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Objectives: To investigate the ameliorating effects of sinusoidal galvanic vestibular

stimulation (GVS) on vestibular compensation from unilateral vestibular deafferentation

(UVD) using a mouse model of unilateral labyrinthectomy (UL).

Methods: Sixteen male C57BL/6 mice were allocated into two groups that comprise

UL groups with GVS (GVS group, n = 9) and without GVS intervention (non-GVS group,

n = 7). In the experimental groups, we assessed vestibulo-ocular reflex (VOR) recovery

before (baseline) and at 3, 7, and 14 days after surgical unilateral labyrinthectomy. In the

GVS group, stimulation was applied for 30min daily from postoperative days (PODs) 0–4

via electrodes inserted subcutaneously next to both bony labyrinths.

Results: Locomotion and VOR were significantly impaired in the non-GVS group

compared to baseline. The mean VOR gain of the non-GVS group was attenuated to

0.23 at POD 3 and recovered continuously to the value of 0.54 at POD 14, but did not

reach the baseline values at any frequency. GVS intervention significantly accelerated

recovery of locomotion, as assessed by the amount of circling and total path length in

the open field tasks compared to the non-GVS groups on PODs 3 (p < 0.001 in both

amount of circling and total path length) and 7 (p < 0.01 in amount of circling and p <

0.001 in total path length, Mann–Whitney U-test). GVS also significantly improved VOR

gain compared to the non-GVS groups at PODs 3 (p < 0.001), 7 (p < 0.001), and 14 (p

< 0.001, independent t-tests) during sinusoidal rotations. In addition, the recovery of the

phase responses and asymmetry of the VOR was significantly better in the GVS group

than in the non-GVS group until 2 weeks after UVD (phase, p = 0.001; symmetry, p <

0.001 at POD 14).

Conclusion: Recoveries for UVD-induced locomotion and VOR deficits were

accelerated by an early intervention with GVS, which implies that GVS has the potential

to improve vestibular compensation in patients with acute unilateral vestibular failure.

Keywords: vestibular, labyrinthectomy, unilateral labyrinthectomy, galvanic vestibular stimulation, functional

recovery, vestibulo-ocular reflex, VOR gain
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INTRODUCTION

Galvanic vestibular stimulation (GVS) delivers electrical currents
to the vestibular end organs and their afferents, resulting
in simultaneous increases and decreases of discharge in
the vestibular afferents by cathodal and anodal stimulation,
respectively (1, 2). It has been assumed that weak GVS current
likely stimulates all primary vestibular afferents acting upon the
post-synaptic spike trigger zone by modulating the regularity
of the firing rate of vestibular afferents (1, 3, 4), rather than
by inducing membrane depolarization of vestibular sensory
organs (5–7). Accordingly, the thin and slower-conducting
regularly discharging afferents respond symmetrically to the
two polarities of GVS, whereas the thick and fast-conducting
irregularly discharging afferents show an asymmetrical response
with a higher galvanic sensitivity during cathodal stimulation
(excitatory) than anodal stimulation (inhibitory) (4, 5, 7–
9). Recently, the application of short-term noisy GVS to
improve static and dynamic vestibular deficits in unilateral
labyrinthectomized rats has been reported (10). Another animal
study with monkeys directly investigated single vestibular
afferents and showed robust and parallel activation of both canal
and otolith afferents in response to GVS (7). On the other
hand, some electrophysiological studies on isolated frog posterior
semicircular canal (SCC) preparations showed that this electrical
stimulation directly modulates neurotransmitter (GABA) release
by hair cells (8, 11). The electrical stimulation also contributes to
the upregulation of c-Fos protein, which is generally considered
as a marker of stress and neuronal activation, in the vestibular
nuclei (VN) (12, 13). These findings indicate that GVS can
activate vestibular hair cells and the neurons in the VN in the
central vestibular pathways.

Clinically, GVS has been used for over 100 years to investigate
the role of vestibular signals in gaze, posture, and locomotor
control under pathophysiological conditions in peripheral and
central vestibular or neurodegenerative disorders as a relatively
pure vestibular stimulator (6, 10, 14–18). Recently, GVS has
been promoted as a potential therapeutic (18) and diagnostic
tool (19, 20) for bilateral vestibular dysfunction. It has been
suggested that the plausible mechanism underlying the postural
enhancement is the addition of an optimal level of noise
into a non-linear system, which can enhance the detection
of sub-threshold signals and the processing of information
(21, 22). Furthermore, noisy GVS improves postural sway
and dynamic gait stability, and subsequently reduces the fall
risk in patients with bilateral vestibulopathy (23, 24). Another
study also showed that sub-threshold noisy GVS enhanced
the vestibulo-ocular reflex (VOR) with increasing amplitudes
of ocular vestibular-evoked myogenic potentials in healthy
subjects (25).

