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Differential modulation of subthalamic projection neurons by
short-term and long-term electrical stimulation in physiological

and parkinsonian conditions

Cheng Xiao"*?, Ya-wei Ji', Yi-wen Luan'*, Tao Jia', Cui Yin"?? and Chun-yi Zhou'?*?

The subthalamic nucleus (STN) is one of the best targets for therapeutic deep brain stimulation (DBS) to control motor symptoms in
Parkinson'’s disease. However, the precise circuitry underlying the effects of STN-DBS remains unclear. To understand how electrical
stimulation affects STN projection neurons, we used a retrograde viral vector (AAV-retro-hSyn-eGFP) to label STN neurons
projecting to the substantia nigra pars reticulata (SNr) (STN—SNr neurons) or the globus pallidus interna (GPi) (STN—GPi neurons) in
mice, and performed whole-cell patch-clamp recordings from these projection neurons in ex vivo brain slices. We found that STN
—SNr neurons exhibited stronger responses to depolarizing stimulation than STN—GPi neurons. In most STN—SNr and STN—GPi
neurons, inhibitory synaptic inputs predominated over excitatory inputs and electrical stimulation at 20-130 Hz inhibited these
neurons in the short term; its longer-term effects varied. 6-OHDA lesion of the nigrostriatal dopaminergic pathway significantly
reduced inhibitory synaptic inputs in STN—GPi neurons, but did not change synaptic inputs in STN—SNr neurons; it enhanced short-
term electrical-stimulation-induced inhibition in STN—SNr neurons but reversed the effect of short-term electrical stimulation on
the firing rate in STN—GPi neurons from inhibitory to excitatory; in both STN—SNr and STN—GPi neurons, it increased the inhibition
but attenuated the enhancement of firing rate induced by long-term electrical stimulation. Our results suggest that STN—SNr and
STN—GPi neurons differ in their synaptic inputs, their responses to electrical stimulation, and their modification under parkinsonian
conditions; STN—GPi neurons may play important roles in both the pathophysiology and therapeutic treatment of Parkinson’s
disease.
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INTRODUCTION

As an important component of the basal ganglia, the subthalamic
nucleus (STN) is implicated in the control of movement and action
[1-5]. Abnormal neuronal activity and enhanced beta oscillations in
the STN are among the critical pathophysiological features that
contribute to motor symptoms in Parkinson’s disease (PD) [4, 5].
Deep brain stimulation (DBS) effectively normalizes pathological beta
oscillations in the STN, leading to improvements in major motor
symptoms and mitigation of L-dopa-induced motor complications in
PD, including motor fluctuations and dyskinesia [4-7]. Although
several mechanisms have been postulated, the circuit bases for the
therapeutic benefits of STN-DBS are far from well-understood.

Cell- and projection-specific optogenetic studies have made
large strides in advancing our understanding of the circuit targets
of STN-DBS. Using channelrhodopsin and halorhodopsin as
actuators for bidirectional optogenetic modulation, researchers
found that neither stimulation nor inhibition of STN glutamatergic
neurons improved amphetamine- or apomorphine-induced rota-
tional behavior in parkinsonian rodents, but stimulation of the

hyperdirect pathway from the motor cortex to the STN did [6, 8].
Several studies have demonstrated that both excitatory and
inhibitory synaptic inputs to STN neurons are modified in
parkinsonian mice [9-11]. These studies stress the synaptic inputs
to the STN as the key target of STN-DBS, in line with the notion
that the STN-DBS with parameters that produce the most striking
motor benefits likely recruits axonal fibers [4, 12]. However,
because of its relatively slow opening and closing kinetics (in the
order of ms), channelrhodopsin (ChR2(H134R)) may not produce
STN firing rates of >100 Hz or drive glutamate release at >100 Hz.
Such frequencies may require faster actuators, such as fast
channelrhodopsin (ChR2(E123T/T159C)) or Chronos [7, 13, 14].
Indeed, high-frequency light stimulation of either the hyperdirect
pathway via fast ChR2 or STN neurons via Chronos improves
motor function in parkinsonian rodents [7, 13]. These recent
optogenetic studies suggest that both synaptic inputs and STN
neurons may contribute to the therapeutic benefits of STN-DBS.

The STN governs two basal ganglia output nuclei: the globus
pallidus interna (GPi) and the substantia nigra pars reticulata (SNr)
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[4, 15, 16]. STN stimulation increases glutamate levels in the SNr
and GPi [17, 18], suggesting that these nuclei are recruited by STN-
DBS. In addition, both electrical stimulation and chemogenetic
inhibition of the SNr and GPi improve parkinsonian motor
symptoms [1, 4, 5, 19-25]. Clinical studies have demonstrated
that some neural networks are similarly modulated by high-
frequency stimulation of the STN and GPi in PD patients [26, 27].
Together, these studies suggest that the SNr and GPi may mediate
the physiological effects of STN-DBS. However, to close the gap in
understanding between STN stimulation and regulation of the SNr
and GPi, it is necessary to address how STN-DBS modulates
the STN neurons that project to the SNr and GPi (STN—SNr and
STN—GPi neurons).

In the present study, we combined AAV-assisted retrograde
tracing [28] and brain slice patch-clamp recordings in STN—SNr
and STN—GPi neurons. We found that STN—SNr and STN—GPi
neurons were somewhat different in their intrinsic membrane
properties, synaptic transmission, responses to short- and long-
term electrical stimulation at 20—130Hz, and modification in
parkinsonian animals. Our results demonstrate that STN—GPi and
STN—SNr neurons may be modulated differently by STN-DBS in
both physiological and parkinsonian conditions.

MATERIALS AND METHODS

The care and use of animals and the experimental protocol of this
study were approved by the Institutional Animal Care and Use
Committee and the Office of Laboratory Animal Resources of
Xuzhou Medical University under the Regulations for the
Administration of Affairs Concerning Experimental Animals
(1988) in China. C57BL/6 male mice were purchased from Jinan
Pengyue Laboratory Animal Breeding Co. Ltd, and were group
housed (<4 per cage) on a 12h light/dark cycle in an animal
facility with stable temperature (20—22°C) and humidity
(40%-70%). Water and food were provided ad libitum. Efforts
were made to minimize animal suffering and reduce the number
of animals used.

