez-Rojas
et al. 2018) and PD signs in a monkey model (Bergman et al. 1990;
Wichmann et al. 1994; Baron et al. 2002). To block STN activity,
muscimol (0.5–2.0 μL of 0.5–1.0 μg/μL) was injected into the STN
of the PD monkeys. STN blockade ameliorated PD motor signs,
such as akinesia/bradykinesia, deficits of gross motor skills,
and rigidity of their forelimbs within 15–30 min after muscimol
injection, and the effects usually continued over 80 min in both
Monkeys A and P. We examined activity of one and the same
GPi and GPe neurons in the PD monkeys before and during STN
blockade (Fig. 4).

Cortically evoked responses of 9 GPi neurons (Monkey A, 4
and Monkey P, 5) were examined in the PD monkeys before and
during STN blockade (Fig. 4A–C). A typical example is shown in
Figure 4A. In the PD state, cortical stimulation induced biphasic
excitation with following long-lasting inhibition (Fig. 4A, upper).
During STN blockade, PD signs were relieved, and cortical stimu-
lation induced inhibition without early and late excitation in the
same neuron (Fig. 4A lower). Other GPi neurons showed similar
changes as observed in population PSTHs (Fig. 4B). In the PD
state, all GPi neurons in Monkey A (4/4) exhibited biphasic or
monophasic excitation without inhibition (red line in Fig. 4B,
upper), and most GPi neurons in Monkey P (4/5) exhibited a
triphasic response (green line in Fig. 5B, lower). During STN block-
ade, early and late excitation was largely diminished, and clear
inhibition appeared in both monkeys (purple lines in Fig. 4B,
upper and lower). Quantitative analysis (Fig. 4C) revealed that
STN blockade increased inhibition (duration), and diminished

early excitation (duration and amplitude) and late excitation
(amplitude).

Cortically evoked responses of 9 GPe neurons (Monkey A, 4 and
Monkey P, 5) were also examined in the PD monkeys before and
during STN blockade (Fig. 4E–G). A typical example is shown in
Figure 4E. In the PD state, cortical stimulation induced a tripha-
sic response with elongated late excitation (Fig. 4E, upper). Dur-
ing STN blockade, cortical stimulation induced long inhibition
with no early excitation and greatly diminished late excitation
in the same neuron (Fig. 4E, lower). Other GPe neurons showed
similar changes as observed in population PSTHs (Fig. 4F). In
the PD state, most GPe neurons exhibited a triphasic response
with elongated late excitation (Monkey A, 2/4, red line in Fig. 4F,
upper and Monkey P, 4/5, green line in Fig. 4F, lower). STN blockade
typically abolished both early and late excitation, and induced
long inhibition in both monkeys (purple lines in Fig. 4F, upper and
lower). Quantitative analysis (Fig. 4G) revealed that STN blockade
diminished both early and late excitation (amplitude).

Spontaneous firing rates were also examined in the same GPi
(Monkey A, 4 and Monkey P, 5) and GPe (Monkey A, 4 and Monkey P,
5) neurons before and during STN blockade in the PD monkeys
(Fig. 4D,H). In the PD state, the mean firing rates of these GPi
and GPe neurons were 58.6 ± 14.6 Hz and 70.3 ± 29.6 Hz, respec-
tively, and were significantly decreased during STN blockade
(GPi, 33.3 ± 22.9 Hz, P = 0.0079, and GPe, 17.5 ± 24.6 Hz, P < 0.0001;
one-tailed paired t-test).

Effects of l-DOPA Treatment on Cortically Evoked
Responses of STN Neurons

To examine possible contribution of neuronal activity changes
in the STN to those in the GPi and GPe in the PD state, we
recorded cortically evoked responses in one and the same STN
neurons in the PD monkeys (17 neurons; Monkey A, 10 and
Monkey P, 7) before and during l-DOPA treatment (Fig. 5). Both
in the PD state (Monkey A, red line in Fig. 5A, left and Monkey P,
green line in Fig. 5A, right) and during l-DOPA treatment (purple
lines in Fig. 5A left and right), STN neurons typically exhibited a
biphasic response composed of early and late excitation, which
was similar to those observed in normal monkeys (Nambu et al.
2000; Iwamuro et al. 2017; Polyakova et al. 2020). Quantitative
analysis (Fig. 5B) unveiled no changes in cortically evoked early
excitation and inconsistent changes in late excitation during
l-DOPA treatment: Late excitation was increased in Monkey A
(duration and amplitude), whereas decreased in Monkey P (dura-
tion). The mean firing rates of these STN neurons (Fig. 5C) were
44.1 ± 17.6 Hz (Monkey A) and 31.9 ± 15.9 Hz (Monkey P) in the
PD state and remained unchanged during l-DOPA treatment
(Monkey A, 46.6 ± 17.6 Hz, P = 0.31, and Monkey P, 26.2 ± 12.2 Hz,
P = 0.24; one-tailed paired t-test).