Despite the recent popularity of GVS for the assessment

and treatment of various vestibular disorders, how this non-
invasive electrical stimulation recovers the vestibular function

in unilateral vestibular deafferentation (UVD) remains uncertain
(7, 10). The present study was designed to determine the efficacy
of GVS for vestibular compensation, especially on VOR recovery,
using a mouse model of unilateral labyrinthectomy (UL).

MATERIALS AND METHODS

Animals
Sixteen male C57BL/6 mice aged 9 weeks and weighing 20–
25 g (Animal Technology, Koatech, Kyonggi-Do, Korea) were
randomly assigned to two experimental groups: UL with GVS
intervention (GVS group, n = 9) and UL without GVS
intervention (non-GVS group, n = 7). Every effort was made to
minimize both the number and the suffering of mice used in the
experiment. Mice were acclimatized to laboratory conditions for
1 week before the experiment started, then housed separately and
kept in a temperature- and humidity-controlled room with free
access to food and water.

The animal procedures included in this study were consistent
with the Assessment and Accreditation of Laboratory Animal
Care International and have been reviewed and approved by the
Animal Care Committee of the Gachon University of Medicine
and Science (IRB MRI 2019-0008).

Surgical Procedure for Unilateral
Labyrinthectomy (UL)
Both GVS and non-GVS groups underwent right-sided UL. We
used surgical labyrinthectomy, which is relatively simple and
reliable, induces vestibular symptoms immediately after surgery,
and has a faster recovery than vestibular neurectomy or chemical
labyrinthectomy (26–28). UL was carried out according to a
surgery protocol described previously (29–31). A 10-mm-long
skin incision was made 5mm behind the right auricular sulcus
to expose the bony labyrinth, and the muscle and soft tissues
covering the temporal bone were dissected. After approaching
the horizontal and posterior SCC, a small hole was made in
the posterior SCC with a diamond otologic drill (0.5mm in
diameter) for perilymph leakage. Gentle suction was used to
aspirate perilymph fluid for 3min, then the hole was filled with
collagen (Helitene; Intergra Life Sciences Co., Princeton, NJ,
USA) to prevent further leakage. The skin was closed using a
5–0 Vicryl suture in two layers. The appearance of spontaneous
nystagmus, postural asymmetry, and head tilt after recovery from
anesthesia confirmed the successful UL. All treated mice were
anesthetized by continuous inhalation of isoflurane gas (Ifran, O2

5 L/min, 2.0; Hana Pharm Co. Ltd., Kyonggi-Do, Korea) during
surgery as well as in preparation for GVS application.

Vestibulo-Ocular Reflex (VOR) Recording
and GVS Application
A permanent head implant to restrain the animal’s head during
VOR recording was constructed. After making a small incision
in the mouse’s scalp, we fixed a small metal plate with a
screw hole to the center of the skull using dental cement.
A marker (400 um, white isosceles triangle) was attached to
the center of the right cornea after local anesthesia to track
eyeball movement (32) and then to record ocular movements
during VOR stimulation. The left eyelid was covered with
ophthalmic ointment (Tarivid R©; Santen Pharmaceutical Co., Ltd,
Osaka, Japan) during VOR recordings to prevent visual input
to the other eye. All experimental mice were anesthetized with
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isoflurane inhalation (Ifran, 2.0%, O2 5 L/min; Hana Pharm. Co.)
under sterile conditions.

To measure the VOR elicited by sinusoidal stimulation, the
mouse was placed in a cylindrical restrainer that connected
to the vestibular turntable. The mouse’s head was fixed to the
restrainers using the previously implanted head fixation in the
scalp. The horizontal SCC was oriented to the earth’s horizontal
plane, which corresponded to the plane of sinusoidal stimulation.
The mouse would be relaxed 40min before VOR recording for
limiting any effects of the anesthesia. The sinusoidal stimulation
was delivered by turntable in the horizontal plane at a frequency
of 0.08–1Hz and peak velocity 150◦/s (32). VOR measurements
were conducted in each group on PODs 3, 7, and 14 (Figure 1).