Retrograde labeling of STN projection neurons

AAV retro-hSyn-eGFP (OBIO Technology, Shanghai, China) was
microinjected into the SNr (AP, —3.10 mm; ML, 1.50 mm; DV, 4.50
mm) or the GPi (AP, — 1.30 mm; ML, 1.75 mm; DV, 4.70 mm). The
mice were used for experiments after >3 weeks' recovery to allow
sufficient viral expression. The location of the injection site was
confirmed histologically. The sections were carefully selected to
exclude the possibility that STN neurons were labeled by virus
spread. For retrograde labeling of STN-SNr neurons, we selected
the sections where there was a clear dark area between the
labeled SNr and STN neurons. For retrograde labeling of STN-GPi
neurons, we selected the sections that did not label neurons in the
SNr: if the virus spread into the STN, it may retrogradely label SNr
neurons. Data were included in this study only when these criteria
were met.

Live brain slice preparation

The ex vivo brain slices were prepared from 12-16-wk old C57BL/6
(wild-type, WT) mice. STN neurons were recorded with patch-
clamp techniques, using the protocol described previously [29-32].
In brief, the mice were deeply euthanized with CO,, and then
decapitated. The brain was removed and sectioned with a
vibratome (VT-1200S, Leica) into 350 um parasagittal slices, while
immersed in ice-cold modified sucrose-based artificial cerebral
spinal fluid (sACSF) containing (mM): 85 NaCl, 75 sucrose, 2.5 KCl,
1.25 NaH,PO,, 4.0 MgCl,, 0.5 CaCl,, 24 NaHCO; and 25 glucose
[31, 32]. Brain slices containing the STN were allowed to recover for
1h at 32+ 1°Cin a holding chamber filled with sACSF, and were
then transferred into normal ACSF, containing (mM): 125 Nacl, 2.5
KCl, 1.2 NaH,POy,, 1.2 MgCl,, 2.4 CaCl,, 26 NaHCO3, and 11 glucose,
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at room temperature. One brain slice was transferred into the
recording chamber and perfused (1.5-2.0 mL per min) with ACSF at
32+0.5°C. Four slices per mouse were used for recordings each
day. Both sACSF and ACSF were bubbled and saturated with 95%
0,/5% CO, (carbogen) during experiments.

Patch-clamp recording

The neurons in brain slices were visualized with an upright
microscope (FN-1, Nikon, Japan) equipped with a CCD-camera
(Flash 4.0 LTE, Hamamatsu, Japan), a 4X air objective, a 40x water
immersion objective (NIR APO: NA, 0.80; WD, 3.5 mm), and near-
infrared and green fluorescent illumination. Whole-cell patch-
clamp techniques were performed to record electrophysiological
signals at a sampling rate of 10 kHz, subjected to low-pass filtering
at 2 kHz with a MultiClamp 700B amplifier (Molecular Devices, CA),
a Digidata 1550B analog-to-digital converter (Molecular Devices),
and a pClamp 10.7 software (Molecular Devices). Patch electrodes
had a resistance of 4—6 MQ when filled with intrapipette solution
(in mM): 135K gluconate, 0.5 KCl, 5 EGTA, 0.5 CaCl,, 10 HEPES, 2
Mg-ATP, and 0.1 GTP. The pH of this solution was adjusted to 7.2
with Tris-base and its osmolarity was adjusted to 300 mOsm with
sucrose. The junction potential between the patch pipette and the
bath solution was nulled just before gigaseal formation. Series
resistance was monitored without compensation throughout the
experiment. We ended the experiment if the series resistance (10
—20MQ) changed by >20% during whole-cell recordings and
excluded any such data.

We applied a 5mV hyperpolarizing step from a holding
potential of —50mV to STN neurons and calculated their
membrane resistance according to Ohm's law. We used Clampfit
10.7 (Molecular Devices, USA) to measure the amplitude of
electrical stimulation-evoked postsynaptic currents, and to count
and analyze spontaneous firing. Action potentials were detected
with the ‘threshold search’ feature in Clampfit.

A tungsten metal electrode (256 um thick with a 3 um tip, 0.5
MQ) (TM33B05, WPI, Sarasota, USA) was placed 200 um dorsoan-
terior to the recorded neuron and connected to a stimulus isolator
(ISO-Flex, AMPI, Gaithersburg, USA) in current mode. The brain
slice was stimulated by delivering a single square stimulus or a
train of square stimuli (100 us, 100 pA).

Establishment of parkinsonian mouse models

We established a hemiparkinsonian mouse model according to
previous studies [31-33]. Mice were anesthetized with sodium
pentobarbital (40 mg per kg) and stabilized on a stereotaxic frame
(RWD life science, Shenzhen, China) for intracranial micro-injection
(kdScientific, Holliston, USA). 6-OHDA (12 ug per uL, 0.5 uL) was
injected in the medial forebrain bundle (MFB) (AP: + 0.5 mm, ML:
1.2mm, DV: 48 mm) in the right hemisphere, while saline was
injected in the left MFB. Control mice were subjected to bilateral
injection of 0.5pL saline in the MFB. To protect noradrenergic
neurons from lesion, desipramine (20 mg per kg) was injected
intraperitoneally 30 min before 6-OHDA injection. Two weeks later,
the mice were placed in an open-field arena and their motor
behavior was recorded with a video camera controlled by
Ethovision XT 14 software [29, 31, 34]. After a baseline was
obtained, the mice were subcutaneously injected with apomor-
phine (0.5 mg per kg) and, 30 min later, their rotation behavior
was analyzed. A dramatic increase in the percentage of contrale-
sional rotations represents the establishment of a hemiparkinso-
nian model [32, 35].

Immunohistochemistry

C57BL/6 mice were euthanized with CO, and subjected to cardiac
perfusion with 7 mL PBS containing heparin (10 international units
per mL) followed by 30 mL paraformaldehyde (PFA) (4% in PBS).
The brains were then removed and post-fixed in 4% PFA for 4—6
h. After rinsing with PBS, the brains were sectioned into 30 um
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sections with a cryostat (CM1950, Leica). The sections were
mounted onto microscope slides, dried at room temperature, and
frozen at —20 °C.

The frozen slices were thawed at room temperature (15 min),
washed twice (10 min each) with cold PBS (4 °C), permeabilized for
1 h at room temperature in PBS/0.1% Triton X-100, blocked for 45
min in PBS/10% donkey serum, incubated with primary antibodies
(1:500, mouse anti-tyrosine hydroxylase (TH) IgG, Santa Cruz) in
PBS/4% donkey serum at 4 °C overnight (18 h), washed three times
(15 min each) in PBS, incubated with secondary antibody (1:500,
Cy3-conjugated donkey anti-mouse IgG, Jackson Immunology) in
PBS/4% donkey serum at room temperature for 1 h. Samples were
washed three times (10 min each) in PBS, dried at room
temperature, immersed in mounting medium (Vector Labora-
tories), and cover-slipped.