Location of Recorded GPi/GPe and STN Neurons

We mapped recording sites of GPi and GPe neurons in the normal
and PD states, some of which responded and some of which did
not respond to electrical stimulation of the forelimb regions of
the M1/SMA (Fig. 6A). Responding neurons (filled circles) were
located in the middle of the dorsal-ventral direction in the poste-
rior GPi and GPe, corresponding to the forelimb M1/SMA regions
of the GPi and GPe (Nambu et al. 2000; Iwamuro et al. 2017). The
border between responding and non-responding (open circles)
neurons in the normal state seems to be preserved in the PD
state, suggesting that responding areas of the GPe and GPi did
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Figure 4. Effects of blockade of the STN on cortically evoked responses and spontaneous firing rates of GPi (A–D) and GPe (E–H) neurons in the PD monkeys. (A, E) Typical
examples of PSTHs of one and the same GPi (A) and GPe (E) neurons in the PD state (upper) and during STN blockade (lower) in Monkey A. (B, F) Population PSTHs of GPi

(B) and GPe (F) neurons in the PD state (red and green lines) and during STN blockade (purple lines) in Monkeys A (upper) and P (lower). (C, G) Durations and amplitudes
of cortically evoked early excitation, inhibition, and late excitation in the PD state (PD) and during STN blockade (STN block) of GPi (C) and GPe (G) neurons in Monkeys

A (red lines) and P (green lines). Data from Monkeys A and P were combined and examined. ∗P < 0.05, ∗∗P < 0.01, significantly different between the PD state and during
STN blockade (one-tailed paired t-test). (D, H) Spontaneous firing rates of GPi (D) and GPe (H) neurons in the PD state and during STN blockade in Monkeys A (red lines)

and P (green lines). Mean firing rates in the PD state and during STN blockade are indicated separately in Monkeys A (red arrowheads) and P (green arrowheads).
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Figure 5. Effects of l-DOPA treatment on cortically evoked responses and spontaneous firing rates of STN neurons in the PD monkeys. (A) Population PSTHs of STN
neurons in the PD state (red and green lines) and during l-DOPA treatment (purple lines) in Monkeys A (left) and P (right). (B) Durations and amplitudes of cortically
evoked early excitation (Early ex) and late excitation (Late ex) in the PD state and during l-DOPA treatment in Monkeys A (red lines) and P (green lines). Difference

was examined and indicated separately in Monkeys A (red asterisk) and P (green asterisk). ∗P < 0.05, ∗∗P < 0.01, significantly different between the PD state and during
l-DOPA treatment (one-tailed paired t-test). (C) Spontaneous firing rates of STN neurons in the PD state and during l-DOPA treatment in Monkeys A (red lines) and P

(green lines).

not change between the normal and PD states. We also mapped
recording and muscimol injection sites in the STN (Fig. 6B), and
found that they were located in the dorsolateral STN, corre-
sponding to the forelimb M1/SMA regions of the STN (Nambu
et al. 2000; Iwamuro et al. 2017; Polyakova et al. 2020).

Discussion
In the present study, we analyzed activity of GPi and GPe
neurons in the awake state of 2 PD Japanese monkeys that
exhibited akinesia/bradykinesia and rigidity, but not tremor.
The following results were obtained: 1) In the PD state, cortically
evoked inhibition in the GPi mediated by the cortico-striato-GPi
direct pathway was drastically diminished, whereas cortically
evoked late excitation in the GPe was elongated; 2) l-DOPA
treatment ameliorated PD signs and normalized abnormal
cortically evoked responses in both the GPi and GPe, that is, clear
inhibition appeared in the GPi, and elongated late excitation was
diminished in the GPe; 3) STN blockade by muscimol injection
again ameliorated PD signs, largely diminished cortically evoked
early and late excitation in the GPi and GPe, and unmasked
cortically evoked inhibition in the GPi; 4) In the PD state, the
mean firing rate remained unchanged in the GPi, whereas that
in the GPe was reduced; and 5) Oscillatory neuronal activity was
rarely observed in both the GPi and GPe in the PD state. These
results suggest that alteration in signal transmission through

the cortico-basal ganglia pathways, particularly profoundly
reduced information flow through the cortico-striato-GPi
direct pathway that is necessary for initiation of voluntary
movements (Nambu et al. 2002b, 2015; Nambu 2008; Chiken
et al. 2015), is responsible for the manifestation of major PD
symptoms (Fig. 7). The contribution of changes in spontaneous
firing rates and/or patterns in the GPi appears to be minor.