For the application of GVS, we inserted electrodes made of
a metal bolt cap (1.26mm in diameter) into circular plastic
buttons (5mm in diameter), and then each electrode was
attached to one uninsulated tail of a 3-cm-long wire (30G)
passing through the skin, which was connected to the galvanic
stimulator via alligator connectors. After the implantation of
these electrodes near the bony labyrinths, the wound was closed
with a 5–0 Vicryl suture to support the healing process. The
sinusoidal current was generated by a computer-controlled
stimulator with the cathode (excitatory) in the right (lesioned)
side and the anode (inhibitory) (33) in the left (intact) side
of the mouse. During the pilot experiment, we determined the
GVS threshold before the intervention session by delivering
a sinusoidal GVS current with 1Hz, progressively increasing
intensity from zero. The GVS threshold, which exhibits a
vestibular-specific effect, was the lowest level that evoked a clearly
repeatable vertical-torsional nystagmus without any othermuscle
activity (Supplementary Table 1) (5, 10, 34). This threshold
was 0.1mA and 1Hz and did not appear to vary significantly
between individual animals; this was consistent with the previous
paradigm in rats (0.1–0.3mA) (35, 36) We found that eye
movement and facial muscle response were similar between
individuals when monitored by camera. Therefore, we kept this
threshold for all experimental mice. When computer-controlled
sinusoidal stimulation was applied, the amplitude of current
was cyclical and was varied between −0.1mA and +0.1mA
(threshold) via a DC-shifted device (A-M Systems Model 2200
Analog Stimulus Isolator) in which the opto-electrical isolation
allocated the cathode-anode, the output waveform followed
input, and the amplitude of the subthreshold current was altered
sinusoidally from 0 to −0.1mA in the cathode (the right) and
from 0 to +0.1mA in the anode (the left). Therefore, we used
a sinusoidal DC-shifted GVS current of 0.1mA and 1Hz for
the intervention. The mice in the non-GVS group were also
restrained by the same procedure as in the GVS group but
without current. GVS was delivered to the mice in the GVS
group for 5 days, with 30-min sessions each day from POD 0
within 5 h after UL to POD 4 in a head-restrained awake state
(Figure 1).

Open Field Tasks
Mice were tested for 2min in an open field apparatus comprising
a circular arena of a white plastic cylinder 37 cm in diameter and

53 cm in height, which was illuminated with red light from the
top at the center of the apparatus (Figure 2A) (37). To start each
test trial, the mice were individually introduced to the center
and tracked by an overhead camera HD 1080p C920 (Logitech,
Switzerland) with a sampling rate of 30 frames per second. The
locomotor activities of the mice were assessed according to the
amount of circling (stereotyped rotatory movement in circles
around the animal’s hips) and total path length traveled across
the whole device ground (mm). The ground was divided into the
inner (central) and outer (peripheral) zones, and the percentage
of time spent in the outer zone was used as an indicator for
anxiety. The recorded images were processed with a customized
analysis package (Figure 2B) (37).

Statistical Analysis
All data were analyzed using SPSS Statistics version 23.0 (IBM
Corp., Armonk, NY, USA). Values of significant difference were
calculated using the Independent t-test or Mann–WhitneyU-test
for two group comparisons (GVS vs. non-GVS group) and paired
t-test or Wilcoxon signed rank test for pairwise comparisons
(baseline vs. PODs 3,7,14 values in each group) according to
data distribution. The normal distribution of the data was
verified by the Kolmogorov–Smirnov method. All the tests were
performed at a 0.05 level of significance. Data were expressed
as mean± SD.

RESULTS

The baseline VOR data to sinusoidal stimulation before UL are
presented in Table 1. There were no significant differences in
gain, phase (degree), or symmetry (%) between the GVS and non-
GVS groups. The number of times a mouse circled in place could
not be calculated at baseline in either group because circling
did not occur. The baseline locomotor activities assessed by
total path length (mm) were similar between the two groups
(Figures 2C,D).