We imaged the slices with a confocal microscope (Fv-1000,
Olympus, Tokyo, Japan), equipped with a 10x Plan Apo objective
(numerical aperture: 0.45) and a 20x Plan Apo objective
(numerical aperture: 0.75). Cy3 was excited with a 561 nm laser
and detected in the range of 580—640 nm. TH-positive cells were
counted with Image J [36].

Chemicals and applications

6-hydroxydopamine (6-OHDA) and ascorbic acid were purchased
from Sigma Aldrich. 6-cyano-7-nitro-quinoxaline-2, 3-dione dis-
odium salt hydrate (CNQX) and SR 95531 hydrobromide
(GABAzine) were purchased from Tocris. 6-OHDA (15 ug per pL)
was dissolved in 0.2% ascorbic acid, aliquoted, and stored at
—20 °C. Desipramine was dissolved in saline.

Statistical analysis

To quantify the effects of electrical stimulation, the average firing
frequency was obtained during the initial control period (baseline)
and during electrical stimulation. The firing rate and the
coefficient of variation (CV) of the firing rate during electrical
stimulation were normalized to baseline. The effects of short-term
and long-term electrical stimulation at 20, 50, 100, and 130 Hz
were analyzed with paired t-tests or Wilcoxon signed rank tests
depending on whether the data passed normality and equal
variance tests. The effects of electrical stimulation on the firing
rate and the CV of the firing rate in STN—SNr and STN—GPi
neurons and between control and parkinsonian mice were
compared with t-tests or Mann-Whitney Rank Sum tests.

In some circumstances, cumulative probability curves were
plotted; the curve shifts under different conditions were analyzed
with the Kolmogorov-Smirnov (K-S) test function in Clampfit.

SigmaPlot 14.0 (SPSS) was used to plot graphs and to perform
statistical analyses. Values of P < 0.05 were considered statistically
significant.

RESULTS

Membrane properties of STN-SNr and STN-GPi neurons

To address whether STN neurons projecting to the SNr and GPi
(STN—SNr and STN—GPi neurons) have different membrane
properties, we intracranially injected a retrograde viral vector
carrying eGFP (AAV-retro-hSyn-eGFP) into either the SNr or the GPi
and performed whole-cell patch-clamp recordings from eGFP-
labeled STN neurons in ex vivo brain slices (Fig. 1a—c). We
observed that STN—SNr and STN—GPi neurons have comparable
innate excitability and firing patterns: they exhibited similar
intrinsic membrane properties, including spontaneous firing rate
(Figs. 1d, 1e), the CV of the spontaneous firing rate (Fig. 1f), and
resting membrane potential (Fig. 19).

To understand whether STN—SNr and STN—GPi neurons
respond similarly to excitatory inputs, we injected a series of
depolarizing currents into the recorded STN neurons to evoke
firing. As illustrated in Fig. Th and 1i, 20—100 pA depolarizing
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current induced significantly faster firing in STN—SNr neurons
than in STN—GPi neurons (Fig. 1i). We also found that STN—SNr
neurons had a higher membrane resistance than STN—GPi
neurons (Fig. 1j).

Our data suggest that, in terms of their intrinsic membrane
properties, STN—SNr neurons exhibit stronger responses to
depolarizing stimulation than STN—GPi neurons.

Synaptic inputs to STN—SNr and STN—GPi neurons

In addition to a neuron’s intrinsic membrane properties, the
balance between excitatory and inhibitory synaptic inputs is
another important factor that contributes to neuronal activity. In
our experimental conditions, the reversal potentials for cations
and CI~ were 0 and —81mV, respectively. As illustrated in
Fig. 2a—e, we confirmed that electrical stimulation evoked outward
(Fig. 2b, 2¢) and inward (Fig. 2d, 2e) postsynaptic currents at
holding potentials of 0 and —80mV, respectively, and these
evoked outward and inward currents were correspondingly
blocked by GABAzine and CNQX. These results indicate that we
can measure elPSCs and eEPSCs by holding the membrane
potential at 0 and —80 mV, respectively.

To address whether STN—SNr and STN—GPi neurons have
different levels of excitatory and inhibitory synaptic inputs, we
recorded the postsynaptic currents evoked in these neurons by
electrical stimulation (100 us, 100 pA) (Fig. 2f). In line with our
previous study [30], stimulation evoked a compound postsynaptic
current (ePSC) in STN neurons held at —50 mV (Fig. 2g, 2i). At —50
mV, inhibitory postsynaptic currents were outward (upward)
currents, whereas excitatory postsynaptic currents were inward
(downward) currents [30]. Thus, the direction of the ePSC is
determined by the predominance of excitatory or inhibitory
synaptic inputs. We observed either outward (type 1 neuron,
Fig. 2g) or inward (type 2 neuron, Fig. 2i) ePSCs in STN neurons
(held at —50 mV).

Low- (20Hz) or high- (100—130Hz) frequency stimulation
respectively exacerbates or improves motor deficits in parkinso-
nian animals and PD patients [4-6], suggesting that electrical
stimulation at low and high frequencies exerts different effects on
the motor-related neural circuits. We therefore examined modula-
tion of neuronal firing in the STN by 20—130Hz electrical
stimulation. In type 1 neurons, 1s electrical stimulation at 20,
50, 100, and 130 Hz inhibited neuronal firing (Fig. 2h) but in type 2
neurons, electrical stimulation increased neuronal firing (Fig. 2j).
Most STN—SNr and STN—GPi neurons were type 1 neurons
(Fig. 2k). The outward currents in type 1 STN—GPi neurons were
significantly greater than those in type 1 STN—SNr neurons
(Fig. 2I). The amplitude of inward currents was similar in type 2
STN—SNr and STN—GPi neurons (Fig. 2l). In type 1 neurons,
electrical stimulation at =50 Hz inhibited firing to a much greater
extent than stimulation at 20 Hz (Fig. 2m). STN—SNr and STN—GPi
neurons were similarly inhibited by electrical stimulation at 20
—130Hz (Fig. 2m). In type 2 STN—SNr neurons, 50 Hz electrical
stimulation increased the firing rate more robustly than stimula-
tion at other frequencies (Fig. 2n). In type 2 STN—GPi neurons,
electrical stimulation increased the firing rate similarly for all
frequencies (20-130Hz) (Fig. 2n). 50Hz electrical stimulation
increased the firing rate to a greater degree in STN—SNr neurons
than STN—GPi neurons (Fig. 2n).