Abnormal Cortically Evoked Responses in the GPi
and GPe and Their Relationship with PD Symptoms

In the normal state, cortical stimulation typically induced a
triphasic response composed of early excitation followed by
inhibition and late excitation in the GPi (Nambu et al. 2000;
Tachibana et al. 2008; Iwamuro et al. 2017), whereas in the
PD state, cortically evoked inhibition mediated by the cortico-
striato-GPi direct pathway was largely diminished (Fig. 2 and
Table 3). The result indicates that information flow through the
direct pathway (Fig. 7A) responsible for the initiation of volun-
tary movements (Nambu et al. 2002b, 2015; Nambu 2008; Chiken
et al. 2015) is severely impaired in the PD state (Fig. 7B, GPi, left
and middle). Monkey A with more severer PD signs showed more
profound loss of cortically evoked inhibition in the GPi com-
pared with Monkey P (Fig. 2 and Table 3), supporting this notion.
Inhibitory responses of GPi neurons during passive limb move-
ments, which are presumably transferred through the direct
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Figure 6. Distribution of recorded GPi, GPe, and STN neurons in Monkey A shown in frontal sections. (A) Locations of GPi and GPe neurons recorded in the normal (upper)

and PD (lower) states. Filled circles represent neurons that responded to cortical (Cx) stimulation, whereas open circles represent neurons that showed no responses
to Cx stimulation. (B) Locations of recorded STN neurons (filled circles) and muscimol injection sites for STN blockade (open squares). The distance of the sections
anterior to the auditory meatus is shown in millimeters in the upper left of each section.

pathway, decreased in PD monkeys (Boraud et al. 2000), sug-
gesting that not only electrically induced information flow but
also natural information flow through the direct pathway is
impaired. These changes through the direct pathway can be
caused by the following intra- and extra-striatal mechanisms.
1) Activity of striatal neurons is controlled by dopaminergic
inputs from the SNc. Loss of dopaminergic inputs through D1
receptors (D1Rs) coupled with Gs/olf proteins onto the striato-GPi
direct pathway neurons decreases their intrinsic excitability in
the PD state (Surmeier et al. 2007; Gerfen and Surmeier 2011),

causing diminished cortically evoked inhibition in the GPi. 2)
D1Rs are also expressed in the striato-GPi GABAergic axon ter-
minals presynaptically and increase GABA release (Kliem et al.
2007). Loss of dopamine should decrease GABA release from
the striato-GPi terminals within the GPi, which would cause
diminished cortically evoked inhibition in the GPi. Actually, sup-
plementation of dopamine restored cortically evoked inhibition
in the GPi in the present study (Fig. 3), although it may not
fully restore basal ganglia functions to the normal state (Heimer
et al. 2006). Loss of signal transmission through D1Rs reduced
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Figure 7. Schematic diagrams showing the basal ganglia circuitry and cortically evoked responses in the GPe and GPi. (A) Basal ganglia circuitry including the cortico

(Cx)-STN-GPi hyperdirect, Cx-striato (Str)-GPi direct, and Cx-Str-GPe-STN-GPi indirect pathways. White and black arrows represent excitatory glutamatergic and
inhibitory GABAergic projections, respectively. Electrical stimulation (Stim) was applied in the Cx, and responses in the GPe and GPi were recorded. DA, dopamine.
(B) Cortically evoked responses in the GPe (upper) and GPi (lower) in the normal or PD state during l-DOPA treatment (left), PD state (middle), and PD state during STN
blockade (right). Cortically evoked early excitation (magenta) and following inhibition (blue) and late excitation (green) in the GPe are mediated by the Cx-STN-GPe,

Cx-Str-GPe, and Cx-Str-GPe-STN-GPe pathways, respectively, and those in the GPi are mediated by the hyperdirect, direct, and indirect pathways, respectively.

locomotor activity in mice and diminished cortically evoked
inhibition in the GPi, supporting both mechanisms discussed
above (Chiken et al. 2015).

