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Long-Lasting Electrophysiological After-Effects of
High-Frequency Stimulation in the Globus Pallidus:
Human and Rodent Slice Studies

Feng Luo, Linda H. Kim, Philippe Magown, M. Sohail Noor, and Zelma H.T. Kiss
Department of Clinical Neurosciences and Hotchkiss Brain Institute, Cumming School of Medicine, University of Calgary, Calgary, Alberta T2N 4N1,
Canada

Deep-brain stimulation (DBS) of the globus pallidus pars interna (GPi) is a highly effective therapy for movement disorders, yet its
mechanism of action remains controversial. Inhibition of local neurons because of release of GABA from afferents to the GPiis a proposed
mechanism in patients. Yet, high-frequency stimulation (HES) produces prolonged membrane depolarization mediated by cholinergic
neurotransmission in endopeduncular nucleus (EP, GPi equivalent in rodent) neurons. We applied HFS while recording neuronal firing
from an adjacent electrode during microelectrode mapping of GPi in awake patients (both male and female) with Parkinson disease (PD)
and dystonia. Aside from after-suppression and no change in neuronal firing, high-frequency microstimulation induced after-facilitation
in 38% (26/69) of GPi neurons. In neurons displaying after-facilitation, 10 s HES led to an immediate decrease of bursting in PD, but not
dystonia patients. Moreover, the changes of bursting patterns in neurons with after-suppression or no change after HFS, were similar in
both patient groups. To explore the mechanisms responsible, we applied HFS in EP brain slices from rats of either sex. As in humans, HFS
in EP induced two subtypes of after-excitation: excitation or excitation with late inhibition. Pharmacological experiments determined
that the excitation subtype, induced by lower charge density, was dependent on glutamatergic transmission. HES with higher charge
density induced excitation with late inhibition, which involved cholinergic modulation. Therefore HES with different charge density may
affect the local neurons through multiple synaptic mechanisms. The cholinergic system plays a role in mediating the after-facilitatory
effects in GPi neurons, and because of their modulatory nature, may provide a basis for both the immediate and delayed effects of
GPi-DBS. We propose a new model to explain the mechanisms of DBS in GPi.
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Deep-brain stimulation (DBS) in the globus pallidus pars interna (GPi) improves Parkinson disease (PD) and dystonia, yet its
mechanisms in GPi remain controversial. Inhibition has been previously described and thought to indicate activation of GABAe-
rgic synaptic terminals, which dominate in GPi. Here we report that 10 s high-frequency microstimulation induced after-
facilitation of neural firing in a substantial proportion of GPi neurons in humans. The neurons with after-facilitation, also
immediately reduced their bursting activities after high-frequency stimulation in PD, but not dystonia patients. Based on these
data and further animal experiments, a mechanistic hypothesis involving glutamatergic, GABAergic, and cholinergic synaptic
transmission is proposed to explain both short- and longer-term therapeutic effects of DBS in GPi. j

ignificance Statement

Introduction
Deep-brain stimulation (DBS) is a highly effective therapy for
movement disorders (Kringelbach et al., 2007). When applied in
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the globus pallidus pars interna (GPi) DBS improves many of the
pathological symptoms of Parkinson disease (PD) (Follett et al.,
2010) and dystonia (Kiss et al., 2007), although on different time
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Table 1. Demographic and dlinical details of the patients
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After-effects of GPi neurons

. Facilitation

Disease -
No. Sex Age,y Diagnosis UPDRS duration, y Dis-c 4 Suppression No change
3066 F 52 PD 47 6 0 1 1 0
3067 F 67 PD 69 13 2 1 1 1
3068 M 54 MD 514 42 2 2 10 2
3069 F 68 PD 58 10 0 4 2 2
3070 M A PD 54 7 0 1 5 3
3071 M 72 PD 64 10 1 7 7 4
3073 M 69 PD 27 7 0 1 3 0
3074 F 75 @)} 48° 30 4 1 0 1
3075 F 27 GD 50 15 1 2 1 2
3077 M 60 Q)] 19 50 0 1 2 2
3080 F 72 PD 57 8 0 0 2 2
3082 M Al PD 69 12 1 0 0 0

Total n 21 34 19

PD 4 15 21 12

Dystonia 7 6 13 7

MD, myoclonic dystonia; CD, cervical dystonia; GD, generalized dystonia. Dis-c, discontinuous facilitation; ¢, continuous facilitation; UPDRS, The Unified Parkinson’s Disease Rating Scale.

“The Burke—Fahn—Marsden Dystonia Rating Scale.
STWSTRS, Toronto Western Spasmodic Rating Scale.

scales (Krauss et al., 2004). Although the immediate mechanisms
of action of DBS applied to other targets have been characterized
(Li et al., 2012), how DBS works in GPi remains controversial.

GPi is the output nucleus of the basal ganglia that relays neu-
ronal firing to the ventral thalamic complex through GABAergic
projections (Kuo and Carpenter, 1973). Abnormal firing and in-
creased bursting activities in GPi are observed in both PD and
dystonia patients compared with normal nonhuman primates
(Starr et al., 2005; Nishibayashi et al., 2011), and these are asso-
ciated with the off medication state in PD (Levy et al., 2001). In
the treatment of movement disorders, GPi DBS is similar to pal-
lidotomy (Merello et al., 1999) leading to the idea that inhibition
of local GPi neurons is responsible for DBS benefit. Also in hu-
mans, low-frequency stimulation through a microelectrode in
GPi induced short-lasting inhibition of local neural firing,
whereas high-frequency stimulation (HFS) completely blocked
firing (Dostrovsky et al., 2000). This inhibition is also observed as
an after-effect following the cessation of GPi DBS and is thought
to be mediated by GABA release from the predominant GABAe-
rgic afferents in the GPi (Lafreniere-Roula et al., 2010). With
intense GABAergic inhibition, GPi-DBS dissociates inputs and
outputs in the GPi and disrupts information flow through the
GPi to thalamus and cortex (Chiken and Nambu, 2013). How-
ever, inhibition of GPi neurons cannot always explain the fact
that GPi-DBS has therapeutic effects on both hypokinetic disor-
ders, such as PD, and dystonia, which is a hyperkinetic disorder
(McCairnetal., 2015). Studies in nonhuman primates report that
GPi neural activity can be maintained or even increased and fir-
ing patterns are altered during DBS (Bar-Gad et al., 2004; Mc-
Cairn and Turner, 2009) suggesting that DBS-induced excitatory
responses in GPi may contribute to the therapeutic benefits
through regularization of abnormally bursting neural firings. Al-
though there is a study showing increased spiking in GPi neurons
during DBS (Cleary et al., 2013), evidence for DBS-induced after
facilitation and its contribution to regularizing the pathological
bursting in human GPi are lacking.