Temporal Changes of Locomotion and
VOR in UL Mice
In the acute phase after UL, signs of UVD, such as spontaneous
horizontal nystagmus beating toward the contralesional side,
head-tilting, falling toward the ipsilesional side, backward gait,
and clockwise circling, were observed. It took about 2 days
after UL for the mice to regain a stable posture and walk
steadily. Considering this natural recovery course, we conducted
subsequent VOR investigations from POD 3, free from the
limitations of motor coordination problems (Figure 1). After
UVD, circling in place was exhibited until POD 7 (Figure 2C,
non-GVS group), and the total path length was significantly
decreased at POD 3 (from 13406.5 ± 609.8mm at baseline to
5323.16 ± 953.42mm, p < 0.05, Mann–Whitney U-test) and
POD 7, and then gradually returned to the baseline level at POD
14 (p = 0.128, Wilcoxon signed rank test) (Figure 2D) during
open field tasks.

The VOR responses for gain, phase (degree), and symmetry
(%) to sinusoidal vestibular stimulation before (baseline) and
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FIGURE 1 | A schematic representation of the experimental design and time scales for GVS application. GVS, galvanic vestibular stimulation; VOR, vestibulo-ocular

reflex; UL, unilateral labyrinthectomy.

after UVD are shown in Figure 3 (non-GVS group, red color). At
the baseline before surgery, the mean VOR gain increased with
frequency, from 0.74 ± 0.08 at 0.08Hz to 0.82 ± 0.05 at 1Hz.
The phase of VOR showed a phase lead at lower frequencies of
stimulation that normalized as the frequency increased, from 24.6
± 2.5 at 0.08Hz to 6.5 ± 4.3 at 1Hz. Asymmetry was minimally
observed, at an average of 0.52%, to the right side over the entire
frequency before UL (Table 1, Figure 3, red squares).

Temporal changes of VOR responses during sinusoidal

rotations reflect the natural courses of vestibular restoration
after UVD (Figure 3, non-GVS group). The VOR gain dropped

significantly at all tested frequencies immediately after UL. VOR

gains were reduced at POD 3 by an average of 72% compared

to the baseline value (p < 0.001, paired t-test, 0.14 ± 0.03 at

0.08Hz and 0.29 ± 0.03 at 0.64Hz) and at POD 7 by 57%
compared to baseline (p < 0.001, paired t-test) (Figure 3A).
Although the VOR gain increased considerably at POD 14 to a
maximum of 0.65 ± 0.05 at 0.64Hz, it still remained impaired at
all frequencies compared to the baseline value (p < 0.001, paired
t-test) (Figure 3A, red open circles). The phase and symmetry
also gradually recovered over time up to POD 14, but they
did not reach the values of the baseline (Figures 3B,C). The
phase lead at POD 14 was significantly different from the values
of the baseline value at most frequencies except 1Hz (p =

0.245, paired t-test) (Figure 3B). Asymmetry was apparent at
low frequencies from 0.08 to 0.16Hz, but became symmetric
at 0.32–1Hz during the examination days (Figure 3C). Overall,
the symmetry of VOR improved within 2 weeks after UL,
especially at high frequencies, but the values of VOR gain and

phase remained significantly impaired compared to the baseline
value (Figures 3A–C).

GVS Effects on Locomotion and VOR in UL
Mice
Changes in locomotor activities after GVS intervention (the GVS
group) were significant during the acute phase after UL. In the
GVS group, intermittent circling behavior at POD 3was observed
only 1.67 times, and no abnormal behaviors were observed at
POD 7 or 14 (Figure 2C). The total path length also decreased
from 13803.1 ± 840.9 4mm to 9309.4 ± 607.6mm at POD 3 (p
= 0.008), and recovered to the baseline value at POD 14 (p =

0.441, Wilcoxon signed rank test) (Figure 2D).
After GVS intervention, temporal changes of VOR responses

are shown in Figure 3 (GVS group, blue color). At POD 3, after
theULmice had received three sessions of GVS in the GVS group,
VOR gain reduction was significantly less attenuated compared
to the non-GVS group (Figures 3D, 4A). TheVOR gain gradually
recovered during the follow-up days and nearly reached the
value of the baseline, especially at high-frequency stimuli (0.16–
1Hz), at POD 14 (Figure 3D). After GVS intervention, the phase
of VOR showed similar values with the baseline at PODs 7
(Figure 3E, Supplementary Table 3, p= 0.074, paired t-test) and
14 (Figure 3E, Supplementary Table 4, p = 0.063, paired t-test).
The phase lead of the GVS group was significantly decreased
compared to the non-GVS group across all frequencies from
POD 3 (Figure 4B, Supplementary Table 2). The phase lead of
the non-GVS group was also gradually compensated, but still
observed at some frequencies at POD 14 compared to the GVS
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FIGURE 2 | The open-field task comprising a circular arena of a white plastic cylinder 37 cm in diameter and 53 cm in height (A). The recorded images were