As illustrated in Fig. 20, STN—GPi neurons exhibited larger
elPSCs (at 0 mV) than STN—SNr neurons but similar eEPSCs (at -80
mV). We applied paired electrical pulses separated by 50 ms to
brain slices to evoke paired elPSCs and eEPSCs (Fig. 2p). STN—GPi
neurons displayed smaller paired-pulse ratios (PPRs) for elPSCs
than STN—SNr neurons, but PPRs for eEPSCs were similar in
STN-GPi and STN—SNr neurons (Fig. 2q). These results suggest
that presynaptic GABAergic terminals form stronger synaptic
connections with STN—GPi neurons than STN—SNr neurons and
that these terminals have a higher release probability.
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We next analyzed the correlations between electrical-
stimulation-induced changes in the firing rate and the amplitudes
of ePSCs (at -50 mV), elPSCs (at 0 mV), and eEPSCs (at —80 mV)
(Fig. 2r). We normalized the firing rate during electrical stimulation
at 20, 50, 100, and 130 Hz to the firing rate during baseline. Our
data show that the normalized firing rate has a better correlation
with the ePSC amplitude than with the elPSC or eEPSC amplitude.
Therefore, the direction and amplitude of the ePSC is a better
predictor of the effects of electrical stimulation on neuronal firing
than the elPSCs or eEPSCs.

Responses in STN—SNr and STN—GPi neurons to longer-duration
electrical stimulation

In clinical settings, persistent stimulation is required to maintain
the therapeutic benefits of DBS [1, 4, 5, 37, 38]. Furthermore, upon
repetitive stimulation, the strength of excitatory and inhibitory
synaptic transmission can be altered in different ways [39].
Therefore, it is necessary to explore neuronal responses to
stimulation of longer duration. Because they account for >70%
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of recorded neurons, we examined the firing responses of type 1
STN neurons (neurons with an outward ePSC at —50 mV) to longer
pulse trains.

From the time courses of instantaneous firing rates in STN
neurons during longer electrical stimulation (30s), we observed
two response phases (Fig. 3). The first phase was an initial
decrease (Fig. 3a, 3g) or increase (Fig. 3d, 3j) in the firing rate that
occurred within a few seconds of the onset of electrical
stimulation and showed little variability. The second phase was
a reduction (Fig. 3a, 3g) or increase (Fig. 3d, 3j) in the firing rate
accompanied by increased firing variability; this phase appeared
several seconds after the onset of electrical stimulation. The
variability stabilized around 10-30s after the initiation of the
electrical stimulation.

Although 20-130 Hz electrical stimulation partially or completely
inhibited most type 1 STN neurons in the first few seconds,
consistent with the results for 1 s stimulation described in the section
above, the longer-term effects varied (Fig. 3a—k). The overall effect of
30s 20Hz electrical stimulation was inhibitory in some neurons
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(Fig. 3a—c) but excitatory in others (Fig. 3d—f). A similar induced weaker inhibition (Fig. 3m, 30); (2) long-term electrical

phenomenon was observed for 130Hz electrical stimulation
(inhibitory: Fig. 3g—I; excitatory: Fig. 3j—I). Given that 1 s stimulation
consistently produced only inhibition in type 1 STN neurons (Fig. 2h),
these results suggest that long-term (30s) and short-term (15s)
electrical stimulation differ in how they modulate firing in STN
neurons. Quantitative analysis showed that (1) in comparison with
short-term electrical stimulation, long-term electrical stimulation

SPRINGER NATURE

stimulation significantly increased the CV of the firing rate in both
STN—SNr (Fig. 3n) and STN—GPi neurons (Fig. 3p). These data
suggest that, in type 1 STN neurons, the inhibitory effect of electrical
stimulation varies with time and long-term stimulation tends to
exacerbate the irregularity of the firing pattern.
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Fig. 2 Electrical-stimulation-evoked responses in STN—SNr and STN—GPi neurons. a The whole-cell patch-clamp technique was used to
record electrical-stimulation-evoked postsynaptic currents in STN neurons in mice. b Electrical stimulation (100 ps, 100 pA) evoked an outward
current (black trace) (evoked inhibitory postsynaptic current, elPSC) in a voltage-clamped STN neuron (V,; =0 mV), which was blocked by
10 UM GABAzine, a GABA, receptor blocker (gray trace). ¢ The amplitude of elPSCs in STN neurons in the absence (Control) and presence
(GABAzine) of GABAzine. t =5.56, P =0.003, n =6, Control vs GABAzine, two-tailed paired t-test. d Electrical stimulation (100 ps, 100 yA)
evoked an inward current (black trace) (evoked excitatory postsynaptic current, eEPSC) in a voltage-clamped STN neuron (V= — 80 mV),
which was blocked by 20 uM CNQX, a glutamate receptor blocker (gray trace). e The amplitude of eEPSCs in STN neurons in the absence
(Control) and presence (CNQX) of CNQX. t = 7.35, P =0.0007, n = 6, Control vs CNQX, two-tailed paired t-test. f AAV-retro-hSyn-eGFP was used
to label STN—SNr and STN—GPi neurons (four mice in each group), and the whole-cell patch-clamp technique was performed to record eGFP-
labeled STN neurons. g Postsynaptic currents were recorded upon electrical stimulation from a voltage-clamped type 1 STN neuron held at 0
(cyan), —50 (black), and —80 (brown) mV. The postsynaptic currents are respectively elPSCs, ePSCs, and eEPSCs. h 20, 50, 100, and 130 Hz
electrical stimulation (1s) inhibited firing in a current-clamped type 1 neuron. i elPSCs, ePSCs, and eEPSCs were recorded upon electrical
stimulation from a voltage-clamped type 2 STN neuron. j 20, 50, 100, and 130 Hz electrical stimulation (1s) enhanced firing in a current-
clamped type 2 neuron. k The number of type 1 and type 2 STN-SNr and STN-GPi neurons (x> = 0.13, P = 0.71, Chi-square test). | Summary of
the amplitude of ePSCs in type 1 STN—SNr neurons (dark green, n = 13), type 1 STN—GPi neurons (purple, n = 17), type 2 STN—SNr neurons
(dark green, n =5), and type 2 STN—GPi neurons (purple, n =5). Type 1: K-S =0.57, P=0.001, STN—SNr vs STN—GPi, K-S test. Type 2: t = 0.54,
P=0.61, STN—SNr vs STN—GPi, two-tailed t-test. m Firing rates in type 1 STN neurons during 1 s electrical stimulation at 20, 50, 100, and 130
Hz were normalized to the firing rates during baseline. 20 Hz: t =0.10, P=0.92; 50 Hz: t =0.21, P=0.93; 100Hz: t =0.74, P=0.47; 130 Hz: t =
0.07, P=0.95; STN—SNr vs STN—GPi, two-tailed t-test. n Firing rates in type 2 STN neurons during 1 s electrical stimulation at 20, 50, 100, and
130 Hz were normalized to firing rates during baseline. 20 Hz: t = 1.34, P=0.24; 50 Hz: t = 2.51, P=0.03; 100 Hz: t = 2.15, P=0.07; 130 Hz: t =
0.93, P=10.38; STN—SNr vs STN—GPi, two-tailed t-test. o0 Summary of the amplitude of elPSCs and eEPSCs in STN—SNr neurons (dark green,
n=18) and STN—GPi neurons (purple, n = 22). elPSCs: t = 8.28, P < 0.0001; eEPSCs: t = 0.05, P = 0.96; STN—SNr vs STN—GPi, two-tailed t-test.
p Typical traces of elPSCs and eEPSCs in an STN—SNr neuron and an STN—GPi neuron. g Summary of paired-pulse ratios of elPSCs and eEPSCs
in STN—SNr neurons (dark green, n = 18) and STN—GPi neurons (purple, n = 22). elPSCs: t = 2.26, P = 0.03; eEPSCs: t = 0.36, P = 0.72; STN—SNr
vs STN—GPi, two-tailed t-test. r Spearman rank correlations between the normalized firing rates during 1s electrical stimulation and the