Entopeduncular nucleus (EP) is the rodent equivalent of GPi
and has been used as an animal model to explore the therapeutic
mechanism of DBS (Shin et al., 2007; Shin and Carlen, 2008). GPi
receives significant cholinergic inputs from the brainstem pedun-

culopontine tegmental nucleus (PPN) in rodents (Woolf and
Butcher, 1986) and primates (Lavoie and Parent, 1994). We re-
cently showed that HFS applied inside the EP induces a pro-
longed after-depolarization, which was dependent on activation
of cholinergic inputs and postsynaptic muscarinic receptors in
rat brain slice (Luo and Kiss, 2016). No previous study has exam-
ined the DBS-induced delayed after-excitation in GPi, for any
longer than the initial few seconds during and after HFS is ap-
plied. Therefore, there were three objectives of this study. One
was to validate our findings in rodents by evaluating delayed
increased spiking in patients with movement disorders undergo-
ing microelectrode recordings in the GPi. We tested the hypoth-
esis that high-frequency microstimulation applied in human GPi
will produce after-effects with increased neuronal firing, similar
to the membrane depolarization seen in our rodent model. The
second objective was to analyze the changes in burst firing pat-
terns after HFS. We hypothesize that the facilitatory after-effect
may contribute to regularize the burst firing. The third objective
was to explore the neural mechanism of the after-facilitation in
rodent brain slice. We correlated human data to those obtained in
the rodent slice model by seeking evidence for similar firing pat-
terns. This could allow inferences to be made in humans based on
the working mechanisms of HES in EP brain slice.

Materials and Methods

Human studies

Subject demographics. Twelve patients (8 PD, 4 dystonia) who underwent
stereotactic surgery for the implantation of DBS electrodes, were in-
cluded in this study. Demographic and clinical details are summarized in
Table 1. Collection of data from intraoperative recordings and micro-
stimulation was approved by the University of Calgary Conjoint Health
Research Ethics Board.

Intraoperative recordings. Single-unit recording in GPi was performed
in awake patients undergoing mapping for placement of DBS electrodes.
Only local anesthesia was used throughout the procedure. Our micro-
electrode recording methods have been previously described (Lee and
Kiss, 2014). Before the implantation of the DBS electrode, two epoxy-
coated tungsten microelectrodes glued together (impedance: 0.1-1.0
M) at 1 kHz; distance between tips: 250—300 um; FHC) were used to
target the GPi. Neural signals were amplified (5000X) and filtered (100
Hz to 10 kHz bandpass) using NeuroSystem-2 (Atlantic Research Sys-
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tems), and recorded on VHS tapes with a digital recorder (CRC VR-AD
100, Instrutech). A stimulus generator plus constant-current isolator
(A360 and A310, WPI) was used to generate monophasic pulses. All
signals were replayed off-line and digitized at 10 kHz for spikes (CED
1401, Cambridge Electronics Design). Locations of recording sites were
reconstructed according to the predicted electrode trajectory based on a
brain atlas (Shaltenbrand and Wahren, 1977). The atlas map was scaled
to fit each patient’s anterior and posterior commissure. Physiological
landmarks were obtained from single-cell recordings and microstimula-
tion data that allowed identification of regions with or without cellular
activity (gray vs white matter), peripallidal border cells, the optic tract
and the internal capsule (Lee and Kiss, 2014). Recordings started 15 mm
above target so that the globus pallidus pars externa (GPe) was recorded
first before entering the GPi. There was an area of white matter between
the GPe and GPi, which was identified by a decrease in neural activity.
The dorsal and ventral borders of GPi were identified by presence of
slower, more regular firing “border” cells. Below the ventral border of
GPi was a white matter region before the optic tract was reached. Optic
tract was identified by visual percepts evoked by microstimulation (Fig.
1A). The trajectory chosen for macro-electrode implantation was con-
firmed with postoperative imaging (Fig. 1B).

Experimental design. Once a single cell was isolated from the recording
electrode, baseline spontaneous cell firing (spikes/s) was recorded for 1-2
min (prestimulation). A 10 s microstimulation train (frequency: 333 Hz;
pulse width: 0.2 ms) was delivered either through the recording electrode
(10 nA) or the adjacent electrode (100 wA). Spontaneous responses were
continuously recorded for another 2—4 min (poststimulation) and used
to evaluate the after-effect of DBS. Neurons that were lost right after
microstimulation were excluded from analysis.

Digitized spike trains were visually inspected and imported into an
off-line sorter (Plexon) for isolating populations of action potentials
using principal components analysis and template-matching. Single
units were accepted for analysis if they met two criteria (Liu et al., 2012):
(1) Spike shape was consistent and could be separated from background
noise and other neuronal spikes. (2) Interspike interval was not <1.5 ms
to help rule out the possibility of multiple neuron activity. Neuroexplorer
(Plexon) was used for these analyses. Spike times were subsequently im-
ported into MATLAB R2016a (MathWorks) to compute mean firing
rates and characterize firing patterns. The after-effects induced by micro-
stimulation were classified as facilitation, suppression, or no change,
based on whether there was a 2 standard deviation (SD) change in mean
spiking rate from baseline spontaneous firing. This classification was
established by comparing mean firing rates in 0.5 s bin for 60 s at baseline
with that in 0.5 s bins for 180 s after microstimulation (Cleary et al.,
2013).

Because different types of responses were identified over the length of
the recordings, we categorized responses based on periods of facilitation,
suppression, or no change of spike rate compared with baseline. Two
types of facilitation, continuous facilitation and discontinuous facilita-
tion, were identified. Neurons were classified as having continuous facil-
itation if there was no reduction in firing between the peak facilitation
and end of recording (up to 300 s). Otherwise, neurons were classified as
having discontinuous facilitation if a >5 s period of decreased firing to
baseline was observed between peak firing and end of recording. Sup-
pression was defined as cells having at least 5-10 s of reduced firing after
HES.

Burst detection and firing pattern characterization. Bursts were defined
as a cluster of closely spaced spikes (elevated discharge rate) from a single
neuron (Lobb, 2014) using the Poisson surprise method having a mini-
mum value of 3 (Legéndy and Salcman, 1985; Tang et al., 2007). In brief,
the Poisson surprise value of a burst containing N spikes with a period of

T
First, average interspike intervals (ISIs) were determined for a given pe-
riod of time (e.g., prestimulation and poststimulation periods). The ISI
was compared spike-by-spike until at least three consecutive spikes

N
T from the first to the last spike is computed as follows: S = — log<*)

whose ISIs are SE the mean ISI value were found. Then, to maximize the

Poisson surprise of a burst, an additional spike at the end of the burst was
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included to see whether it increased the value. The end of a burst was estab-
lished when either a long ISI, greater than twice the average, was encoun-
tered or the Poisson surprise value did not increase when additional
spikes (up to 10 spikes) were included in analysis.