processed with a digital video-based tracking system using an image subtraction technique: the green lines indicate the total path length (B). Evaluation of the

behavioral changes of static vestibular function assessed by intermittent circling (C) and dynamic vestibular function reflected by the total path length (D) through an

open field task. In the non-GVS group, intermittent circling in place was exhibited until POD 7 (C) and the total path length was also significantly deceased until POD 7

compared to the baseline value (D). However, GVS improved the amount of circling and the total path length during the acute phase of UL. GVS, galvanic vestibular

stimulation; POD, postoperative day; UL, unilateral labyrinthectomy. *p < 0.05; **p < 0.01; ***p < 0.001.

TABLE 1 | The VOR response to sinusoidal stimulation before UL in both GVS and non-GVS groups (the baseline).

Group 0.08 Hz 0.1 Hz 0.16 Hz 0.32 Hz 0.64 Hz 1 Hz Total

Gain GVS group 0.80 ± 0.04 0.82 ± 0.03 0.85 ± 0.06 0.86 ± 0.05 0.85 ± 0.04 0.82 ± 0.05 0.83 ± 0.03

Non-GVS group 0.74 ± 0.08 0.79 ± 0.05 0.86 ± 0.05 0.87 ± 0.05 0.88 ± 0.07 0.82 ± 0.05 0.83 ± 0.05

p-valuea 0.070 0.185 0.791 0.687 0.174 0.836 0.714

Phase GVS group 21.90 ± 6.95 14.42 ± 4.82 10.79 ± 3.27 8.03 ± 2.15 7.30 ± 3.07 2.83 ± 2.22 10.88 ± 2.96

Non-GVS group 24.65 ± 2.51 17.94 ± 2.99 10.80 ± 3.28 7.14 ± 3.53 5.55 ± 2.14 6.49 ± 4.27 12.10 ± 1.50

p-valuea 0.296 0.113 0.998 0.540 0.299 0.071 0.339

Symmetry GVS group 1.80 ± 1.77 0.68 ± 0.38 0.78 ± 0.78 0.50 ± 0.26 0.41 ± 0.33 0.55 ± 0.41 0.79 ± 0.53

Non-GVS group 0.43 ± 0.21 0.56 ± 0.24 0.67 ± 0.23 0.49 ± 0.34 0.47 ± 0.28 0.51 ± 0.24 0.52 ± 0.12

p-valuea 0.071 0.408 0.351 0.918 0.717 0.806 0.536

aThe average value of each GVS and non-GVS group was compared by an independent t-test or Mann–Whitney U-test according to data normality.

VOR, vestibulo-ocular reflex; UL, unilateral labyrinthectomy; GV, galvanic vestibular stimulation.

group (at 0.32Hz, p = 0.002 and at 0.64Hz, p = 0.001, Mann–
Whitney U-test, Figure 4B, Supplementary Table 4). Similar to
the phase response, after GVS intervention, the asymmetry
pattern was recovered to the level of the baseline value at POD
3, which was asymmetric only at low frequencies of 0.08Hz (p =
0.004, paired t-test) and 0.1Hz (p= 0.012, Wilcoxon signed rank
test), and was fully compensated at POD 14 (Figure 3F).

A comparison of the time course of VOR responses between
the ULmice with (the GVS group) and without GVS intervention

(the non-GVS group) revealed positive effects of sinusoidal GVS
for improving the VOR parameters in UL mice (Figure 4).
From POD 3, when the UL mice had received three sessions
of GVS, the GVS group showed marked improvement in the
VOR gain compared to the non-GVS group at all frequencies
(Figure 4A, Supplementary Table 2). Gain reduction in the GVS
group was significantly less attenuated from POD 3, after just
3 sessions of GVS, to POD 14, after the completion of five
sessions of GVS, compared to the non-GVS group; gain reduction
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FIGURE 3 | Time course of the compensation process of VOR responses of gain, phase, and symmetry of the non-GVS group (A–C with red colors) and the GVS

group (D–F with blue colors) compared to the baseline value. Marked VOR gain reduction was observed at all frequencies at POD 3 in the non-GVS group (###p <

0.001, paired t-test). Although the VOR gain increased considerably at POD 14, it still remained impaired at all frequencies compared to baseline value (***p < 0.001,

paired t-test) (A). The phase and symmetry also gradually recovered over time up to POD 14, but they did not reach the values of the baseline (B,C). The GVS group

also exhibited VOR gain reduction at all frequencies at POD 3 after applying three sessions of GVS compared to the baseline (###p < 0.0001, paired t-test) (D).

