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Background: Therapeutic effects of transcranial alternating current stimulation (tACS) for treating Parkinson's disease (PD) are limited to modulating abnormally synchronized oscillations; however, longlasting tACS effects may involve non-neuronal mechanisms like the regulation of neurotrophic factors.
Objectives/Hypothesis: We investigated whether tACS exerts neuroprotective effects on dopaminergic
neurons in a mouse model of PD by regulating endogenous glial cell line-derived neurotrophic factor
(GDNF).
Methods: Repeated high-deﬁnition tACS (HD-tACS, 20 min, 89.1 mA/mm2) was administered over the
primary motor cortex of C57BL/6J 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD
mice. Behavioral tests assessing motor function, immunohistochemistry, western blots, enzyme-linked
immunosorbent assays, and ﬂow cytometric analyses were performed to examine suitable tACS conditions and its underlying mechanisms.
Results: Stimulation at representative frequencies (theta to gamma; 20-Hz beta frequency, in particular)
attenuated motor dysfunction and protected the dopaminergic neurons with increased GDNF production. Beta-frequency (20 Hz) tACS application signiﬁcantly attenuated motor deﬁcits to levels comparable
with those of levodopa treatment. Moreover, beta-frequency tACS induced the survival of dopaminergic
neurons in the substantia nigra with upregulated production of endogenous GDNF in striatal
parvalbumin-positive interneurons. An inhibitor of the GDNF receptor-associated rearranged during
transfection (RET) kinase suppressed most aspects of the tACS-induced behavioral recovery, dopaminergic cell survival, and GDNF production. Beta-frequency tACS activated RET-related survival signaling
for dopaminergic neurons in the substantia nigra.
Conclusions: Application of tACS over the primary motor cortex may exert protective effects on dopaminergic neurons in the substantia nigra via activation of endogenous GDNF production by striatal
parvalbumin-positive interneurons and its survival signaling.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

by

Parkinson's disease (PD) is a progressive disorder characterized
classic diagnostic motor symptoms associated with
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degeneration of the nigrostriatal dopaminergic neurons [1,2].
Abnormally synchronized oscillations at specific frequency bands
within or between brain areas also contribute to the pathophysiology of motor symptoms in PD, including tremor and bradykinesia
[3e5]; these aberrant neuronal oscillations can be suppressed by
dopaminergic medication, resulting in the improvement of motor
symptoms [4]. Transcranial alternating current stimulation (tACS),
a noninvasive brain stimulation technique, comprises application of
a weak sinusoidal alternating electric current at a speciﬁed
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the frequency that proved more effective in improving motor
function to investigate the mechanisms underlying the observed
tACS effects. The mice were randomly divided into ﬁve groups:
control, MPTP (MPTP-injected mice with sham stimulation),
MPTP þ tACSb (MPTP-injected mice treated with beta-20 Hz tACS),
MPTP þ tACSbþPP1 (MPTP-injected mice treated with beta-20 Hz
tACS and protein phosphatase 1 [PP1], a GDNF receptor-associated
RET kinase inhibitor), and MPTP þ L-Dopa (MPTP-injected mice
treated with levodopa [L-dopa]) (Experiment 2). All mouse experiments were performed on the indicated day (Fig. S1). A detailed
description of the materials and methods used in this study is
provided in the online-only Data Supplement (Supplementary
Material and Methods).