Firing patterns, irregularity, and bursting activities were quantified
using the following metrics (Tang et al., 2007; Alam et al., 2016): (1)
standard deviation of ISI*

mean ISI
variance in median ISI. Higher DI value would be indicative of higher
random firing pattern with increased diversity of ISIs; (2) the coefficient
of variation (CV) was used to measure the regularity of a spiking train;
mean ISI

mode ISI

dispersion index (DI = for comparing

). Lower BI value is indicative of more

1 ki d A= mode ISI
regular spiking pattern; (4) asymmetry index = ean S/ 2 a0

index of the shape of ISI histogram. Al values closer to 1 are indicative of
more regular spiking pattern; (5) total number of spikes within bursts per
1000 spikes; (6) percentage of spikes in bursts; (7) average burst duration;
and (8) mean instantaneous frequency within bursts.

(3) burst index (BI =

Animal studies

Brain slice preparation. Forty-five Sprague-Dawley rats (Charles River
Laboratories) of either sex (postnatal days 11-20) were used for this
study. Protocols of all the experiments were approved by the University
of Calgary Animal Care Committee in accordance with the guidelines
established by the Canadian Council on Animal Care. Rats were anesthe-
tized with isoflurane and decapitated. The brains were quickly removed
and immersed into ice-cold carbogen-bubbled (95% O,-5% CO,) slicing
solution (in mm: 207 sucrose, 2.5 KCI, 26 NaHCO,, 1.0 CaCl,, 2.0 MgCl,,
1.2 NaH,PO,, and 10 p-glucose, pH 7.4). Coronal slices (300 wm) were
cut in carbogen-bubbled slicing solution with a vibratome (VT1000S,
Leica) and transferred to a holding chamber that contained carbogen-
bubbled artificial cerebrospinal fluid (aCSF) solution (in mm: 126 NaCl,
2.5 KCl, 26 NaHCO;, 2.5 CaCl,, 1.5 MgCl,, 1.25 NaH,PO,, and 10
D-glucose, pH 7.4). EP slices were incubated for 60 min at 32-33°C and
then kept at room temperature. Electrophysiological experiments were
subsequently performed in a recording chamber perfused by aCSF at
32.5 £ 0.5°C.

Current-clamp recordings. The EP was visually recognized within the
internal capsule and individual neurons identified using an upright mi-
croscope (Olympus BX51W) fitted with differential interference contrast
optics. EP neurons were identified by electrophysiological properties de-
scribed by Nakanishi et al. (1990). Whole-cell current-clamp recording
was obtained from a slice placed in a chamber with carbogen-bubbled
aCSF solution at a rate of 2-3 ml/min. A borosilicate glass electrode (1.5
mm outer diameter; tip resistance 4—6 M(); King Precision Glass) filled
with intracellular solution containing the following (in mwm): 108
K-gluconate, 8 Na-gluconate, 8 KCl, 2 MgCl,, 1 EGTA, 10 HEPES, 4
K-ATP, and 0.35 Na-GTP (pH 7.2 corrected with KOH, osmolarity 286
mOsm) was used to collect amplified current signals. All recordings were
obtained using a Digidata 1440A acquisition system connected to an
AxoPatch 200B amplifier (Molecular Devices). The recordings were low-
pass filtered at 1 kHz, digitized at 10 kHz online with Clampex 10.3, and
analyzed oft-line using Clampfit 10.3 (Molecular Devices). Once the re-
cording was in whole-cell mode and stabilized following equilibration
with the internal solution, passive membrane properties were measured.
Constant 30-pA current steps (10 steps starting at —100 pA), 1 s in
duration, were injected to obtain a current—voltage (I-V) curve to mea-
sure input resistance and the action potential threshold. No series resis-
tance compensation was performed. The data were accepted for off-line
analysis only if changes in access resistance were <20%. The liquid junc-
tion potential was 14 mV, and reported voltage data were not corrected.

Electrical stimulation and “blanking” operation. A bipolar concentric
electrode (NEX-100; Rhodes Medical Instruments) was used to deliver
electrical stimulation with a constant-current stimulus isolator (A365;
World Precision Instruments) connected to a stimulus generator (model
2100, A-M Systems). The stimulating electrode in EP was positioned
such that single pulses could reliably evoke postsynaptic currents (PSCs)
under voltage-clamp (clamped at —60 mV). Stimulation trains (dura-
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A, Schematic representation of a typical microelectrode track in the GPi extending ventrally to the optic tract (OT). ACindicates the anterior commissure, and the line with arrow indicates

the AC—PC line extending toward the posterior commissure (PC). Inset, The distance between the two microelectrodes used for recording and stimulation. Single cells were recorded from the
recording electrode and a 10 s HFS train was delivered either through the recording or adjacent electrode. B, Postoperative magnetic resonance image showing the location of the implanted DBS
electrode. C, The recording trace of the neuron in D (left) showing the spontaneous firing before and after HFS (bin width 0.5 s). HFS in GPi resulted in discontinuous facilitation (D), continuous
facilitation (E), suppression (F), or no change (G) in spike rate in different cells. Dotted lines (D—G) indicate the average baseline firing rate. Right, Mean firing of all cell over time including SD lines.

tion 10 s, frequency 125 Hz) consisted of 60, 150, or 400 us pulse-width
square-wave monophasic pulses. To minimize the HES applied, we usu-
ally started HFS using a current that produced 30% of a maximum PSC.
For each pulse width, current was increased in 50 wA increments until an
obvious after stimulation effect was observed. HFS produces an artifact
that can obscure membrane responses; therefore, blanking pulses (0.1—
1.0 ms) were used to eliminate the artifact during HFS (Anderson et al.,
2004). Stimulation pulses generated by the stimulus generator also

served as blanking pulses to initiate a blanking operation of the AxoPatch
200B amplifier. The membrane voltage was prevented from updating
during each blanking pulse, thus the stimulation artifacts were largely
reduced.

Experimental design. After measuring the membrane properties, the
spontaneous response of a single neuron was recorded continuously at
resting membrane potential. At least 60 s stable baseline was recorded
before a HFS (frequency 125 Hz, duration 10 s, pulse width 60/150/400
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us) train was delivered. Responses were recorded up to 5 min after HFS.
The after-effects induced by microstimulation were classified as excita-
tion, inhibition and no change based on whether there was a 2 SD change
in mean spiking rate from baseline spontaneous firing. Baseline average
firing frequency and firing frequencies after HFS were compared per each
1 s bin. Two subtypes of increased firing based on periods of excitation
only or excitation followed by reduced firing, which were similar to
human recordings, were observed. Neurons were classified as excitation
alone if there was no reduction in firing between the peak excitation and
end of recording (up to 300 s). Otherwise, neurons were classified as
excitation with inhibition if a >5 s period of inhibition was observed
between peak firing and the end of recording.