amplitudes of ePSCs, elPSCs, and eEPSCs in STN neurons (n = 27).

6-OHDA lesion alters synaptic transmission in STN—SNr and STN
—GPi neurons

To address whether synaptic transmission is altered in STN—SNr
and STN—GPi neurons in parkinsonian mice, we injected 6-OHDA
intracranially in the MFB in the right hemisphere to establish a
hemiparkinsonian mouse model (Fig. 4a-d) and then performed
whole-cell patch-clamp recordings in STN—SNr and STN—GPi
neurons in brain slices from the right hemisphere (Fig. 4e). We
observed that unilateral 6-OHDA injection in the MFB lesioned
most of the dopaminergic neurons in the ipsilesional substantia
nigra pars compacta (SNc) (Figs. 4b, 4c) and impaired locomotion
in mice (Fig. 4d). These data indicate that the hemiparkinsonian
mouse model was successfully established. We then recorded
elPSCs and eEPSCs in STN neurons by holding membrane
potentials at 0 mV and —80mV, respectively (Fig. 4f, 4h). We
found no difference between control and parkinsonian mice in
either the amplitude of the first elPSC or the first eEPSC evoked by
paired electrical stimulation or in the paired-pulse ratio of elPSCs
or eEPSCs in STN—SNr neurons in the ipsilesional side (Fig. 4f, 4g).
Interestingly, in STN-GPi neurons, 6-OHDA lesion reduced the
amplitude of the first elPSC and increased the PPR of elPSCs,
without altering the amplitude or PPR of eEPSCs (Fig. 4h, 4i). The
selective impairment to inhibitory synaptic inputs in STN—GPi
neurons in parkinsonian mice reversed the balance of excitation
and inhibition in STN—GPi neurons, but not in STN-SNr neurons,
resulting in an increased proportion of type 2 STN—GPi neurons in
parkinsonian mice (Fig. 4j). The ePSCs in type 1 and type 2 STN
—SNr neurons did not differ between control and parkinsonian
mice (Figs. 4k, 4l); by contrast, ePSCs in type 1 but not type 2 STN
—GPi neurons were significantly reduced in parkinsonian mice
(Fig. 4m, 4n). Therefore, in parkinsonian mice, the balance
between excitatory and inhibitory synaptic inputs in STN—GPi
neurons is disrupted, favoring excitation, whereas the balance
remains normal in STN—SNr neurons.

6-OHDA lesion alters responses to electrical stimulation in STN
—SNr and STN—GPi neurons

We next tested whether the firing rate and the CV of the firing rate
in STN—SNr and STN—GPi neurons are regulated by short-term
and long-term electrical stimulation at 20—130 Hz differently in
control and parkinsonian mice. To fulfill this goal, we normalized
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the firing rate and the CV of the firing rate during electrical
stimulation to that during baseline and plotted cumulative
probability curves of the normalized values in control and
parkinsonian mice (Fig. 5, Fig. 6). Significant leftward or rightward
shift in the curve in parkinsonian mice relative to control
mice represents a decrease or an increase in the parameter on
the x-axis.

Our data show that both short-term and long-term electrical
stimulation at 20— 130 Hz inhibited type 1 STN—SNr neurons more
strongly in parkinsonian mice than in control mice (Fig. 5a-h).
Long-term electrical stimulation at 20—130Hz exerted similar
effects on the CV of the firing rate in STN—SNr neurons in
parkinsonian mice and control mice (Fig. 5i-l). For STN—GPi
neurons, we found that the short-term electrical-stimulation-
induced increase in the firing rate was much stronger in
parkinsonian mice than in control mice (Fig. 6a—d); by contrast,
long-term electrical stimulation reduced the firing rate (values <1
on the x-axis) much more in parkinsonian mice than in control
mice, but increased the firing rate (values >1 on the x-axis) much
less (Fig. 6e—h); long-term electrical stimulation at 20 and 50 Hz
significantly increased the CV of the firing rate in parkinsonian
mice compared with control mice, but long-term electrical
stimulation at 100 and 130 Hz increased the CV of the firing rate
similarly in parkinsonian mice and control mice (Fig. 6i—I).

These data suggest that 6-OHDA lesion modifies the
excitatory—inhibitory balance in STN—GPi neurons, enhances the
inhibition of STN—SNr and STN—GPi neurons induced by long-
term electrical stimulation, and exacerbates the firing irregularities
induced in STN—GPi neurons by long-term, low-frequency
electrical stimulation.