frequency over the scalp to modulate cortical neural activity and
brain oscillations [6e8]. However, new therapeutic tools for PD ﬁrst
require testing on common rodent models. These include
neurotoxin-induced models such as 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA)
models [9].
tACS has gained popularity for modulating brain oscillations, for
its ability to synchronize intrinsic neural activities at a relevant
frequency, and for enhancing the power of entrained endogenous
oscillations via rhythmic stimulation [5,10,11]. Externally enforced
rhythms generate activity and facilitate connectivity in brain networks by synchronizing brain regions, and these oscillations in the
brain impact task-specific behaviors [5,12]. Certain frequencies of
tACS application have functional consequences [6,13,14], and individualized tACS in patients with PD improves motor performance
[6,15].
The underlying mechanisms of tACS are controversial and
under-investigated [8]. The current therapeutic use of tACS is
mainly limited to modulating abnormally synchronized oscillations
of the brain. Unlike tACS, transcranial direct current stimulation
applies directional non-oscillatory voltage components and mediates the activation of N-methyl-D-aspartate receptors and voltagegated calcium channels, resulting in increased intracellular calcium levels. The subsequent downstream molecular cascades produce long-lasting effects [16e18], and transcranial electrical
stimulation can indirectly impact behaviors, such as motor
learning, cognition, and motor function, via non-neuronal neurotrophic factors [19e21].
There is no treatment available to slow or stop the neurodegenerative process in PD, and current therapies are only partially
able to alleviate disease signs and symptoms [1,2]. Glial cell linederived neurotrophic factor (GDNF) shows positive effects on the
survival of dopaminergic neurons, making it a suitable candidate
for the prevention of degenerative cell loss in PD [2,22]. Exogenous
GDNF treatment for PD has serious limitations, including requiring
surgery and intracranial delivery as restorative therapy [23].
Therefore, the parvalbumin-positive interneurons are a relevant
treatment target for PD, as these cells are the main source of striatal
GDNF [22,23].
The effects of tACS on cortical excitability are highly complex,
which is likely due to the underlying balance between dominant
cortical excitation and inhibition [7]. However, we hypothesized
that administration of tACS may enhance neural activity, which
may then induce non-neuronal changes associated with the production of endogenous neurotrophic factors, such as GDNF. In this
study, we employed high-deﬁnition tACS with multiple small ringbased electrodes instead of conventional saline sponge-based
rectangular pads to improve the ease of stimulation and the ability to reach the cerebral cortex. We applied high-deﬁnition tACS
(HD-tACS) at various frequencies and evaluated the therapeutic
effects using behavioral assessments of motor function, as well as
biochemical assays. Molecular investigations of the GDNF expression patterns were also performed to shed light on the underlying
mechanisms.

3. Results
3.1. Behavioral motor deﬁcits and regulation of dopaminergic
neurons according to the frequency band of tACS applied to the
MPTP-induced Parkinson's model
Following the application of tACS on the primary motor cortex of
the PD mice model, we examined the survival of the dopaminergic
neurons and GDNF production corresponding to the tACS frequency, since motor dysfunctions in PD are mainly caused by
degeneration of nigrostriatal dopaminergic neurons and changes in
GDNF expression. Our results suggested that administration of tACS
over the primary motor cortex, especially beta-frequency tACS at
20 Hz, attenuated motor deﬁcits and had a neuroprotective effect
on dopaminergic neurons (Figs. S2 and S3). A detailed description
of the results of this study is provided in the online-only Data
Supplement (Supplementary Results).
3.2. Effects of beta-frequency tACS on improvement of motor
deﬁcits in the MPTP-induced Parkinson's model
The application of tACS at 20 Hz, which was a more effective
frequency than the others for improving motor function and
upregulating GDNF, was used in subsequent experiments to
determine whether it was effective for motor deﬁcits and regulation of GDNF production in the PD mouse model. Moreover, we
employed the L-dopa-treated group as the positive control, and the
PP1-treated group as the GDNF signaling-inhibiting group. The
MPTP, MPTP þ tACSb, MPTP þ L-dopa, and MPTP þ tACSbþPP1
groups showed no signiﬁcant change in body weight compared
with the control mice (Fig. S4A) (F [4,20] ¼ 2.771 P ¼ 0.056). All
behavioral tests for motor functions were signiﬁcantly changed in
the MPTP group compared with the control group (rotarod test: F
[4,30] ¼ 21.509 P < 0.001, P < 0.001; pole test: F
[4,30] ¼ 19.196 P < 0.001, P < 0.001; open-ﬁeld test, mean speed: F
[4,30] ¼ 55.529 P < 0.001, P < 0.001; total distance: F
[4,30] ¼ 59.342 P < 0.001, P < 0.001; activity time: F
[4,30] ¼ 11.193 P < 0.001, P < 0.001; average speed (CatWalk): F
[4,30] ¼ 11.915 P < 0.001, P < 0.001; CatWalk, number of front paw
steps: F [4,30] ¼ 36.480 P<0.001, P < 0.001; number of hind paw
steps: F [4,30] ¼ 47.485 P < 0.001, P < 0.001).
Latency to fall time in the rotarod test was signiﬁcantly longer in
the MPTP þ tACSb and MPTP þ L-dopa groups than in the MPTP
group (F [4,30] ¼ 21.509 P < 0.001, tACSb: P¼0.008, L-dopa: P¼0.01)
(Fig. 1A), and the T-turn time in the pole test was also more significantly decreased in both groups than in the MPTP group (F
[4,30] ¼ 19.196 P < 0.001, tACSb: P<0.001, L-dopa: P¼0.01) (Fig. 1B). In
the open-ﬁeld test, all measured parameters were markedly
increased in the MPTP þ tACSb and MPTP þ L-dopa groups than in
the MPTP group (mean speed: F [4,30] ¼ 55.529 P < 0.001, tACSb:
P<0.001, L-dopa: P<0.001; total distance: F [4,30] ¼ 59.342 P < 0.001,