An increase of early excitation in the GPi was also found
in the PD state (Fig. 2 and Table 3). These observations sug-
gest that information flow through the cortico-STN-GPi hyper-
direct pathway is enhanced, contradicting the recent studies
(Mathai et al. 2015; Chu et al. 2017). Several possible mecha-
nisms for increased early excitation in the GPi can be consid-
ered: 1) Decreased spontaneous firing rates of GPe neurons in
the PD state (Fig. 2) reduce tonic inhibitory inputs to the STN,
resulting in increased excitability of STN neurons; 2) Loss of
direct dopaminergic inputs from the SNc to STN may also be
involved (Obeso et al. 2004; Rommelfanger and Wichmann 2010:
Galvan et al. 2014); and 3) Cortically evoked early excitation in
the GPi is relatively enhanced due to decrease of the following
inhibition in the PD state (Fig. 2 and Table 3). However, 1) and 2)
are less probable because, in the present study, early excitation
in the GPe mediated by the cortico-STN-GPe pathway was not
enhanced in the PD state (Fig. 2 and Table 3), and early excitation
in the STN in the PD state was not diminished by l-DOPA
treatment (Fig. 5).

Similarly in the GPe, in the normal state, cortical stimulation
induced a triphasic response composed of early excitation
followed by inhibition and late excitation (Nambu et al. 2000;
Kita et al. 2004; Iwamuro et al. 2017). However, in the PD state,
this triphasic response pattern was basically preserved, and
cortically evoked late excitation mediated by the cortico-striato-
GPe-STN-GPe pathway (Ryan and Clark 1991; Nambu et al. 2000;
Kita et al. 2004; Sano et al. 2013) was elongated (Fig. 2 and
Table 3). The result indicates that information flow through the
cortico-striato-GPe-STN-GPe pathway (Fig. 7A) is enhanced in
the PD state (Fig. 7B, GPe, left and middle). l-DOPA administration
actually shortened and normalized cortically evoked late

excitation (Fig. 3). The following mechanisms could explain
these changes through the cortico-striato-GPe-STN-GPe path-
way: 1) Loss of dopaminergic inputs through D2 receptors (D2Rs)
coupled with Gi/o proteins onto the striato-GPe indirect pathway
neurons should increase their intrinsic excitability in the PD
state (Surmeier et al. 2007; Gerfen and Surmeier 2011); 2) D2Rs
are also expressed in the striato-GPe GABAergic axon terminals
presynaptically, and loss of dopaminergic inputs would enhance
GABA release from the striato-GPe terminals within the GPe
(Hadipour-Niktarash et al. 2012); 3) Signal transmission from the
GPe to STN could be enhanced in the PD state (Fan et al. 2012;
Chu et al. 2015); and 4) Signal transmission from the STN to GPe
would be enhanced in the PD state. Concerning 1) and 2), these
effects would lead to an increase in both the cortically evoked
inhibition and following late excitation in the GPe. Inhibition
in the PD state was actually reduced during l-DOPA treatment
(Fig. 3). Although an increase in inhibition was not detected in
the PD state (Table 3), enhanced inhibition in the GPe might be
masked by decreased spontaneous firing rates (Fig. 2). As for 1),
2), and 3), in the PD state, these effects would lead to an increase
in the cortically evoked late excitation in the STN, which is
mediated by the cortico-striato-GPe-STN pathway (Maurice et al.
1998; Polyakova et al. 2020); however, it is not plausible because
late excitation in the STN in the PD state was diminished only
in Monkey P by l-DOPA treatment (Fig. 5). In terms of 4), this
possibility has not been examined yet.

Information flow through the cortico-striato-GPe-STN-GPi
indirect pathway (Fig. 7A), which shares several common com-
ponents with the cortico-striato-GPe-STN-GPe pathway, might
also be enhanced in the PD state (Fig. 7B, middle). Late excitation
in the GPi mediated by the indirect pathway was significantly
reduced during l-DOPA treatment (Fig. 3); however, changes in
cortically evoked late excitation were not detected in the PD
state (Fig. 2 and Table 3). Instead, in the PD state, cortically
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evoked long-lasting inhibition was frequently observed after
late excitation in the GPi (Figs 2–4). This may be caused by the
augmented late excitation in the GPe (Figs 2–4 and Table 3) that
could inhibit GPi activity (Fig. 7B, middle) through direct GPe-GPi
GABAergic inhibitory projections (Fig. 7A; Smith and Bolam 1989;
Bolam and Smith 1992; Shink and Smith 1995; Kita 2001).