DISCUSSION

Although synaptic inputs play a minor role in maintaining
spontaneous firing in STN neurons [40, 41], they are critical in
shaping the firing rate and firing pattern [42, 43]. Moreover,
synaptic inputs to STN neurons, especially the hyperdirect
pathway, are targets of DBS to relieve parkinsonian motor
symptoms [4, 6, 7, 12, 19, 44]. It is still unknown whether STN
neurons projecting to different downstream pathways exhibit
similar responses to DBS. In the classical standpoint, the STN
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Fig. 3 Effects of long-term stimulation on STN—SNr and STN—GPi neurons. a—c 30 s 20 Hz electrical stimulation partially inhibited firing in a
type 1 STN—SNr neuron (a, typical trace; b, time course; ¢, 1s trace under different conditions). d—f 30 s 20 Hz electrical stimulation enhanced
firing in a type 1 STN—SNr neuron (d, typical trace; e, time course; f, 1's trace under different conditions). g-i 30 s 130 Hz electrical stimulation
partially inhibited firing in a type 1 STN—SNr neuron (g, typical trace; h, time course; i, 1s trace under different conditions). j-1 30s 130 Hz
electrical stimulation enhanced firing in a type 1 STN—SNr neuron (j, typical trace; k, time course; I, 1 s trace under different conditions). m Firing
rates in type 1 STN—SNr neurons during 1 s and 30 s electrical stimulation at 20, 50, 100, and 130 Hz were normalized to baseline. 20 Hz: t = 2.25,
P=0.04, 1s vs 30s, two-tailed paired t-test; 50 Hz: t = 2.86, P = 0.02, 1 s vs 30's, two-tailed paired t-test; 100 Hz: Z-Statistic = 2.67, P =0.004, 1s vs
305, two-tailed Wilcoxon Signed Rank test; 130 Hz: Z-statistic = 2.67, P=0.004, 1s vs 30, two-tailed Wilcoxon Signed Rank test. n=9.n 30s
electrical stimulation increased the CV of the firing rate in type 1 STN—SNr neurons. 20 Hz: t = 2.56, P = 0.02; 50 Hz: t = 2.24, P=0.04; 100 Hz: t =
2.82, P=0.01; 130 Hz: t =3.62, P=10.002; 30 s stimulation vs baseline, two-tailed paired t-test. n =9. o Firing rates in type 1 STN—GPi neurons
during 1s and 30s electrical stimulation at 20, 50, 100, and 130 Hz were normalized to baseline. 20 Hz: t = 5.08, P = 0.0003; 50 Hz: t =5.78, P <
0.0001; 100 Hz: t =3.22, P=10.008; 130 Hz: t = 6.38, P < 0.0001, 15 vs 30s, two-tailed paired t-test. n=13. p 30 s electrical stimulation increased
the CV of the firing rate in type 1 STN—GPi neurons. 20 Hz: t = 2.48, P = 0.02; 50 Hz: t = 3.03, P = 0.006; 100 Hz: t = 3.52, P = 0.002; 130 Hz: t = 5.25,
P <0.0001; 30s stimulation vs baseline, two-tailed paired t-test. n =11.

regulates the thalamocortical pathway and movement via the SNr membrane resistance and stronger responses to depolarizing
and GPi [1, 4, 19]: thus, we attempted to elaborate the stimulation. We used ePSCs to represent the predominance of
mechanisms by which electrical stimulation modulates STN—SNr excitatory and inhibitory synaptic inputs and demonstrated that
and STN—GPi neurons. We found that STN—SNr and STN—GPi ePSCs were better than elPSCs and eEPSCs in predicting inhibition
neurons differed in their intrinsic membrane properties, synaptic (type 1) and excitation (type 2) of STN neurons by short-term
transmission, and responses to short- and long-term electrical electrical stimulation. We found that type 1 neurons accounted for
stimulation at 20—130 Hz. Above all, the inhibitory synaptic inputs most of the STN—SNr and STN—GPi neurons, consistent with
in STN—GPi neurons were selectively impaired in parkinsonian previous morphological studies showing that GABAergic terminals
mice, resulting in distinct responses to short-term and long-term comprise ~60% of the total boutons on STN neurons [15, 45, 46], and
electrical stimulation in STN—GPi neurons. Our results suggest that consistent with a clinical electrophysiological study showing that
STN—GPi neurons are significantly modified in the parkinsonian short-term DBS inhibits most STN neurons [47]. Our data reveal that
condition, but may be restored by STN-DBS. type 1 STN—GPi neurons exhibit greater elPSCs than type 1 STN—SNr
Intrinsic membrane properties and synaptic inputs are two major neurons. Therefore, the effect of electrical stimulation on STN
factors governing and shaping neuronal excitability. We observed neurons depends on both intrinsic membrane properties and on the
that STN—SNr and STN—GPi neurons had several similar intrinsic predominance of excitatory or inhibitory synaptic inputs.
parameters, such as resting membrane potential, firing rate, and In the present study, we found a dramatic difference in the
firing pattern; by contrast, STN—SNr neurons exhibited higher resting modulation of type 1 STN—SNr and STN—GPi neurons by short-
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term and long-term electrical stimulation. Although short-term
electrical stimulation consistently inhibited STN neurons, long-
term electrical stimulation caused either diminished inhibition or
even excitation. We postulate that long-term electrical stimulation
may attenuate inhibitory drive by activating presynaptic GABAg
autoreceptors [48, 49], reducing ClI~ gradients between the
extracellular medium and the cytoplasm [43], and even activating
cation channels [41, 43]. Steiner et al. demonstrated that during 1
s repetitive stimulation of the STN, eEPSCs decay more robustly
than elPSCs [39], which seems inconsistent with our results and
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the results from other studies [41, 43, 48, 49]. It is noteworthy that,
unlike the present study, Steiner et al. isolated elPSCs and eEPSCs
pharmacologically [39]. We cannot rule out the possibility that
blocking either glutamate receptors or GABA, receptors may
change the circuit outcomes of electrical stimulation. Never-
theless, our results argue that one should be cautious in
explaining the biophysical bases of DBS using the results obtained
from short-term electrical stimulation and hint that uniform
inhibition or stimulation of neuronal activity may not replicate the
effects of long-term electrical stimulation in the STN.
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Fig. 4 Synaptic inputs in STN—SNr and STN—GPi neurons are differentially modified in parkinsonian mice. a AAV-retro-hSyn-eGFP was
injected in the SNr or GPi to label STN—SNr or STN—GPi neurons. 6-OHDA was injected in the medial forebrain bundle (MFB) in the right
hemisphere to establish a hemiparkinsonian mouse model. b Dopaminergic (DA) neurons were labeled with tyrosine hydroxylase (TH)-
antibody (purple) in a brain section from a mouse subjected to 6-OHDA lesion in the right hemisphere. ¢ Summary of DA neurons in each
section. t =9.17, P < 0.0001, n =9, ipsilesional vs contralesional, two-tailed t-test. d Distance traveled within 20 min in an open-field arena was
reduced in 6-OHDA mice. t = 4.88, P < 0.0001, Saline (n = 12) vs 6-OHDA (n = 10), two-tailed t-test. e Diagram of the patch-clamp recordings in
STN—SNr or STN—GPi neurons. f Paired electrical-stimulation-evoked elPSCs (at 0 mV) and eEPSCs (at —80 mV) in an STN—SNr neuron in a
Saline mouse (left panel) and in a different STN—SNr neuron in a 6-OHDA mouse (right panel). g The amplitude (left panel) of elPSCs (>0 pA)
(t=0.43, P=0.67, Saline vs 6-OHDA, two-tailed t-test) and eEPSCs (<0 pA) (t=1.08, P=0.29, Saline vs 6-OHDA, two-tailed t-test) and the
paired- pulse ratio (right panel) of elPSCs (t = 0.78, P = 0.46, Saline vs 6-OHDA, two-tailed t-test) and eEPSCs (t =0.10, P = 0.92, Saline vs 6-
OHDA, two-tailed t-test) in STN—SNr neurons (Saline, n = 18; 6-OHDA, n = 12) in Saline (n =4) and 6-OHDA (n = 3) mice. h Paired electrical-
stimulation-evoked elPSCs and eEPSCs in an STN—GPi neuron in a Saline mouse (left panel) and in a different STN—GPi neuron in a 6-OHDA
mouse (right panel). i The amplitude (left panel) of elPSCs (t =4.19, P=0.0001, Saline vs 6-OHDA, two-tailed t-test) and eEPSCs (t =0.09, P =
0.92, 6-OHDA vs Saline, two-tailed t-test), and the paired-pulse ratio (right panel) of elPSCs (t =2.71, P=0.01, Saline vs 6-OHDA, two-tailed t-
test) and eEPSCs (t =0.13, P = 0.90, Saline vs 6-OHDA, two-tailed t-test) in STN—GPi neurons (Saline, n = 25; 6-OHDA, n = 22) in Saline (n =4)
and 6-OHDA (n = 4) mice. j Proportions of type 1 and type 2 STN—SNr and STN—GPi neurons in Saline and 6-OHDA mice. STN—SNr: x> = 0.16,
P = 0.68; STN—GPi: x* = 15.13, P = 0.0001; Saline vs 6-OHDA, Chi-Square test. k ePSCs in type 1 (upper panels) and type 2 (lower panels) in STN
—SNr neurons in Saline (left panels) and 6-OHDA mice (right panels). | The amplitudes of ePSCs in type 1 and type 2 STN—SNr neurons in
Saline (n = 4) and parkinsonian (n = 3) mice. Type 1: t = 0.59, P = 0.56; Type 2: t = 1.28, P = 0.24; Saline vs 6-OHDA, two-tailed t-test. Numbers
in brackets indicate numbers of recorded neurons. m ePSCs in type 1 (upper panels) and type 2 (lower panels) STN—GPi neurons in Saline (left
panels) and 6-OHDA mice (right panels). n The amplitudes of ePSCs in type 1 and type 2 STN—GPi neurons in Saline (n = 4) and parkinsonian
(n =4) mice. Type 1: t =5.05, P=0.0001; Type 2: P=1.74, P=0.12; Saline vs 6-OHDA, two-tailed t-test. Numbers in brackets indicate numbers