2. Materials and methods
2.1. Experimental procedures
First, to examine the efﬁcacy of tACS (20 min, 89.1 mA/mm2) for
PD motor dysfunction and to choose the frequency appropriate for
improving motor function, we performed tACS at four different
frequency bands, i.e., theta (q, 6 Hz), alpha (a, 10 Hz), beta (b, 20 Hz),
and gamma (g, 60 Hz) in MPTP-induced PD mice and compared
them with the untreated PD mice (Experiment 1). Next, we applied
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tACSb:
P¼0.025,
L-dopa:
P¼0.028;
activity
time:
F
[4,30] ¼ 11.193 P < 0.001, tACSb: P¼0.006, L-dopa: P¼0.012)
(Fig. 1CF). In the CatWalk test, the ability to walk on a runway,
including average speed and number of steps, was markedly
improved in the MPTP þ tACSb and MPTP þ L-dopa groups than in
the MPTP group (average speed: F [4,30] ¼ 11.915 P < 0.001, tACSb:
P¼0.015, L-dopa: P¼0.014; number of front paw steps: F
[4,30] ¼ 36.480 P<0.001, tACSb: P<0.001, L-dopa: P<0.001; number
of hind paw steps: F [4,30] ¼ 47.485 P < 0.001, tACSb: P<0.001, Ldopa: P<0.001) (Fig. 1GI). The stride length and step cycle of the
MPTP þ tACSb and MPTP þ L-dopa groups were markedly increased
compared to those of the MPTP group, suggesting similar effects of
tACSb and L-dopa on bradykinesia and rigidity (stride length: F
[4,30] ¼ 15.556 P < 0.001, tACSb: P¼0.024, L-dopa: P¼0.001; right
front paw step cycle: F [4,30] ¼ 18.272 P < 0.001, tACSb: P¼0.018, Ldopa: P¼0.005; left front paw step cycle: F [4,30] ¼ 10.962 P < 0.001,

tACSb: P¼n.s, L-dopa: P¼0.046) (Figs. S4C and D). The parameter
mean intensity, reﬂecting bradykinesia and rigidity severity, was
signiﬁcantly changed only in the MPTP þ L-dopa group (right front
paw mean intensity: F [4,30] ¼ 14.413 P < 0.001, P¼0.049; left front
paw intensity: F [4,30] ¼ 14.242 P < 0.001, P¼0.008) (Fig. S4B). PP1
prevented the recovery of most behavioral functions in the CatWalk
test, apart from the mean intensity (Fig. 1, Fig. S4BD). In addition,
the control group tended to prefer alternate step patterns with a
secondary inclination for cruciate-type sequences in the step
sequence of the CatWalk test (Aa: 29.9%, Ab: 30.6%, Ca: 9%, Cb:
30.5%), whereas the MPTP group showed a preference toward cruciate step patterns and a reduced preference for alternate step patterns (Aa: 26.5%, Ab: 17.9%, Ca: 27.8%, Cb: 27.8%). The MPTP þ tACSb
and MPTP þ L-Dopa groups showed an increased rate of alternate
step patterns and a decreased rate of cruciate step patterns (tACSb:
Aa: 25.3%, Ab: 29.6%, Ca: 21.2%, Cb: 23.9%; L-dopa: Aa: 27.9%, Ab: 28%,