Firing frequency (spikes/s) at resting membrane potential was mea-
sured using Clampfit and MATLAB. To evaluate the effect of different
agonists and blockers on HFS, we chose 400 us pulse width, because
lower current amplitudes were required to see changes, relative to the
amplitudes used with 60 and 150 ws pulse widths (Luo and Kiss, 2016).
To record the same neuron with multiple applications of HFS, the re-
sponse had to return to baseline before the subsequent stimulation was
delivered. Experiments were ceased if the spontaneous response did not
return to baseline in 5 min. Peak firing frequencies (following HFS),
frequencies during inhibition, and frequencies (measured for a 10 s pe-
riod) at the end of the 5 min recording were compared among different
protocols. To compare different neurons with different spontaneous fir-
ing rates using the same protocol, firing rate was normalized to baseline
firing for each cell.

Chemicals. Chemicals were diluted in aCSF from aliquots [in distilled
water or dimethyl sulfoxide (DMSO)] and applied by continuous bath
perfusion to the slices. The final concentration of DMSO in aCSF was
<0.1%, which had no effect on neuronal firing in control experiments.
Ionotropic glutamatergic neurotransmission were blocked with a mix-
ture consisting of either kynurenic acid (KA; 2 mm) or a mixture of
6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 um) and dl-2-amino-5-
phosphonopentanoic acid (D-AP5; 50 um). Flufenamic acid (FA; 50 uMm;
nonspecific inhibitor of Ca®"-activated nonspecific cationic channels)
was applied from stock solutions made in DMSO. DNQX, D-AP5, and
FA were purchased from Tocris Bioscience. Atropine (4 wM; competitive
cholinergic antagonist), KA, and all other chemicals were purchased
from Sigma-Aldrich. After drug application, slices were washed with
aCSF for up to 40 min until recovery to baseline occurred.

Statistical analysis

Off-line data analysis was performed in Clampfit v10.3 (Molecular De-
vices) and NeuroExplorer 5 (Plexon). Statistical analysis was performed
using MATLAB and SPSS software v16.0 (IBM). Normality was checked
using Kolmogorov—Smirnov test and Shapiro—Wilk test before further
analysis. To compare differences in firing rates and patterns in PD and
dystonia patients, Student’s ¢ test was used if the data were normally
distributed, and the Mann—-Whitney U test was used if data were not
normally distributed. For comparisons of mean firing frequency induced
by HFS at different time points or under aCSF versus bath application of
drugs, repeated-measures ANOVA (RM-ANOVA), or Student’s paired ¢
test was used; otherwise, nonparametric Friedman ANOVA was used to
determine the significance, followed by post hoc Wilcoxon signed rank
test for multiple comparisons of repeated measures. Chi-square test (x?
test) was used to compare different proportions of observations. All
group data from both human and animal experiments are provided as
mean * SD. Results were considered significantly different when a p
value was <0.05.

Results

After-effects induced by HFS in human GPi

Experiments were performed at 134 recording sites in 51 different
trajectories in 12 patients undergoing GPi exploration. Complete
datasets available for analysis were obtained at 54 recording sites,
yielding 85 distinct neurons. The firing rate for all recorded GPi
neurons obtained from PD and dystonia patients had an average
of 61.5 * 31.0 Hz at baseline and was not normally distributed
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with a skewness 0f 0.57 (SE = 0.26) and a kurtosis of —0.53 (SE =
0.52). GPi firing rate in PD patients (68.3 * 32.0 Hz, n = 52) was
higher than that in dystonia patients (50.9 = 26.3 Hz, n = 33;
Mann-Whitney U test, Z = —2.538, p = 0.011). A 10 s high-
frequency microstimulation delivered through the recording
(n =21 neurons) or adjacent electrode (n = 64 neurons) resulted
in similar poststimulation responses (x* test, p = 0.229) in spike
rate: facilitation (37.6%, 32/85), suppression (40.0%, 34/85), or
no change (22.4%, 19/85) as shown in Figure 1 (C-G).

Two subtypes of after-facilitation, discontinuous facilitation
(Fig. 1D) or continuous facilitation (Fig. 1E), were observed
based on the change in spike rate over time. In one neuron show-
ing discontinuous facilitation, the average spike rate at baseline
was 38.4 = 9.6 Hz and increased to 64.0 £ 10.6 Hz for 65 s right
after HES (Fig. 1C). The spike rate then decreased to below base-
line level (34.5 = 4.7 Hz) before gradually increasing again over 4
min (Fig. 1D). In another neuron showing continuous facilita-
tion (Fig. 1E), the spike rate was 68.7 = 10.4 Hz at baseline and
increased to 98.5 * 12.5 Hz after stimulation. The after-
facilitation lasted for >4 min before the spiking rate returned to
baseline. In a neuron showing suppression (Fig. 1F), the average
firing rate decreased from 45.9 * 8.8 Hz at baseline to 23.1 = 5.3
Hz after stimulation. Overall, the firing rate of facilitated neurons
increased from 54.0 = 29.3 Hz at baseline to 67.6 * 36.9 Hz after
stimulation with a peak frequency (maximum firing frequency in
10 s bin after HFS) of 94.1 * 40.9 Hz (n = 32; Mann—Whitney U
test, Z = —3.92, p < 0.001). The average spike rate of all sup-
pressed neurons decreased from 68.9 * 31.0 Hz at baseline to
42.6 *£ 25.9 Hz (n = 34; Mann—Whitney U test, Z = —3.46, p =
0.001) after stimulation with a valley frequency (minimum firing
frequency in a 10 s bin after HFS) of 21.5 = 21.3 Hz. In contrast,
microstimulation had no effect on the firing rate of 19 neurons
(Fig. 1G; baseline 61.0 £ 32.1 Hz vs 52.8 £ 27.7 Hz poststimula-
tion; Mann—Whitney U test, Z = —0.77, p = 0.452).