However, the VOR gain was gradually recovered until POD 14 and nearly reached the value of the baseline, especially at high-frequency stimuli (D). The phase and

asymmetry of VOR were fully compensated at POD 14, with the exception of the phase at 0.1Hz (*p = 0.023, Wilcoxon signed rank test) (E,F). VOR, vestibulo-ocular

reflex; GVS, galvanic vestibular stimulation; UL, unilateral labyrinthectomy; POD, postoperative day. *A significant difference between the values of the baseline and the

values at POD 14; #A significant difference between the values of the baseline and the values at POD 3. *, # indicate p < 0.05; **, ## indicate p < 0.01; ***, ###

indicate p < 0.001.

FIGURE 4 | Summary of the VOR recovery for the GVS vs. the non-GVS group. The VOR responses were compared by averaging the values across frequencies. We

observed marked differences in improvement across the time course between the UL with (the GVS group) and without GVS intervention (the non-GVS group), as

indicated by Gain (A), Phase (B), and Symmetry (C). The recovery of VOR responses in the GVS group was significantly faster than the non-GVS group from POD 3,

and this trend was maintained until POD 14. VOR, vestibulo-ocular reflex; GVS, galvanic vestibular stimulation; UL, unilateral labyrinthectomy; POD, postoperative day.

**p <0.01; ***p <0.001.
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was about 34% of baseline in the GVS group but 73% in the
non-GVS group at POD 3 (Figure 4A). Although VOR gain
was recovered substantially after UVD in both GVS and non-
GVS groups, GVS intervention demonstrated a significant effect
on gain recovery compared to the non-GVS group during the
examined days. Meanwhile, the phase and symmetry of VOR
also showed GVS effects, where the values of the GVS group
compensated those seen at baseline, while those of the non-GVS
group remained impaired significantly (Figures 3B,C,E,F). At
POD 14, the GVS group had almost recovered gain, phase and
symmetry of the VOR to the baseline values; however, the non-
GVS group remained significantly less compensated compared to
the baseline values and the GVS group (Figures 3, 4).

DISCUSSION

The current study demonstrates the clear effects of GVS
intervention on locomotion and VOR recoveries induced by
UVD in the mouse model.

The Effects of GVS Intervention on the
Recovery of Static and Dynamic Deficits
Dynamic deficits, such as VOR asymmetry, postural instability,
and disequilibrium, are incompletely and slowly compensated
compared to static imbalance (38, 39). The dynamic deficits
are less dependent on the rebalancing of VN on both sides
and require newly elaborated sensorimotor reorganizations at
multisensory brain regions (38, 40). In case the dynamic deficits
are not properly compensated, impaired balance control and
oscillopsia persist due to decreased VOR gain and phase shift.
A previous study showing the positive effects of GVS on the
static and dynamic vestibular compensation in rats after UL
suggested a mechanism of neurogenesis via compensation for
the loss of irregular phasic signal and accelerated vestibular
adaption (10). In a study using a hemi-parkinsonian rat model,
noisy-GVS intervention improved the dynamic deficits due
to facilitatory effects on the vestibulo-spinal pathway and
other dopamine-independent pathways, possibly by increasing
GABA concentrations in ipsilesional substantia nigra, which
was attributed to the neuromodulation mechanism (41). An
additional study showed that the recovery process for static and
dynamic deficits induced by a UVD model takes at least 36
days (42). Taken together, our current study showing significant
improvements in locomotion, reflected by circling behavior and
the total path length after GVS intervention, demonstrates the
positive effects of GVS application on dynamic postural control
during the acute phase after UVD.