Fig. 1. Effects of beta-frequency 20 Hz tACS on the improvement of motor function in the MPTP-induced Parkinson's model. Quantiﬁcation of motor function results of the (A)
rotarod test, (B) pole test, (CeF) open-ﬁeld test, and (GeI) CatWalk test. The beta-frequency 20 Hz tACS showed beneﬁcial effects similar to those of L-dopa treatment in attenuating
motor dysfunction in MPTP-induced mice. All behavioral test results for motor function were signiﬁcantly changed in the beta-frequency 20 Hz tACS-treated group compared to
those in the MPTP group. All tACSb effects in the behavioral tests were inhibited by PP1, an inhibitor of the receptor tyrosine kinase RET. n ¼ 7. All data are expressed as the
mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. each group.
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tACSb: P¼0.031, PP1: P<0.001, L-dopa: P¼0.016) (Fig. 2DF,
Figs. S5e1A).
To examine the regulation of GDNF production by betafrequency tACS, we evaluated the neurotrophic factor GDNF using
immunohistochemistry, enzyme-linked immunosorbent assay
(ELISA), and ﬂow cytometric assays. All measured parameters of
these assays showed signiﬁcantly decreased levels in the MPTP
group than in the control mice (IOD: F [4,25] ¼ 48.316 P < 0.001,
P<0.001; GDNF ELISA: F [4,30] ¼ 25.168 P < 0.001, P<0.001; tyrosine hydroxylase (TH) ELISA: F [4,30] ¼ 10.009 P < 0.001, P < 0.001).
The IOD of GDNF in the striatum was markedly higher in the
MPTP þ tACSb group than in the MPTP group, but the IOD in the
MPTP þ tACSbþPP1 group was similar to that of the MPTP mice (F
[4,25] ¼ 48.316 P < 0.001, tACSb: P¼0.017, PP1: P¼0.02) (Fig. 3A and
B). The levels of GDNF and TH in the dorsal striatum were signiﬁcantly increased in both MPTP þ tACSb and MPTP þ L-dopa groups,
but decreased in the MPTP þ tACSbþPP1 group (GDNF: F
[4,30] ¼ 25.168 P < 0.001, tACSb: P<0.001, PP1: P<0.001, L-dopa:
P¼0.007; TH: F [4,30] ¼ 10.009 P < 0.001, tACSb: P¼0.049, PP1:
P¼0.003, L-dopa: P¼0.003) (Fig. 3C and D). Next, we examined the
parvalbumin-positive interneurons to identify whether it was
related to GDNF production in the striatum of adult mice
(Fig. 3EG, Figs. S5e1B). The cell percentage of the Q2 area,
showing high ﬂuoresce intensity to both GDNF and parvalbumin, in
the dorsal striatum was signiﬁcantly decreased in the MPTP mice (F
[4,30] ¼ 13.732 P < 0.001, P < 0.001). In comparison to the MPTP

Ca: 17.1%, Cb: 27%) (Fig. S4E). These behavioral results indicate that
beta-frequency 20 Hz tACS over the primary motor cortex may
attenuate motor deﬁcits in the PD mouse model.
3.3. Effects of beta-frequency tACS on dopaminergic neuron
survival and GDNF production in the MPTP-induced Parkinson's
model
When considering the dopaminergic neurons in the PD model,
the integral optical density (IOD) in the striatum and the number of
TH-positive cells in the substantia nigra were signiﬁcantly
decreased in the MPTP-induced mice than in the control mice
(striatum: F [4,30] ¼ 63.893 P < 0.001, P < 0.001; substantia nigra: F
[4,30] ¼ 44.005 P < 0.001, P < 0.001). The MPTP þ tACSb and
MPTP þ L-dopa groups showed markedly increased staining of the
dopaminergic neurons than the MPTP group, and these effects were
reversed in the MPTP þ tACSbþPP1 group (striatum: F
[4,30] ¼ 63.893 P < 0.001, tACSb: P¼0.009, PP1: P¼0.005, L-dopa:
P¼0.002; substantia nigra: F [4,30] ¼ 44.005 P < 0.001, tACSb:
P<0.001, PP1: P<0.001, L-dopa: P<0.001) (Fig. 2AC). Likewise, the
number of TH/cleaved caspase 3 double-positive cells in the substantia nigra was signiﬁcantly increased in the MPTP mice, though
signiﬁcantly decreased in the MPTP þ tACSb and MPTP þ L-dopa
groups. Moreover, the mean number of these double-positive cells
was higher in the MPTP þ tACSbþPP1 group than in the
MPTP þ tACSb group (F [4,30] ¼ 19.812 P < 0.001, MPTP: P<0.001,