Effects of l-DOPA Treatment and STN Blockade
on Cortically Evoked Responses in the GPi and GPe

l-DOPA treatment effectively improved PD motor signs, partic-
ularly akinesia/bradykinesia, gross motor skills, and rigidity. At
the same time, cortically evoked responses in both the GPi and
GPe were normalized, that is, cortically evoked inhibition in the
GPi was recovered and abnormally augmented late excitation
in the GPe was diminished (Fig. 3). In addition, STN blockade
again effectively alleviated such PD motor signs, and extensively
diminished early and late excitation in both the GPi and GPe,
resulting in a clear manifestation of cortically evoked inhibi-
tion in the GPi (Fig. 4). Similar effects were observed in nor-
mal monkeys with STN blockade as well (Nambu et al. 2000).
These results suggest that the proper balance between excita-
tory inputs through the hyperdierect and indirect pathways and
inhibitory inputs through the direct pathway to the GPi is crucial
for normal motor control and that a reduction of inhibitory
inputs through the direct pathway to the GPi is correlated with
appearance of PD signs. The effectiveness of l-DOPA treatment
and STN blockade in reducing major PD signs may be caused by
the recovery of signal transmission through the direct pathway
(Fig. 7B, left and right).

Little Changes in Spontaneous Firings in the GPi
and GPe in the PD State

According to the classical model of the basal ganglia, dopamin-
ergic inputs exert excitatory effects on striatal direct pathway
neurons through D1Rs and inhibitory effects on striatal indirect
pathway neurons through D2Rs, and thus loss of dopaminergic
inputs increases and decreases the mean firing rates of GPi and
GPe neurons, respectively, and increased GPi firings lead to a
decrease in spontaneous firing rates of thalamic and cortical
neurons, resulting in akinesia (Albin et al. 1989; DeLong 1990;
Gerfen et al. 1990). The model has been supported by a number
of subsequent studies (Filion and Tremblay 1991; Boraud et al.
1996; Wichmann et al. 2002; Soares et al. 2004). The present study
also showed decreased firing rates of GPe neurons in the PD
monkeys (Fig. 2), as reported by recent studies (Raz et al. 2000;
Rivlin-Etzion et al. 2008; Tachibana et al. 2011). However, the
present study did not detect any firing rate changes in the GPi of
the PD monkeys with moderate and severe motor signs (Fig. 2),
which is in accordance with several recent studies (Wichmann
et al. 1999; Raz et al. 2000; Rivlin-Etzion et al. 2008; Tachibana
et al. 2011). In the present study, the paradoxical effects of l-
DOPA were observed in the PD monkeys: l-DOPA treatment
decreased firing rates of GPi neurons in the PD monkeys that
were not different from those in the normal state; and it did not
change firing rates of GPe neurons in the PD monkeys that were
lower than those in the normal state (Fig. 3). The PD state may
accompany morphological changes in the basal ganglia (Villalba
et al. 2009; Fan et al. 2012; Chu et al. 2015, 2017; Mathai et al. 2015;
Suarez et al. 2016), and l-DOPA treatment may not be able to fully
recover neuronal activity to the normal state (Heimer et al. 2006).

In previous studies, firing pattern changes, especially oscil-
latory activity in the theta and/or beta ranges, were commonly
found in the basal ganglia of PD patients (Hurtado et al. 1999;
Levy et al. 2000; Magnin et al. 2000) and PD monkeys (Bergman
et al. 1994; Nini et al. 1995; Raz et al. 2000; Soares et al. 2004;
Tachibana et al. 2011), proposing that oscillatory activity may
disturb information flow through the basal ganglia and cause
PD symptoms (Bergman et al. 1998a; Brown 2007). In the present
study, the burst index was increased in both the GPi and GPe in
the PD state (Table 2), which is consistent with previous studies
(Wichmann and Soares 2006; Tachibana et al. 2011); however,
most neurons in the GPi and GPe of the PD monkeys with mild
and severe motor signs did not exhibit oscillatory activity in the
PD state (see Supplementary Fig. S2). A previous study reported
that abnormal synchronized oscillatory activity emerged later
than major motor signs during progressive PD (Leblois et al.
2007).