Facilitation, suppression and no change subtypes were equally
found in GPi neurons of both PD and dystonia patients. Figure 2
displays the temporal raster plots of all neurons in PD and dysto-
nia patients. The poststimulation response types of facilitation
(36.5%, 19/52 vs 39.4%, 13/33), suppression (40.4%, 21/52 vs
39.4%, 13/33) and no changes (23.1%, 12/52 vs 21.2%, 7/33)
were comparable in both PD and dystonia patients (x” test, p =
0.957; Table 1; Fig. 2). The baseline frequencies of neurons show-
ing facilitation, suppression and no change were 59.8 * 28.1,
76.1 * 32.3, 67.9 = 36.4 Hz in PD patients, and 45.5 = 29.9,
57.2 = 25.8,49.1 * 20.2 Hz in dystonia patients. Although neu-
rons with high spontaneous firing frequencies tended to have
suppression after-effects, and neurons with lower spontaneous
firing frequencies to have facilitatory after-effects, these differ-
ences among the groups were not statistically significant (Mann—
Whitney U test).

Previous studies have shown that, compared with normal
nonhuman primates, GPibursting activities are increased in both
PD and dystonia patients (Starr et al., 2005) and GPi DBS is
thought to exert its beneficial effect by modifying these abnormal
bursts (Bergman et al., 1994; Hahn et al., 2008). Because others
reported that firing patterns of GPi neurons become more regular
during GPi-DBS (Cleary et al., 2013), we examined changes in
regularity and bursts after stimulation, and related these to the
observed changes in HFS-induced after-effects. In general, HES
decreased the dispersion index (Fig. 3A1,A2) and ISI CV (Fig.
3B1,B2) in both PD and dystonia patients regardless of the after-
effects in GPineurons. In only neurons with after-facilitation did
the asymmetry index increase post-HFS (Fig. 3CI: PD, before
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0.30 = 0.16, after 0.43 = 0.19, paired ¢ test, t = —4.02, p = 0.001;
C2: dystonia, before 0.25 = 0.15, after 0.43 * 0.23, t = —2.616,
p = 0.028). Further analysis of burst index (Fig. 3D1) showed
significant changes only in neurons with after-facilitation (PD,
prestimulation 4.6 = 2.9, poststimulation 3.4 = 1.7, paired ¢ test,
t = 3.427, p = 0.003; Fig. 3D2: dystonia, pre 5.7 * 3.2, post 3.3 *
2.8, t = 2.411, p = 0.039). This suggests that GPi HFS may gen-
erally improve the regularity of local neuronal firing, but bursting
activities may only reduce in neurons with a facilitation
after-effect.

We next quantified the changes in bursting activities by com-
paring the burst number per 1000 spikes, percentage of spikes in
bursts, average burst duration and instantaneous spiking fre-
quency (ISF) within bursts, before and after HFS. In PD patients,
HFS decreased both the burst number per 1000 spikes (Fig. 3EI;
pre 11.6 * 3.4, post 7.9 £ 5.3, paired t test, t = 3.835, p = 0.001)
and percentage of spikes in bursts (Fig. 3F1; pre 63.5 * 17.0, post
53.1 = 21.7, paired t test, t = 3.718, p = 0.002) only in GPi
neurons with after-facilitation, and left the average burst dura-
tion unchanged (pre 1.4 = 1.5, post 1.9 = 2.3 s, Wilcoxon signed
rank test, Z = 0.322, p = 0.748). As a result of facilitation after-
effects, the ISF within bursts increased (pre 115.0 = 36.4, post
148.1 = 46.4, paired t test, t = 4.358, p < 0.001). In neurons with
suppression and no change, although HFS reduced the percent-
age of spikes in bursts (Fig. 3F1; suppression, pre 59.5 * 17.9,
post 34.1 £ 15.2, Wilcoxon signed ranks test, Z = —3.18, p =
0.001; no change, pre 66.7 = 14.6, post 41.7 * 13.9, paired ¢ test,
t = 8.211, p < 0.001), it increased the burst number in neurons
with the suppression after-effect (Fig. 3EI; pre 10.1 = 4.5, post
21.2 *£ 12.8, paired f test, t = 4.212, p < 0.001) or no change (Fig.
3EI;pre 12.6 £ 4.8, post 16.0 £ 8.6, paired t test, t = —2.768,p =
0.017), and reduced the average burst duration (no change, pre
1.0 = 0.5 s, post 0.4 * 0.2 s, paired ¢ test, t = 5.015, p < 0.001;
suppression, pre 1.1 = 0.8 s, post 0.4 * 0.4 s, Wilcoxon signed
rank test, Z = —3.219, p = 0.001).
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In contrast to PD patients, HES in dystonia patients did not
reduce the bursting activities of neurons with facilitatory after-
effect (Fig. 3E2,F2), but only increased the ISF within burst (pre
71.7 £ 41.6 Hz, post 88.7 == 51.2 s, paired ¢ test, t = —3.514, p =
0.007), although it reduced the burst index in those neurons (Fig.
3D2). HES appeared to affect the bursting patterns of the neurons
with suppression after-effect or no change in a similar manner
(i.e., increase in burst number and decrease in percentage of
spikes in bursts and average burst duration) as in PD patients
(Fig. 3E2,F2).

These results suggest that, generally, 10 s-HFS was able to
increase the regularity of spiking in GPi neurons in both PD and
dystonia patients (Fig. 3A, B), and the effect was more obvious in
neurons with after-facilitation than in neurons with after-
suppression and no change (Fig. 3C). There was a consistent
reduction in both burst numbers and spikes in bursts (Fig. 3D-F)
in neurons with after-facilitation in PD patients, but not in dysto-
nia patients. In both PD and dystonia patient groups, HFS
seemed to change the bursting activities in a similar manner in
neurons with after-suppression and no change.

After-effects induced by HFS in rodent EP

To explore the cellular mechanisms of the HFS induced after
excitation in GPi, we used current patch-clamp recording and
studied the effects of HFS on EP neurons. Data were obtained in
78 neurons and 54 neurons had spontaneous firing at resting
membrane potential. Only one neuron was tested for the effect of
HFS per brain slice, and on average, 2—3 neurons were obtained from
each animal. All the neurons were characterized as the major type I
EP neurons according to the electrophysiological properties re-
ported in previous studies (Nakanishi et al., 1990; Luo and Kiss,
2016). Animal data were normally distributed with a skewness of
0.524 (SE = 0.448) and a kurtosis of —0.282 (SE = 0.872).
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Figure 3.

Changes in firing patterns of GPi neurons after HFS in PD and dystonia patient groups. For each cell, measured values prestimulation (Pre.) are plotted on the x-axis and poststimulation

(Post) on the y-axis. Neurons showing different after-effects to HFS are represented by red (facilitation), gray (no change), and blue (suppression) circles, respectively. Group values are showed as
a small bar graph beside each figure (*significant difference between values pre- and post-HFS using paired ¢ test or Wilcoxon signed rank test).