Fig. 2. Effects of beta-frequency 20 Hz tACS on dopaminergic neurons in the MPTP-induced Parkinson's model. (A) Photomicrographs showing TH-positive cells in the striatum and
substantia nigra and (B and C) the corresponding bar charts. The beta-frequency 20 Hz tACS- and L-dopa-treated groups exhibited increase in the integral optical density (IOD) of TH
in the striatum and in the number of TH-positive cells in the substantia nigra compared to those in the MPTP group. However, the PP1-treated 20-Hz tACS group showed a
decreased IOD in the striatum and a lower number of TH-positive cells in the substantia nigra. (D and E) Photomicrographs showing TH/cleaved caspase 3 (cCaspase 3) doublepositive cells in the substantia nigra (the images in E are magniﬁcations of the areas indicated by dashed lines in D) and (F) the corresponding bar chart. n ¼ 7. The number of
TH/cCaspase 3 double-positive cells was signiﬁcantly lower in the beta-frequency 20-Hz tACS-treated group than in the MPTP group, whereas the cell number in the PP1-treated
20-Hz tACS group was markedly higher than that in the 20-Hz tACS-treated group. All data are expressed as the mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control
group. Scale bars, A and D ¼ 100 mm; E ¼ 20 mm.
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Fig. 3. Effects of beta-frequency 20-Hz tACS on the dopaminergic neurons and GDNF secreting cells in the MPTP-induced Parkinson's model. (A) Photomicrographs showing the
integral optical density (IOD) of GDNF in the striatum and (B) the corresponding bar chart. (C and D) The levels of GDNF and TH in the dorsal striatum measured by ELISA assays.
n ¼ 7. For GDNF, the striatal IOD was markedly higher in the beta-frequency 20 Hz tACS-treated group than in the MPTP group. The 20-Hz tACS group showed signiﬁcant increases
in GDNF and TH levels in the dorsal striatum, whereas the PP1-treated 20-Hz tACS group exhibited decreased levels. (E) Representative ﬂow cytometry plots, (G) the corresponding
bar chart, and (F) photomicrographs showing GDNF/parvalbumin double-positive cells in the dorsal striatum. n ¼ 6. The cell percentage of the Q2 area was signiﬁcantly increased in
the 20-Hz tACS-treated group than in the MPTP group. The PP1-treated 20-Hz tACS group showed a decreased percentage of these cells. GDNF expression was localized to the
parvalbumin-positive interneurons. All data are expressed as the mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. each group. Scale bars, A ¼ 100 mm, F ¼ 20 mm.

immunohistochemical assays conﬁrmed pRET and pAKT expression
in dopaminergic neurons in the substantia nigra. The mean number
of TH/pRET double-positive cells was markedly decreased in MPTP
mice than in the control mice (F [4,30] ¼ 14.882 P < 0.001,
P¼0.001). Although the MPTP þ tACSb and MPTP þ L-dopa groups
had more TH/pRET double-positive cells than the MPTP group,
these differences were not signiﬁcant. However, the
MPTP þ tACSbþPP1 group had signiﬁcantly fewer TH/pRET doublepositive
cells
than
the MPTP
þ tACSb
group
(F
[4,30] ¼ 14.882 P < 0.001, P<0.001). The mean number of TH/pAKT
double-positive cells was signiﬁcantly decreased in the MPTP group
than in the control group, but markedly increased in the
MPTP þ tACSb group than in the MPTP group (F
[4,30] ¼ 6.006 P ¼ 0.001, MPTP: P¼0.002, tACSb: P¼0.028)
(Fig. 4EG, Figs. S5e2). These ﬁndings indicate that beta-frequency
20 Hz tACS may protect dopaminergic neurons in the substantia
nigra via GDNF-related survival signaling in this mouse model of
PD.

