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A B S T R A C T
Background and Aim:  Previous studies have shown promising findings on effectiveness 
of noisy Galvanic Vestibular Stimulation (nGVS) in various cognitive disorders. The 
connections of the vestibular system with the hippocampus has been proven. Here we 
investigated the effect of vestibular galvanic stimulation on the improvement of spatial 
learning and memory of rats.

Methods: Twelve Wistar rats were randomly divided into control and nGVS groups. The 
nGVS group underwent 30-minute sessions of stimulation at sub-threshold levels for a 
duration of fourteen days. Following the intervention, both groups underwent assessments 
of cognitive indices through the Morris water maze task, hippocampal neuronal spike rate 
by Single-Unit Recording (SUR) and the concentrations of c-fos protein in the hippocampus 
were measured using ELISA device.

Results: The nGVS group exhibited a significant difference compared to the control group 
in both the time taken to reach the target platform and the percentage of time spent in 
the goal quarter during the Morris water maze test. The nGVS treatment significantly 
enhanced spike rate of hippocampal dentate gyrus (p<0.01) compared to the control group. 
Additionally, c-fos protein concentrations were increased in the nGVS (5.833) than the 
control group (4.126), (p<0.001).

Conclusion: According to the obtained results, nGVS plays a role in improving spatial 
memory, and a longer duration of intervention is suggested to achieve more obvious 
improvement results.
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             Introduction

N oisy Galvanic Vestibular Stimulation 
(nGVS), encompassing techniques 
like transcranial Alternating Current 
Stimulation (tACS), as well as Direct 
Current (DC) stimulation, constitutes non-

invasive and comparatively safe methods that have found 
application in various research endeavors. The type of 
stimulation noise exerts an influence on the system, 
modulating its performance favorably contingent upon 
the presence of irregular vestibular neurons and the 
level of stimulation [1]. It has been reported that this 
stimulation prompts alterations in synaptic plasticity 
through the release of excitatory neurotransmitters, with 
glutamate playing a significant role [2].

There are direct connections between the 
hippocampus and vestibular nerves [3]. Noteworthy, 
defects in the vestibular system have been linked to 
balance disorders, posture irregularities, and may 
further extend to atrophic and functional issues within 
the hippocampus [4, 5]. Individuals with vestibular 
denervation in these conditions exhibit difficulties in 
spatial orientation, and this is correlated with a reduction 
in hippocampal volume [6, 7].

Under rotational conditions and vestibular 
stimulation, Long-Term Potentiation (LTP) within 
the basal dendrites of CA1 (The first region in the 
hippocampal circuit) of the hippocampus surpasses that 
observed in resting states. Furthermore, rotation induces 
adjustments in the activity of spatial cells, consequently 
leading to improvements in spatial tasks, memory, and 
learning [8]. Studies have additionally illuminated the 
stimulation of cortical pathways, including parietal, 
hippocampal, and striatal regions, during galvanic 
stimulation, underscoring their significance in spatial 
abilities modulation [9, 10]. Investigations have 
emphasized the pivotal role of the c-fos protein in 
evaluating the effectiveness of GVS on the hippocampus 
and spatial memory in rats [11]. Moreover, its levels 
are correlated with Acetylcholine (ACh) release in the 
hippocampus, which indicates the beginning of the 
strengthening mechanism in the hippocampus [12]. The 
application of GVS activates a multisensory network 
within cortical and hippocampal areas, with implications 
for ACh release in the hippocampus [3].

Augmented ACh levels correlate with an increase 
in c-fos expression in the hippocampus, underscoring 
the protein’s involvement in long-term and spatial 
memory formation [13]. Leveraging the in vivo 
extracellular Single-Unit Recording (SUR) technique, 
a prior investigation demonstrated alterations in 
the spontaneous activity of hippocampal neurons, 
encompassing changes in spontaneous firing rate and 
neuronal excitability following stimulation. These 
observed electrophysiological changes were intricately 
linked to the mechanisms underlying memory 
consolidation [14].

To the best of our knowledge, there is no published 
scientific report on the effects of nGVS on learning 
and memory in healthy rats. Therefore, the present 
study intended to examine the preventive effects of 
nGVS on avoidance memory, spatial learning, memory 
and hippocampal SUR determined whether these 
neuroprotective effects were modulated through of c-fos 
protein concentrations in the brain, behavioral tests and 
molecular assessment. In this type of stimulation, the 
noisy stimulus is presented through the implanted extra-
cranial electrodes.