Seventy-four neurons showed after-excitation and four neurons
showed only inhibition. Similar to the facilitations seen in human, a
10 s train of HES inside EP induced two subtypes of after excitation
in EP neurons: excitation alone or excitation with late inhibition. In
aneuron showing excitation alone, the spontaneous firing frequency
atcontrolwas 3.0 == 0.2 Hz. Itincreased to 6.4 = 0.4 Hz right after the
HFS and slowly decreased to 3.6 = 0.1 Hz over the 4 min recording
period (Fig. 4A). In another neuron showing excitation with late
inhibition, the spontaneous firing frequency increased from 1.3 =
0.4 Hz to 19.3 = 3.2 Hz right after the HES (Fig. 4B, peak). This
neuron showed a period of inhibition (79.2 s) following the peak
frequency before the firing frequency increased again (2.8 = 0.5 Hz).
Both subtypes of after-excitation could be induced with different
pulse widths (60, 150 or 400 us; Fig. 4C,D, average traces). Peak
firing frequency of the excitation alone subtype displayed significant
increases before returning to control levels at the end of recording
(group data; Fig. 4E; t = 2.84, p = 0.015, paired ¢ test). Firing fre-
quency of excitation with late inhibition subtype exhibited a period

of inhibition between the peak frequency and the frequency at the
end of recording (group data; Fig. 4F; F = 46.80, p < 0.001,
RM-ANOVA).

The HES current required to induce the excitation alone subtype
was 191.7 = 87.7 A (using 400 ps pulse width, n = 28), 290.0 +
74.2 pA (using 150 us, n = 6), and 316.7 = 160.7 nA (using 60 us,
n =5). Thresholds for inducing the excitation with inhibition
subtype responses were 263.0 * 85.9 uA (using 400 us, n =
23), 391.4 = 182.2 pA (using 150 us, n = 7), and 811.6 =
432.0 wA (using 60 us, n = 5). Overall, the threshold for
inducing the excitation alone subtype was significantly lower
than that required to induce excitation with late inhibition
subtype (222.4 = 106.0 nA, n = 35 vs 364.2 * 263.0 uA, n =
39, t test, F = 6.91, p = 0.010), suggesting that the former is a
subthreshold form of the latter. Examples at the opposite ends of the
delivered charge density showed that HES in EP induced initial inhibi-
tion and excitation at lower charge density (Fig. 4C, 60 us), but excita-
tion with late inhibition at higher charge density (Fig. 4D, 400 us).
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Similar to the spike patterns in humans, HFS in EP induced after-excitation in EP neurons of two subtypes, excitation alone (A) and excitation with late inhibition (B). Although both

subtypes of after-excitation can beinduced by HFS of different pulse width (60, 150, and 400 ws; €, D, averaged traces) in different neurons, HFS with lower charge density tended to induce excitation
alone (C), whereas HFS applied at higher charge density induced excitation with late inhibition (D). The excitation alone subtype showed significant increase in spiking rate (E), whereas the
excitation with inhibition subtype had an increase followed by a decrease in spiking rate (F) right after HFS. The spiking rate returned to control levels at the end of recordings (labeled endrec, up
t03005; E, F). *Significant difference. Twenty neurons that had no spontaneous firing at resting membrane potential were not included in this figure. Among those neurons, 12 showed excitation
alone and 8 showed excitation with late inhibition. G, HFS in EP induced after-excitation at low charge density (300 w.A), but excitation with inhibition at high charge density (400 wA) in the same

EP neuron using pulse width of 400 ps.

To confirm that excitation alone and excitation with inhibi-
tion were associated with stimulation of low and high charge
density in the same neurons, respectively, we tested the effects of
HES (pulse width 400 ws, 125 Hz, train duration 10 s) using
different intensities. First, excitation alone after-effects were in-
duced at resting membrane potential with intensities ranging
from 100 to 350 wA. After the spontaneous firing returned to
baseline, another HFS was delivered with 50-100 wA higher in-
tensity. Stimulations were limited to 3 in each neuron to mini-
mize the residual effects of multiple stimulations. Figure 4G is a
representative neuron showing excitation alone after-effect at
300 A (top trace), but excitation with inhibition after-effect at
400 wA (bottom trace). In all 15 tested neurons from 11 animals,

12 (10 spontaneous and 2 non-spontaneous) had excitation alone
after-effects at 212.5 * 74.2 pA that turned into excitation with
inhibition after-effects at 310.4 * 79.4 uA. The excitation alone
after-effect in 3 (2 spontaneous and 1 non-spontaneous) neurons
did not change, but showed a longer duration of excitation when the
intensity of HFS was increased from 166.7 £ 76.4 nA to 250.0 +
100.0 pA.

After-excitation in EP is dependent on glutamatergic,
cholinergic synaptic transmission and Ca**-activated
non-specific cation (CAN) channels

The after-excitation in EP could be mediated by activation of
direct glutamatergic inputs from subthalamic nucleus (Nambu,
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Synaptic blockade. A, Glutamatergic blockade with DNQX and AP5 eliminates HFS-induced after-excitation in rat EP when lower charge density is applied in individual cells (pulse width,

400 ps; amplitude, 100 wA). B, Mean normalized firing rates in all five cells studied using average HFS of 300 == 154 wA. Blockade of AMPA and NMDA receptors significantly decreased the peak
spiking rate (C, left), duration of excitation, and increased the duration of inhibition (C, right). D, Cholinergic synaptic transmission is involved in HFS-induced after-excitation in this exemplar (pulse
width, 400 ws; intensity, 300 wA). E, Normalized averages of all seven cells studied using high charge densities (mean 486 = 180 wA). Blockade of cholinergic receptors with atropine significantly
reduced the duration of after-excitation leaving the HFS induced peak frequency unchanged (F ). CAN channels blocker FA completely blocked spontaneous activities and after effects in all five tested

neurons (G).

2007) and/or cholinergic projections from brainstem (Clarke et
al., 1997). Our previous study (Luo and Kiss, 2016) demonstrated
that HFS induces after-depolarizations in EP, which require high
charge density and are mediated by muscarinic acetylcholine re-
ceptor (mAChRs) and CAN channels. Thus, we postulated that
the after-excitation may be mediated by glutamatergic neuronal
transmission at lower charge density and by glutamatergic, cho-
linergic modulation and CAN channels at higher charge density.