group, the cell percentage was substantially increased in the
MPTP þ tACSb and MPTP þ L-dopa groups, although only the
former was signiﬁcantly different. In addition, this cell percentage
was markedly decreased in the MPTP þ tACSbþPP1 group than in
the MPTP þ tACSb group (F [4,30] ¼ 13.732 P < 0.001, tACSb:
P ¼ 0.033, PP1: P ¼ 0.045). These results suggest that in the PD
mouse model, beta-frequency 20 Hz tACS may protect dopaminergic neurons via upregulation of endogenous GDNF production
in the striatum by activation of parvalbumin interneurons, the main
source of striatal GDNF.
3.4. Effects of beta-frequency tACS on cell signaling regulating the
survival of dopaminergic neurons in the substantia nigra of MPTPinduced mice
GDNF-related signaling may be involved in the survival of the
dopaminergic neurons in the substantia nigra, as suggested by the
results obtained with PP1, the RET inhibitor interfering with GDNF
receptor signaling. Therefore, we examined the expression of RET
and the downstream markers since activation of RET-signaling by
GDNF requires the GDNF family receptor-a (GFRa) for cell survival
via subsequent downstream signaling.
According to the western blot analyses, the ratio of pRET/RET
was not different between the control group and MPTP-treated
groups, with the exception of the MPTP þ tACSbþPP1 group (F
[4,25] ¼ 4.801 P ¼ 0.005, P ¼ 0.003). The ratio of phosphorylated
AKT (pAKT)/AKT, but not of phosphorylated extracellular signalregulated kinase (pERK)/ERK, was signiﬁcantly lower in the MPTP
group (F [4,30] ¼ 5.376 P ¼ 0.003, P ¼ 0.006). Both ratios were
signiﬁcantly increased in the MPTP þ tACSb group than in the MPTP
group (pAKT: F [4,30] ¼ 5.376 P ¼ 0.003, P ¼ 0.041; pERK: F
[4,30] ¼ 3.665 P ¼ 0.018, P ¼ 0.037) (Fig. 4AD). Furthermore,

4. Discussion
The therapeutic effects of tACS for neurological or psychiatric
disorders are considered to be primarily associated with modulation of brain oscillations, since the brains of patients with such
disorders show abnormally synchronized oscillations. Modulation
of relevant brain oscillations is also applied when treating motor
symptoms of PD [3e5]. However, we investigated the therapeutic
effects of successive tACS on the recovery of motor symptoms in PD
in association with endogenous GDNF production. The main ﬁndings of our study included: 1) high-deﬁnition tACS applied over the
primary motor cortex ameliorated motor dysfunction in the MPTPinduced mouse model of PD by facilitating the survival of
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Fig. 4. Effects of beta-frequency 20 Hz tACS on GDNF-related survival signaling in the substantia nigra of MPTP-induced mice. (A) Western blot and (BeD) the corresponding
densitometry results for RET, AKT, and ERK expression in the substantia nigra. n ¼ 6. The beta-frequency 20 Hz tACS-treated group showed signiﬁcantly higher pAKT and pERK
expression levels than the MPTP group. The PP1-treated 20 Hz tACS group exhibited lower pRET expression levels than the 20-Hz tACS-treated group. b-actin was used as a loading
control for the western blot analyses. (E) Photomicrographs showing TH/pRET and TH/pAKT double-positive cells in the substantia nigra (images presented below are magniﬁcations
of the areas indicated by dashed lines). (F and G) the corresponding bar charts. n ¼ 7. The number of pAKT-expressing dopaminergic neurons was signiﬁcantly increased in the 20Hz tACS-treated group than in the MPTP group. The PP1-treated 20-Hz tACS group exhibited signiﬁcantly lower pRET expression than the 20-Hz tACS-treated group. All data are
expressed as the mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. each group. Scale bars, E ¼ 100 mm; magniﬁed images ¼ 20 mm.

mouse model to compare the therapeutic effects and to determine
the most effective frequency for restoring motor function impaired
by PD. We applied tACS over the primary motor cortex, centralized
over the large caudal forelimb area [26], to determine any beneﬁcial
effects on motor function. All tACS frequencies, with the exception
of the gamma frequency, signiﬁcantly alleviated motor deﬁcits in
the MPTP-induced PD model; beta-frequency tACS had the most
beneﬁcial effects on recovery from motor dysfunction, producing
improvements in all behavioral tests.
Diagnostic motor symptoms in patients with PD result from the
degeneration of nigrostriatal dopaminergic neurons [1,2], and it is
known that GDNF, a potent trophic factor, promotes the survival of
these dopaminergic neurons [22,23]. In this study, the death of
dopaminergic neurons and the production of GDNF were examined
in relation to the applied tACS frequency. All the frequencies used
increased the number of dopamine cells in the substantia nigra and
promoted their survival compared to the untreated PD mouse
model. However, alpha- and beta-frequency tACS showed better
effects on the number of dopamine cells in the substantia nigra
with increased levels of TH and GDNF in the dorsal striatum. Taking
the results of the behavioral tests and dopamine cell counts into
consideration, it seems that tACS application may protect dopaminergic neurons by regulating GDNF production in the PD mouse
model and that beta-frequency 20 Hz tACS is more effective at
preventing damaged characteristics than other frequency bands.
Thus, we applied 20 Hz tACS and compared its effects with those
of the clinical drug L-dopa to elucidate the underlying GDNF-related