of recorded neurons.

Hyperactivity in STN neurons is commonly reported in
parkinsonian animals [31, 32]. Some elegant cell-specific and
projection-specific optogenetic studies have demonstrated that
cortical glutamatergic inputs and pallidal GABAergic inputs are
reduced/enhanced in parkinsonian rodents, respectively [9-11].
These results seem contradictory to the reported hyperactivity in
STN neurons, and suggest that the alterations in cortical and
pallidal inputs may be compensatory mechanisms to prevent STN
neurons from over-excitation [9-11]. In the present study, we
observed that lesion of SNc dopaminergic neurons differentially
altered the synaptic inputs to STN—SNr and STN—GPi neurons: it
did not change eEPSCs and elPSCs in STN—SNr neurons but it
impaired elPSCs without altering eEPSCs in STN—GPi neurons.
Consistent with these modifications, in parkinsonian mice, the
proportion of type 2 STN—GPi neurons increased significantly, but
that of type 2 STN—SNr neurons did not change, and short-term
electrical stimulation increased the firing rate in more STN—GPi
neurons than STN—SNr neurons. Discrepancies between our data
and previous optogenetic studies may be associated with the
differences between optogenetic and electrical stimulation.
Optogenetic stimulation cell-specifically activates particular types
of synaptic terminals in the illuminated region. By contrast,
electrical stimulation recruits many types of synaptic terminals in a
much smaller region around the stimulating electrode, and causes
the release of multiple neurotransmitters, such as GABA,
glutamate, dopamine, and histamine, etc. GABAergic and gluta-
matergic terminals tend to be regulated by other neurotransmit-
ters [32, 50-52]. Thus, optogenetic studies are valuable for
dissecting neural circuits, but electrical stimulation is necessary
to uncover the overall circuit outcomes of DBS.

Low- and high-frequency STN-DBS exacerbates or improves
motor function in parkinsonian animals, respectively, but does not
alter movement in control animals [6, 51]. Therefore, elucidating
the difference between control and parkinsonian mice in the
modulation of the firing rate and the CV of the firing rate by low-
and high-frequency stimulation may have implications for under-
standing the circuit bases of motor improvement by STN-DBS in
parkinsonian animals. We found that, in parkinsonian mice, short-
term and long-term electrical stimulation modulated the firing
rate and the CV of the firing rate differently in STN—SNr and STN
—GPi neurons. 6-OHDA lesion enhanced short-term electrical-
stimulation-induced inhibition of type 1 STN—SNr neurons and
short-term electrical-stimulation-induced excitation of STN—GPi
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neurons. This drastic contrast may be related to the reversal in the
balance between excitatory and inhibitory synaptic inputs (from
inhibition to excitation) observed in a considerable proportion of
STN—GPi neurons in parkinsonian mice. In parkinsonian mice,
6-OHDA lesion enhanced the inhibition but attenuated the
excitation induced by long-term electrical stimulation of STN
—SNr and STN—GPi neurons. This may result in overall inhibition
of STN neurons, which is an important reported outcome of STN
DBS that improves motor outcomes [6, 47]. Long-term electrical
stimulation increased the CV of the firing rate in STN neurons. A
significant difference in this effect between control and parkinso-
nian mice was observed in STN—GPi neurons in response to long-
term electrical stimulation at 20 and 50Hz. Zhuang et al.
demonstrated that regularization of the firing in STN neurons
leads to improvement of motor deficits in parkinsonian rats [51]. In
line with this, our data suggest that 20—50Hz electrical
stimulation may exacerbate irregularity in the firing of STN
neurons in parkinsonian mice and result in deterioration of motor
symptoms.