To test this hypothesis, three groups of experiments were per-
formed. In one group of experiments, cells exhibiting excitation

alone at low charge density (Fig. 5A, left) underwent bath appli-
cation of glutamatergic blockers (KA or DNQX plus AP5). A
representative neuron showed that blockade of ionic glutamater-
gic synaptic transmission not only abolished the after-excitation,
but also unmasked a significant period of the inhibition induced
by HFS (Fig. 5A, right, B, average traces). Mean peak frequency
and excitation duration dropped from 235.8 = 73.9% to 123.3 *
30.3% (t = 2.93,p = 0.039, paired ttest; n = 5),and 84.3 = 41.5s
to 1.5 = 2.3 s (t = 2.63, p = 0.046), respectively, whereas the
inhibition period increased from 29.6 * 13.8 s to 110.0 = 26.0 s
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(r = —3.18, p = 0.034; Fig. 5C). In a second group of experi-
ments, cells displaying the excitation with late inhibition re-
sponse, when HFS was applied at higher charge density, were
subjected to atropine to block the cholinergic receptors on EP
neurons. Figure 5D shows a representative neuron where atro-
pine decreased the duration of HES induced after excitation. As a
result, the duration of inhibition following the initial after exci-
tation period increased (Fig. 5E, average traces). On average, the
duration of after excitation decreased from 21.0 = 7.5 s to 10.6 =
8.7 s (paired ¢ test, t = 5.16, p = 0.002; n = 8), whereas the late
inhibition duration increased from 35.0 = 17.6 s to 67.6 = 18.5s
(= —2.99, p = 0.024; n = 8; Fig. 5F). Unlike the excitation alone
subtype, the excitation with inhibition subtype did not show a
significant change in peak frequency after atropine (327.9 =
95.7% vs 296.0 £ 157.5%; t = 0.29, p = 0.782; Fig. 5F). In a third
group of experiments, FA was used to block CAN channels when
the excitation with inhibition responses were induced with HES.
A representative neuron showed excitation with inhibition re-
sponse after 10 s HES (400 s, 200 wA, 125 Hz) with an average
duration of after-excitation 137 * 33.5 s, late inhibition duration
32.0 = 28.1 s and normalized peak frequency 360.9 * 227.2%
(n = 5). In all tested neurons, both the spontaneous spiking and
after-excitations were abolished when FA was applied in the bath
(Fig. 5G).

In summary, HFS induced after-facilitation in a substantial
proportion of human GPi neurons (37.6%, 32/85). This HFS-
induced after-effects on spiking rate may contribute to alleviating
the pathological bursting activities. 10 s stimulation was able to
increase the regularity and reduce the bursting activities in GPi
neurons with after facilitation. Interestingly, this immediate
after-effect on bursting activities were observed in PD, but not
dystonia patients. Further study in the GPi equivalent structure
in rats showed similar after-effects in EP brain slice, excitation
alone or excitation with late inhibition. The excitation alone
subtype, induced by lower charge density, was dependent on glu-
tamatergic transmission, whereas the excitation with late inhibi-
tion subtype, induced by higher charge density HES, involved
glutamatergic, cholinergic modulation and CAN channels.

Discussion

DBS in GPi is thought to relieve symptoms of PD and dystonia
through its effect on local and remote neural elements (Krin-
gelbach et al., 2007). In vitro experiments generated a hypothesis
that HFS in EP may induce excitation as well as inhibition (Luo
and Kiss, 2016). Here we tested this in human GPi and found that
high-frequency microstimulation indeed induced a prolonged
after-facilitation in more than one-third of neurons. This after-
effect was of two types, continuous or discontinuous facilitation,
likely depending on the HES charge density. 10 s HES increased
the firing regularity of all GPi neurons, more obviously in neu-
rons with after-facilitation. HFS reduced bursting in all neurons;
however, it decreased significantly in neurons with after-
facilitation in PD patients, but not dystonia patients. Further
pharmacological experiments in rodent EP identified that the
HFS induced excitatory after-effects were mainly mediated by
glutamatergic neurotransmission at low charge density, but in-
volved cholinergic modulation at high charge density.

Cellular mechanism of HFS in GPi/EP

In EP neurons HFS induced either after-excitation alone or after-
excitation with late inhibition, both of which could be induced by
different pulse widths. High pulse width (400 or 150 us) HES had
lower threshold to induce after-excitation than low pulse width
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(60 ws), suggesting that charge density is key. HFS inducing ex-
citation alone had a lower threshold than excitation with late
inhibition, also suggesting that the former may be a subthreshold
form of the latter. This is analogous to what we observed in hu-
man GPi. Although the same stimulation intensity was used, the
actual charge density delivered to each recorded cell varied de-
pending on the local neural elements and orientations of its ax-
onal afferents (Ranck, 1975; McIntyre et al., 2004). The charge
density delivered to the recording site may be lower in some
neurons, but higher in others. Therefore HFS with lower deliv-
ered charge density may lead to continuous facilitation, whereas
HFS with higher delivered charge density may lead to discontin-
uous facilitation.

The GPi/EP receives glutamatergic inputs from STN, GABAe-
rgic inputs from GPe and striatum, and cholinergic inputs from
PPN (Prescott et al., 2006; Nambu, 2007). Because at lower
charge density, the excitation alone after-effect in EP neurons was
completely blocked by AMPA and NMDA receptor antagonists,
these effects occurred mainly through activation of fast glutama-
tergic and GABAergic transmission. Increased spiking during
HES at low charge density and/or after HFS because of glutama-
tergic transmission can lead to increase in intracellular Ca**
through NMDA receptor and high voltage-gated Ca>* channels
(Ludwig et al., 1997; Cole et al., 2005), which then activate CAN
channels (Partridge and Swandulla, 1988). The CAN channels
that are permeable to Na ™ and Ca** lead to long-lasting depo-
larization of membrane potential (Rahman and Berger, 2011),
which may contribute to the after-excitation. At higher charge
density, the after-excitation with inhibition subtype had a shorter
excitation and longer inhibition duration leaving peak frequency
right after HFS unchanged when mAChR were blocked by atro-
pine. This indicates that higher charge density stimulation re-
sulted in more neurotransmitter release with fast glutamatergic
transmission contributing to the initial spiking increase right af-
ter HFS. Meanwhile, activated cholinergic fibers may release
enough ACh (Cubeddu and Hoffmann, 1983) to affect postsyn-
aptic neural activities through mAChR on a longer time scale.
This is supported by our previous findings that blockade of
AMPA, NMDA, GABA,, GABAj, and nAChR receptors did not
prevent HFS from inducing after-excitation (Luo and Kiss,
2016). The excitatory effects of ACh may be linked to blockade of
G-protein-coupled inwardly rectifying K™ channel (Krnjevi¢,
2004) and/or activation of CAN channels through the phospho-
lipase C pathway (Rahman and Berger, 2011).