dopaminergic neurons and upregulating GDNF production; 2) the
therapeutic effects of beta-frequency 20 Hz tACS were more
prominent than those of other frequency bands used; and 3) the
application of beta-frequency 20 Hz tACS promoted the survival of
dopaminergic neurons in the substantia nigra via upregulation of
endogenous GDNF production in striatal parvalbumin interneurons. These results suggest that the application of betafrequency tACS ameliorates motor impairments in PD and is a potential adjuvant therapy for patients with PD.
Mapping of oscillatory frequencies provides a personalized
neurotherapeutic target and can guide noninvasive brain stimulation. Although it remains unresolved as to whether brain oscillations refiect a fundamental mechanism in cortical information
processing, frequency-speciﬁc tACS is widely employed to induce
rhythmic current ﬂows that interact with entrained spontaneous
oscillations [5,11]. The motor system is not typically targeted by
tACS, which can also modulate other task-specific functions, such as
hearing, cognition, and memory [14]. Rhythmic oscillations can be
categorized into low- and high-frequency bands according to the
main states of the brain at sleep and during awake rest, respectively
[24]. Moreover, individualized tACS improves motor performance
and reduces classic symptoms, such as tremors in patients with PD
[6,15].
Each frequency band of tACS has been associated with speciﬁc
functions, e.g., beta- and gamma-bands are antikinetic and prokinetic, respectively [5,13,25]. In this study, we ﬁrst applied tACS at
representative frequency bands from theta to gamma in a PD
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Fig. 5. Simpliﬁed schematic showing the proposed therapeutic mechanism of tACS application in the PD mouse model. Striatal parvalbumin-positive interneurons may be activated
by successive applications of tACS and released GDNF at the nerve terminals as retrograde signaling to the dopaminergic neurons in the substantia nigra. This, in turn, induces
survival signaling in these dopaminergic neurons, thereby protecting the dopaminergic neurons in the substantia nigra, and subsequently alleviating motor dysfunctions.

signiﬁcant changes in the mean IOD of GDNF in the striatum and in
the GDNF expression of parvalbumin interneurons. The proportion
of activated RET was signiﬁcantly downregulated by treatment
with PP1, whereas activated ERK and AKT were signiﬁcantly
increased by beta-frequency 20 Hz tACS, though not L-dopa treatment. Our results suggest that the application of tACS, especially
beta-frequency 20 Hz tACS, activates the release of endogenous
GDNF from striatal parvalbumin interneurons at the nerve terminals of the dopaminergic neurons in the substantia nigra. Retrograde signaling of mesencephalic neurons induced survival
signaling of the dopaminergic neurons and subsequently restored
damaged motor dysfunction in the PD mouse model (Fig. 5).
tACS involves a relatively weak current, producing a modest
effect on cortical excitability, but is able to provoke neural spikes
and ultimately modify multiunit activity [11,34]. Low-frequency
alternating current stimulation is able to produce excitability of
somata that mimics anodal and cathodal direct current stimulation;
however, it reduces neuronal polarization much faster than the
neuronal membrane time constant of alternating current frequency
[8,35]. Synchronous components of the membrane potential signals the activation of cell assemblies and enables ﬁring to occur
[36]. Moreover, tACS induces a mechanism called “stochastic
resonance,” which results in neurons that are more likely to fire in
response to other neurons during the depolarization state [37].
These resonate according to the spike activity by tACS and should
be considered a hypothetical mechanism for the long-lasting
therapeutic tACS effects caused by non-neuronal neurotrophic
factors.
Our study has some limitations that curb its ability to clearly
deﬁne the mechanisms underlying the beneﬁcial effects of tACS for
patients with PD. First, we could not explore if and how tACS
directly promoted the production of endogenous GDNF via striatal
parvalbumin interneurons. Alternating current stimulation over
the primary motor cortex may activate the downstream corticostriatal neurons via the subcortically projecting pyramidal neurons
[38] and inﬂuence corticostriatal activity in PD animal models,
possibly reﬂecting glutamatergic neurotransmission [39].
Parvalbumin-positive interneurons are interconnected by electrical
synapses, i.e., dendro-dendritic gap junctions, and constitute a
unique neuronal network, causing the whole population to ﬁre