The Recovery of VOR in GVS and Non-GVS
Mice
Notably, the parameters of VOR gain, phase, and symmetry in the
GVS group nearly returned to the baseline values by the second
week, whereas the values in the non-GVS group recovered slowly
but remained significantly impaired compared to the values of
the GVS group and the baseline. This effect of GVS on the
recovery of VOR is initiated from an acute stage of 3 days after

UL, by which point the mice had undergone three sessions of
GVS. This effect was maintained until the 14th day, when the
final recovery of VOR gain was up to 92% of the baseline value
in the GVS group compared to 65% in the non-GVS group.
Along with improvement of locomotor activities assessed by
intermittent circling behavior and the total path length after
GVS intervention at the acute phase of UL, this finding suggests
that GVS application was effective in the recovery of static and
dynamic vestibular deficits via modulating the VOR pathways,
starting at the early stages after UVD. The current finding of a
natural recovery after UL without GVS intervention is consistent
with previous studies that showed a VOR gain reduction by
nearly 75% on the first day that recovered to about 80% on
the 10th day after UL, but never fully recovered, in a non-GVS
group (30, 43, 44). However, the different levels of VOR recovery
among these studies suggest that recovery has considerable inter-
individual variability in rodent species depending on the amount
of vestibular deafferentation (30).

Possible Mechanisms Behind GVS
Restoration of Imbalanced Vestibular
Nuclei
While GVS has been considered to directly activate primary
vestibular afferents at the spike trigger zone that is located
between the vestibular sensory epithelium and the afferent
terminals (1, 15), recent evidence suggests that GVS-induced
vestibular responses also recruit vestibular hair cell activation
(8, 11). Thus, to account for various effects evoked by GVS,
the mechanisms acting on the synapse itself as well as post-
synaptic mechanisms should be considered. UVD induces a
strong imbalance in the resting discharges of the vestibular
nuclei (VN) complex on each side, with different reactive
mechanisms taking place simultaneously at both the central and
peripheral vestibular structures (38, 45, 46). Unilateral peripheral
vestibular deafferentation causes a drop of the spontaneous
firing rate and sensitivity of the type I VN neurons in the
ipsilesional medial VN, and an increased inhibitory drive from
the contralesional side through the inhibitory commissural
pathways, which enhances the imbalance. The key point of
vestibular compensation is to restore the damaged activity
of the ipsilateral VN and the balanced activity between the
two sides (38). Recent investigations aimed at visualizing
the relative changes of glucose metabolism (rCGM) showed
a significant asymmetry in the VN complexes and related
structures of the vestibulo-cerebellum, thalamus, vestibular
cortex, hippocampus, and amygdala in the acute stage of UVD,
followed by re-balanced rCGM in these structures (47). In
rodents, signs of unilateral vestibular loss, such as spontaneous
horizontal nystagmus beating toward the contralesional side,
head-tilting, falling toward the ipsilesional side, backward gait,
and clockwise circling, are generally fully compensated within
1 or 2 weeks (30, 48). These static deficits are explained by
the asymmetrical resting discharge between both VN, and their
recovery is achieved by returning their symmetrical firing rates
on both sides. It was found that cathodal and anodal GVS
predominantly activate and reduce the thick fast-conducting
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irregularly firing afferents, respectively (4–9), and these fibers
are preferentially connected with the vestibulo-spinal neurons
(6) that are responsible for the postural asymmetries after UVD
(48–50). In the current study, the static deficit assessed by
intermittent circling behavior showed better results in the GVS
intervention group at the acute stage of UL, suggesting that
GVS can restore postural asymmetry via modulating type I
hair cells with an irregular phasic signal (1, 5, 7). Another
possible explanation for the static compensation after UL is that
a controlled GVS stimulation with the right cathode stimulation
for excitation and the left anode stimulation for inhibition
in the vestibular afferents could constructively modulate the
vestibular commissural inhibitory system and might have a
positive effect on central adaptation for facilitating the vestibular
compensation (38).