In addition to the SNr and GPi, the STN projects to other motor-
related nuclei, including the globus pallidus externa, the substantia
nigra pars compacta, the pedunculopontine nucleus, and the
anterior thalamic nucleus, etc [1, 4, 15, 29, 39, 53-55]. Furthermore,
these projection neurons may not be exclusively separable from
each other [56-58]. Investigations combining more sophisticated
retrograde tracing, molecule-specific labeling [59], and ex vivo and
in vivo electrophysiological recordings (neuronal firing, synaptic
inputs, and field potentials) are warranted to test the effects of DBS
on individual STN projection neurons. Another limitation of the
present study is that ex vivo brain slices preserve only the regional
neural circuit, and electrical stimulation in brain slices recruits only a
small sector of the global neural circuitry. In vivo studies
demonstrate that high-frequency STN stimulation induces a
reduction in firing rate and regularization of firing in STN neurons
[4-7, 51]. We observed the former but not the latter. This
inconsistency suggests that the global circuits, especially feedback
loops that are absent from brain slices, may play an important role
in determining the firing pattern in STN neurons. A further potential
issue is that we isolated elPSCs and eEPSCs biophysically. That is,
we held the membrane potential of a neuron at the theoretical
reversal potential of either CI™ or cations to respectively record
currents mediated by cation and CI™ channels. With our K-
gluconate-based intrapipette solution, the membrane potential

Acta Pharmacologica Sinica (2022) 43:1928 - 1939



Electrical modulation of subthalamic neuronal subsets
C Xiao et al.

STN-SNr neurons

a 20 Hz 15 b 50 Hz 15

> 2

£10 = 101

8 ©

g 8 S 081

S 6 KS=080 g 061 KS=0.77

g 4 P=0.000 2 g4 P=0.000

5, o saline 3 | o saline

g2 e 6-0HDA E @ 6-OHDA

300 O 00 ——
00 5 10 15 20 0.0 0.2 04 0.6 0.8 1.
Normalized firing rate Normalized firing rate

e 20Hz 30's f 50 Hz30's

> =

=10 = 10

2 ©

g 8 S 08

5 6 KS=0.39 S 06 KS=0.33

o P=0.009 2 P=0.14

= 4 £ 0.4

2 o Saline S 02 o Saline

£ e 6-OHDA § e 6-OHDA

300 O 00+ . . .
0 1 2 3 0o 1 2 3
Normalized firing rate Normalized firing rate

i .

20Hz 30s J 50Hz 30s

> 2

£1.0 = 1.0

5 ]

g &1 S 08 -

<. 5 .

s 6 Ks=023 o 06 KS=0.36

2> 4 P=0.41 2 04 A P=0.11

2 . g0

2 L] o Saline S o5 o Saline

g - @ 6-OHDA E " @ 6-OHDA

3 O 0.0 ++————
01 2 3 4 5 0123 45 6

Normalized CV

Normalized CV

¢ 100 Hz 1s d 130 Hz 1s
= >
= 1.0 = 104
3 2
S 081 g 8
S 061 KS=0.60 a 61 KS=0.80
.% 04 4 P=0.009 g 4 4 P=0.003
3 024 O  Saline g, O Saline
g . ® 6-OHDA g : @ 6-OHDA
O 00 ———— 3 00 —
0.0 0.2 04 0.6 08 1.0 00 2 4 6 8 10
Normalized firing rate Normalized firing rate
g 100 Hz 30 s h 130 Hz 30's
>
= 10 2 10
5 3
S 081 T 8
= [e]
S 06 - KS=0.29 5 6 KS=0.55
2 P=0.26 o P<0.001
£ 04 z 4
E 0.2 4 O Saline g, O Saline
5 e 6-OHDA £ @ 6-OHDA
O 00 . . . 300
0 1 2 3 © 0 1 2 3
Normalized firing rate Normalized firing rate
k |
100 Hz 30s 130 Hz 30s
> 2
Z 10 = 1.0
S 08 3 8
o o -
o s .|
o 0.6 KS=0.17 o KS=0.28
2 044 P=0.96 2 44 P=0.12
T ©
S 024 O Saline S o O Saline
E ™ ® 6-OHDA E - © 6-OHDA
O O 0.0 +6— T T T
0123456 0 2 4 6 8

Normalized CV

Normalized CV

Fig. 5 Electrical stimulation of the STN modulates firing in STN—SNr neurons in control and parkinsonian mice. a-d Cumulative
probability curves of the normalized firing rate during 1s 20 Hz (a), 50 Hz (b), 100 Hz (c), and 130 Hz (d) electrical stimulation in type 1 STN
—SNr neurons in Saline mice (open green circle, n =12 from four mice) and 6-OHDA mice (solid green circle, n =8 from four mice). e-h
Cumulative probability curves of the normalized firing rate during 30 s 20 Hz (e), 50 Hz (f), 100 Hz (g), and 130 Hz (h) electrical stimulation in
type 1 STN—SNr neurons in Saline mice (open green circle, n = 12 from four mice) and 6-OHDA mice (solid green circle, n =8 from four mice).
i-l Cumulative probability curves of the normalized CV of the firing rate during 1s 20 Hz (i), 50 Hz (j), 100 Hz (k), and 130 Hz (l) electrical
stimulation in type 1 STN—SNr neurons in Saline mice (open green circle, n = 12 from four mice) and 6-OHDA mice (solid green circle, n =8
from three mice). The statistical significance of curve shifts was evaluated with K-S tests.

may not be controlled accurately at the intended holding potentials
because potassium channels are persistently open at 0 mV. This
caveat may affect the measurement of elPSCs. However, we
observed that the elPSCs and eEPSCs in STN neurons were blocked
by 10 uM GABAzine and 20 uM CNQX, respectively. This suggests
that under our experimental conditions, the difference between the
actual clamped voltage and the intended holding potential caused
by the intrapipette solution may not have been so dramatic as to
affect the receptor types mediating the elPSCs and eEPSCs.
Furthermore, although we may not have measured the elPSCs
accurately, the results we acquired from different groups of
neurons remain eligible for comparison as the parameters were
recorded under the same conditions. Finally, parkinsonian patho-
physiology develops rapidly in the 6-OHDA-lesioned parkinsonian
model and the resulting malfunctions in basal ganglia circuits may
not be the same as in other parkinsonian models with slower
disease progression. Further investigation is warranted to address
whether the same properties and changes in STN—GPi neurons are
also observed in neurotoxin-induced or genetically-modified slow-
progressing parkinsonian animal models.

Acta Pharmacologica Sinica (2022) 43:1928-1939

In conclusion, we have provided electrophysiological evidence
showing that the predominance of inhibitory synaptic inputs was
more apparent in STN—GPi neurons than in STN—SNr neurons;
6-OHDA lesion impaired the inhibitory inputs to STN—GPi neurons
and reversed the input predominance from inhibitory to excitatory in
these neurons; continuous electrical stimulation generally inhibited
firing in both STN—SNr and STN—GPi neurons in parkinsonian mice,
but low-frequency stimulation exacerbated firing irregularity in STN
—GPi neurons in the parkinsonian condition. Therefore, STN—GPi
neurons may be involved in both the pathophysiology of PD and
DBS treatment of PD motor deficits.
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