mechanisms in the PD mouse model. GDNF preferentially binds to
GFRa, and this trophic factor affects the protection and regeneration of dopaminergic neurons via subsequent activation of the receptor tyrosine kinase RET [27]. RET does not directly interact with
GDNF and requires GFRa as a co-receptor [28]. GDNF/RET signaling
may be a potential target for neuroregenerative therapy in PD
because the absence of RET completely abolishes the neuroprotective and regenerative effects of GDNF [29]. Therefore, we
employed the RET kinase inhibitor PP1 in tACS-treated mice to
examine the effects of GDNF-signaling inhibition [30]. Betafrequency tACS ameliorated motor dysfunction in the PD mouse
model to an extent that was comparable with that of L-dopa
treatment and showed neuroprotective effects on the dopaminergic neurons with upregulated endogenous GDNF production in
the PD mouse model. However, treatment with the RET kinase inhibitor PP1 abrogated the tACS-induced recovery of motor deﬁcits,
suggesting that GDNF/RET kinase-related signaling is involved in
the therapeutic effects of tACS.
GDNF is expressed by neurons of the substantia nigra including
the striatum in the normal rodent brain [31]; however, the
GABAergic parvalbumin-positive interneurons, which are distributed uniformly over the striatum, are the main source of striatal
GDNF, with more than 95% of these cells expressing GDNF [22,23].
Parvalbumin-positive interneurons are a relevant treatment target
for PD because they represent the only cell type that synthesizes
GDNF in the striatum, and they are densely innervated by nigrostriatal dopaminergic nerve endings [22,23]. GDNF is transported
from the axon terminals to the cell soma of substantia nigra neurons by long-range retrograde signaling of mesencephalic dopaminergic neurons via the nigrostriatal pathway [22,32].
GDNF/RET signaling leads to the survival of dopaminergic neurons via activation of downstream signaling cascades, including
mitogen-activated protein kinase (MAPK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT [27,33]. Thus, we examined the expression of striatal GDNF and parvalbumin-positive
interneurons expressing GDNF. Beta-frequency 20 Hz tACS had a
neuroprotective effect on the dopaminergic neurons via upregulated endogenous GDNF production in striatal parvalbumin interneurons. Beta-frequency 20 Hz tACS and L-dopa treatment
produced similar results; however, L-dopa treatment did not cause
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the data, wrote the manuscript, All authors contributed extensively
to this work.

almost synchronously [40,41] and exhibit voltage-dependent
membrane potential oscillations [42]. Thus, tACS-induced spikes
may activate the network of parvalbumin-positive interneurons,
which are the primary target in patients with PD, via glutamatergic
neurotransmission and voltage-dependent membrane potential.
Second, the electric ﬁelds produced by tACS can directly affect
the neurons in the targeted cortex as shown in our previous analysis of a ﬁnite element model simulation [21]. The 20 Hz beta frequency is the natural frequency of the motor regions [24], and it is
not yet understood why this frequency induces more GDNF production than other frequency bands. Previous studies suggest that
the tACS frequency usually applied approximates the natural
resonance frequency of local neural circuits [12], and short treatment of tACS at 20 Hz results in selectively increased motor cortex
excitability [24]. It remains unclear how tACS, and beta-frequency
tACS in particular, affects neural activity and promotes endogenous GDNF release from striatal parvalbumin interneurons. This
aspect requires further investigation.
It has been shown that the production of endogenous GDNF
prevents degeneration of dopaminergic neurons in patients with
PD [2,22], and activation of GDNF-producing striatal parvalbumin
interneurons (e.g., by pharmacological, electric, or magnetic
means) could have therapeutic effects for patients with PD [22]. The
current study demonstrates that the application of tACS over the
primary motor cortex produces therapeutic effects in the PD mouse
model; we suggest that this occurs via the activation of endogenous
GDNF production by striatal parvalbumin interneurons and its
survival signaling for dopaminergic neurons, thereby improving
motor function. We propose that tACS, especially beta-frequency
20 Hz tACS, represents a viable adjuvant treatment option for patients with PD to ameliorate motor impairments.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2022.04.002.
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