Properties of GVS-Induced Responses
The ameliorating effects of sinusoidal GVS on the VOR observed
here should take into account the fact that GVS directly
modulates neurotransmitter release by hair cells as well as the
vestibular nucleus (8, 11). Studies showing the loss of galvanically
induced VOR in patients with intractable Meniere’s disease and
systemic gentamicin vestibulopathy provide further indications
that GVS can activate hair cells in addition to vestibular afferents
(51, 52). Definitive evidence for GVS activation of vestibular
hair cells came from a pharmacological study on a Xenopus
laevis tadpole model using a bath application of glutamatergic
antagonists. During a block of glutamatergic transmission for
a controlled block of the synaptic transmission between hair
cells and vestibular afferents, they showed that GVS induced
discharge modulation (8). They also showed that the lowest
GVS current seems to be more effective to recruit hair cells,
whereas larger currents are effective in modulating the activity
of afferents, indicating the efficacy of sub-threshold GVS to
the non-linear system of the peripheral vestibular system as a
stochastic resonance (53). The cellular mechanisms underlying
the beneficial properties of GVS were determined using a
computational model of the vestibular end organ that elicited
all experimentally observed response characteristics to GVS
simultaneously (54). As a result, GVS was shown to affect both
hair cell vesicle release and axonal excitability simultaneously
to maintain natural firing statistics (54). This process revealed
that GVS may have certain advantages in prosthetic replication
compared with pulsatile stimulation (artificial activation of
the axons): (i) GVS has an effect on axons as well as end
organs and smaller receptor cells, which are associated with
vestibular inputs further upstream in neural processing, allowing
for potentially more natural responses that engage the same
molecular and cellular machinery as the normally functioning
physiological system; (ii) GVS can induce graded amounts of
excitation or inhibition through membrane potential changes
that can match the natural system firing rates; and (iii) GVS
can capture natural stochastic firing patterns that could be
important to the system (54). Among the various electrical
currents for GVS, such as current steps (5), sinusoids (8, 9), or
band-limited noise (18, 24), the sinusoidal currents applied in
this study are more suitable to stimulate a natural head motion

and represent a more dynamic stimulus condition compared
with current steps (1, 8, 9). Although little is known as to
how such an electrical waveform modifies the neuronal activity
of vestibular hair cells and/or afferent fibers, the timing of
the responses to sinusoidal GVS corresponds with velocity,
showing similar phase relations between GVS and head-motion
evoked responses in VOR neuronal elements (8). The sinusoidal
GVS has properties of phase advanced responses in which the
phase lead in low frequency becomes lagged as it goes to
high frequency, which might be related to neuronal integration
processes along with the VOR pathway (8). However, the
question of which particular subthreshold GVS current is the
most beneficial should be addressed in future research. A
previous study, which quantified the frequency and amplitude
response of postural sway to sinusoidal GVS, indicated that
there was an increase of postural response when the stimulus
increased from 0.05 to 0.5mA, but was unchanged from 0.5
to 1mA. The saturation effect at 0.5mA was proposed as an
explanation in that case (55). Meanwhile, another experiment,
which was conducted to compare the efficacy of high- and
low-frequency GVS, found that the impact of high-rate GVS
on behavioral recovery was not different from that of low-rate
GVS. However, cell proliferation was significantly higher in the
high-rate GVS group (10). High-frequency GVS preferentially
activates otolithic afferents and the reticulo-spinal pathway,
which is a stronger input for adjusting standing posture, while
low-frequency GVS preferentially activates semicircular canal
afferents and the vestibulo-spinal pathway (56).

We developed this GVS intervention paradigm as a daily
30-min session for 5 days based on evidence from previous
studies. One GVS trial in rats with bilateral vestibular lesions
used an intervention model of 30 min/session/day, and effects
on spatial cognition were observed in the five-session (5-day)
group but not in the single-session (1-day) group (36). Another
study, which also used the protocol of 30 min/day for 14
days, showed a GVS effect accelerating static and dynamic
vestibular compensation, as well as increasing vestibular nuclei
cell proliferation (10). In the current investigation, in order
to determine the efficacy of GVS in the acute phase post-
UL as well as its lasting effects, GVS current was initiated
5 h post-UL and sustained for a 30-min session daily for 5
days combined with a 2-week follow-up period. To minimize
the adverse effects of GVS intervention, i.e., nausea, mild
vertigo, discomfort, eyestrain, headache, head fullness, and
blurred vision, (57) it is preferable to use the minimum
number of sessions necessary to achieve optimal therapeutic
efficacy. Indeed, a previous study reported that a small number
of GVS sessions was sufficient to induce lasting changes in
tactile extinction that remained stable for at least 2.8 months
(58) or even 1 year post-stimulation (59). Of course, further
evaluation of intervention time should be included in our
future research, which will examine the efficacy of GVS in
models of subacute or chronic vestibular injuries with a longer
follow-up duration.

In conclusion, this study shows that GVS intervention
accelerates static and dynamic vestibular compensation after
UVD by improving VOR and motor coordination during the
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acute phase in a UVD mouse model. The current findings have
important clinical implications suggesting that early intervention
with GVS may be effective for the management of impaired
postural control and gaze stability in patients with acute
unilateral vestibular damage.
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