The inhibition in both subtypes of after-excitation could
come from different sources depending on the time course. HFS
may activate striatal terminals to induce GABA , receptor activa-
tion (Kita, 2001) and also affect GPe terminals to induce pro-
longed GABAj responses in GPi neurons (Kita et al., 2006). The
prolonged early inhibition may result from the temporal summa-
tion of GABA ,-mediated IPSPs induced by each stimulus in the
HES train (Dostrovsky et al., 2000). The late inhibition seen with
the excitation with late inhibition subtype response could be be-
cause of activation of postsynaptic GABAy receptors (Kaneda
and Kita, 2005). Additionally, influx of intracellular Ca*" may
lead to an increase of Ca*"-activated K conductance (Vergara
et al., 1998). Thus, both GABAergic transmission and Ca**-
activated K™ conductance may contribute to the inhibition of
spontaneous spikes in EP neurons.

Electrophysiological studies in both humans and nonhuman
primates show that DBS effects are dependent on distance from
the stimulation site, electrode orientation, and the neural ele-
ments activated (Kringelbach et al., 2007). When the charge den-
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sity of HFS is increased, by an increase in pulse width or current
amplitude, the region of affected tissue is increased accordingly
(Ranck, 1975). Here we propose a working model to explain the
cellular effects of DBS in GPi (Fig. 6). DBS stimulates a spherical
volume of brain tissue around the electrode. According to the
distances from the DBS cathode in GPi, three roughly spherical
areas, which receive different charge density, display different
predominant cellular effects (Fig. 6). Area I (in red) is closest to
the electrode and likely involves depolarization block: because
the charge density delivered in this area is highest, DBS may
induce massive spikes of neurons leading to the elevation of ex-
tracellular K™ level (Shin et al., 2007; Shin and Carlen, 2008).
Area II (in orange) is an area receiving moderate charge density
where neurotransmitter release through both ionotropic and
metabotropic receptors occurs. In EP, this area may contain the
cells responding to HFS with after-excitation and late inhibition
and is modulated by glutamate, GABA, and acetylcholine. Area
III (in green) is the outermost volume that is locally affected by
HES. The charge density delivered in this area may only affect
cellular activities through fast glutamatergic and GABAergic
transmission, which may lead to either inhibition or the excita-
tion alone subtype response to HFS.

Implications to the therapeutic mechanisms of DBS in GPi
DBS induces both excitatory and inhibitory effects on local ele-
ments surrounding the electrode and reduction of pathological
rhythmicity such as burst activities may contribute to the thera-
peutic effect (Rubin and Terman, 2004; Hahn et al., 2008). We
found that 10 s HFS induced excitatory after-effects, led to more
regular firing patterns through reduction of bursts in PD pa-
tients, but not dystonia patients. One previous study reported
excitation during DBS in human GPi (Cleary et al., 2013), but did
not explain the source of this excitation and its contribution to
spiking pattern change. The cholinergic mechanism proposed
here may provide an additional explanation for the short- and
longer-term mechanism of action of DBS in GPi.

PD is characterized by degeneration of dopaminergic nigros-
trial neurons, which results in abnormal increase in the GPi firing
rate (DeLong, 1990), whereas dystonia shows evidence of loss of
inhibition, sensory dysfunction, and significant alterations of
synaptic plasticity (Quartarone and Hallett, 2013). In line with
previous reports (Starr et al., 2005), GPi firing rate in our popu-

lation was higher in PD patients than in dystonia patients. De-
spite the difference in baseline firing rate, HFS induced a
comparable percentage of after-facilitation in both PD and dysto-
nia patients. This after-facilitation likely has both glutamatergic
and cholinergic origin because activation of STN efferent fibers
causes excitation in GPi (Hashimoto et al., 2003) and GPi-HFS is
also known to modulate neurons in cholinergic pedunculopon-
tine tegmental nucleus (Zhang et al., 2012). Both glutamatergic
and cholinergic modulation may contribute to the after-
facilitation that led to disrupting the abnormal activity and trans-
mission in the basal ganglia-thalamo-cortical circuitry through
GPi. In PD patients, this effect could be fast acting because 10 s
HES was able to increase the firing regularity and rapidly reduce
the bursting patterns of GPineurons (Fig. 3). However, in dysto-
nia patients, although 10 s HFS increased the regularity of the
firing in general (Fig. 3 A, B), it had no significant effect on burst-
ing. This may contribute to the different time frame needed for
symptom improvement in PD and dystonia patients (Krauss et
al., 2004). Cholinergics could be involved in the long-term
therapeutic benefit of DBS because cholinergic signaling plays
an important role in shaping nervous system function, plas-
ticity, and behavior (Picciotto et al., 2012; Jiang et al., 2016).
For example, PPN activation can induce auditory plasticity in
both medial geniculate body (Luo et al., 2011) and cortex (Luo
and Yan, 2013) through cholinergic innervation to thalamus
and midbrain. Gradual improvement in dystonia patients by
GPi DBS (Krauss et al., 2004) may be related to cholinergic
modulation of GPi and result in more gradual effects on sen-
sorimotor cortical reorganization.

Interestingly, anticholinergic drugs acting on mAChR have
been used in PD and dystonia patients because of the dopamine
acetylcholine imbalance in striatum (Pisani et al., 2007). At first
glance this may appear contradictory to our current findings,
which propose a cholinergic mechanism for DBS benefits, how-
ever it is not. First, the anticholinergics commonly used to treat
PD and dystonia clinically are nonselective and therefore limited
by central and peripheral adverse effects (Langmead et al., 2008).
For example, anticholinergics have been used for primary dysto-
nia, but are less effective and poorly tolerated in adults (Burke
and Fahn, 1983; Burke et al., 1986). Second, there are five sub-
types of mAChRs with different roles widely distributed in the
CNS. Postsynaptic mAChR (M1 group) is mainly excitatory,



Luo et al. @ High-Frequency Microstimulation in Human GPi

whereas presynaptic and postsynaptic M2 group mAChRs are
largely inhibitory (Wess et al., 2003). Our animal data implicated
the postsynaptic M1 group mAChR in the excitatory after-effects
in EP neurons (Luo and Kiss, 2016).

Potential limitations

The cholinergic system undergoes dramatic changes in move-
ment disorders (Conti et al., 2018). The current study was per-
formed in healthy rat brain and not a model of disease; therefore,
we must be cautious in our extrapolation to the human patho-
logical condition. Although it would be interesting to see how
HFS-induced after-excitatory effects are altered in a pathological
rat model, it is not feasible to obtain recordings from EP slice later
in life, because of the myelination of fibers in the internal capsule
of adult rats.

In conclusion, by recording from human GPi and dissecting
the cellular mechanisms in rats, our work indicates that GPi DBS
may regularize the neuronal firing and disrupt the burst activ-
ities through the brain cholinergic system, which contributes
to both the immediate and gradual therapeutic effects in PD
and dystonia.
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