Therefore, firing rate and pattern changes could not fully
explain PD signs. Alteration of signal transmission through the
hyperdirect, direct, and indirect pathways that causes dynamic
activity changes in the GPi/GPe is a fundamental feature of PD,
and they may secondarily cause firing rate and pattern changes
in the GPi/GPe (Nambu et al. 2015). Depending on the activity
balance between the 3 pathways, spontaneous firing rates may
be modulated (Leblois et al. 2006), or oscillatory activity may be
induced (Terman et al. 2002; Leblois et al. 2006; Tachibana et al.
2011).

The Pathophysiology of Tremor and Rigidity

Oscillatory activity synchronized with tremor was reported in
the STN and thalamus, especially cerebellar receiving thalamus,
of PD patients, and lesion in the STN or thalamus abolished
tremor, suggesting its causal role (Lenz et al. 1988; Fox et al. 1991;
Rodriguez et al. 1998; Ohye et al. 2012). African green monkeys
developed prolonged episodes of low- (5–7 Hz) and high- (10–
16 Hz) frequency tremor and exhibit strong oscillatory and cor-
related GPe/GPi activity at low- and high-frequencies (Bergman
et al. 1994, 1998b; Raz et al. 2000). On the other hand, macaque
monkeys usually failed to develop low-frequency tremor and
showed various degrees of oscillatory GPe/GPi activity in the
PD state: no tremor and almost no oscillatory activity (in the
present study), and infrequent short episodes of high-frequency
(10–16 Hz) postural/action tremor and oscillatory (8–15 Hz) activ-
ity (Tachibana et al. 2011). Taken together, these observations
suggest that the level of synchronized oscillatory activity seems
to be related to tremor.

In PD patients, stretch reflexes, especially long-latency
reflexes, were enhanced and may serve as the basis for rigidity
(Berardelli et al. 1983; Rothwell et al. 1983). However, the
mechanism by which dopamine deficiency enhances stretch
reflexes is not known yet. Descending pathways from the
basal ganglia to the spinal cord through the pedunculopontine
tegmental nucleus (PPN) may also contribute to rigidity. The
GPi projects to the PPN, whose activity decreases muscle tone
(Takakusaki et al. 2004), and loss of inhibition in the GPi in the PD
state (Fig. 7B, GPi, middle) continuously suppresses PPN activity,
resulting in increased muscle tone.

Pathophysiology of PD and Therapeutic Mechanisms
of l-DOPA Treatment and STN Blockade

Based on the present study and our dynamic model of
the cortico-basal ganglia functions explaining the control
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mechanism of voluntary movements (Nambu et al. 2002b, 2015;
Nambu 2008), we would like to propose a new model that
explains the pathophysiology of PD symptoms and therapeutic
mechanisms of l-DOPA treatment and STN blockade (Fig. 7). In
the normal state, signals through the corico-striato-GPi direct
pathway play a key role in the initiation of voluntary movements
(Fig. 7A): The GPi, the output nucleus of the basal ganglia, is
continuously suppressing thalamocortical activity in the basal
state, and when cortical neurons are excited, signals through the
direct pathway induce cortically derived phasic inhibition in the
GPi, which increases thalamocotical activity by a disinhibitory
mechanism, leading to a release of motor actions (Fig. 7B, left).
On the other hand, signals through the cortico-STN hyperdirect
and cortico-striato-GPe-STN-GPi indirect pathways reset on-
going cortical activity and stop movements, respectively. In
the PD state, dopamine deficiency causes large suppression
of signal transmission through the direct pathway, which leads
to a failure to induce enough inhibition in the GPi, resulting in
akinesia/bradykinesia (Fig. 7B, middle).

l-DOPA treatment restores signal transmission through the
direct pathway, and enables a release of motor actions upon
cortical excitation (Fig. 7B, left). On the other hand, STN block-
ade suppresses signal transmission through the cortico-STN-GPi
hyperdirect and cortico-GPe-STN-GPi indirect pathways exten-
sively, and thus diminished signal transmission through the
direct pathway is unmasked, and enables a release of motor
actions (Fig. 7B, right). The same mechanism may also apply to
deep brain stimulation (DBS) in the STN in PD patients, because
STN-DBS appears to block signal transmission through the STN
(Maurice et al. 2003; Chiken and Nambu 2014). The present find-
ings that restoration of signal transmission through the direct
pathway can alleviate PD symptoms will provide an important
clue to develop novel therapeutic methods and to find more
effective manipulating targets for the treatment of PD.
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Supplementary material can be found at Cerebral Cortex online.
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