Methods

Animals: a cohort of twelve male Wistar rats, aged 
5 months and weighing between 220–270 grams. The 
rats were placed under standard conditions, with a 12:12 
light-dark cycle and free access to food and water. 
These rats were purchased from the animal laboratory 
of Zahedan University of Medical Sciences and the 
research was also conducted in this laboratory.

The rats were subsequently randomized into two 
groups, with distinctive markings employed for group 
differentiation. One group underwent daily vestibular 
noisy galvanic intervention for 30 minutes over the 
course of two weeks. In addition, before the intervention, 
the rats were examined using the landing reflex test 
and the absence of balance disorders was confirmed in 
them [15]. Following intervention completion, spatial 
memory was assessed via the Morris Water Maze 
(MWM) test. Subsequently, rats were euthanized, 
and their hippocampi extracted for c-fos protein level 
examination. The chart of research steps is shown in 
Figure 1.
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Noisy galvanic vestibular stimulation

The intervention involved the insertion of cathodic 
and anodic copper wire electrodes, positioned 1 cm 
posterior to the earlobe, aided by an angiocath. This 
method involves connecting an electrode, composed of 
a copper wire measuring 51 mm in length and 1 mm 
in diameter, is connected to the tip of a gray angiocath 
needle, which has dimensions of approximately 1.7 in 
length and 45 mm in diameter. The electrode is then 
implemented under the skin of the mastoid area, akin 
to pricking with a needle, such that it rests parallel to 
and approximately 1 cm away from the earlobe. In 
order to mitigate the risk of skin infections resulting 
from electrode implantation, topical application of 3% 
tetracycline ointment was administered twice daily for 
a period of three days. The stimulation was delivered 
via Banafan Electric device, set at a sub-threshold level.

A two-day resting period ensued for wound healing, 
with tetracycline and vitamin A administered for 
recovery support. Stimulation commenced at 0 mA and 
progressed incrementally, with the threshold determined 
based on observable head movement and unusual 
behavior in the rats. Stimulation was subsequently 
administered at a level below this threshold within 
the 0–16 Hz frequency range, reflecting a weak noise 
current. In accordance with prior studies showcasing its 
efficacy, this stimulation regimen persisted for 14 days, 
with daily sessions lasting 30 minutes [15, 16].

Shuttle box for passive avoidance test

The shuttle box test was performed to confirm the 
absence of memory impairment. The shuttle box setup 
had two compartments, one dark and one light. The 
chamber floor has stainless steel rods spaced 1 cm 
apart. Initially, each rat spent 10 minutes in the light 
compartment without electric shocks to acclimate. On 
the second day, rats were placed in the light compartment 
for 10 seconds. Naturally, they moved to the dark section. 

The time taken to enter the dark compartment was 
noted as Initial Latency (IL). On the third day, the door 
between compartments closed, and a 3-second electric 
shock (50 Hz, 1 mA) was given. After five minutes, rats 
were removed. On the fourth day, the door opened after 
10 seconds, and the time taken to enter the dark area was 
recorded as Step-Through Latency (STL) [17].

Morris water maze task for spatial cognition

Employed to assess spatial memory, the MWM 
test featured rats navigating a tank filled with water to 
locate a target platform. The tank, measuring 150 cm 
in diameter and 60 cm in height, was coated internally 
with a black finish. The platform was approximately 1.5 
cm below the water. The rats were trained according to 
a three-day training protocol. During the initial three 
days, the hidden platform was situated in the southwest 
quadrant of the tank, submerged approximately 1.5 cm 
below the water surface. The position of the platform 
remained unchanged throughout this three-day period. 
Each learning block consisted of four trials. In each trial, 
the animal was released into the water from one of four 
starting zones (north, south, east, and west), facing the 
wall of the tank. The animal was then allowed to swim 
and find the hidden platform. In each trial, the animal 
was given 120 seconds to locate the hidden platform. 
Once the platform was found, the rat was allowed to 
remain on it for 20 seconds before the onset of the next 
trial. After the end of the learning phase, the animal was 
dried with a towel and returned to its cage. On the fourth 
day, the hidden platform was removed, and a probe test 
was conducted. In this test, there was no platform in the 
tank. The animal was placed in one of the areas of the 
tank in the water and was allowed to swim in the tank 
for 60 seconds. After this time elapsed, the animal was 
removed from the tank [17]. In this test, the following 
values are checked: the time it takes for the animal to 
find the platform during each trial; the distance traveled 
by the animal to find the platform during each trial; 
the speed of the animal in finding the platform during 

Figure 1. The flowchart of the research steps. nGVS; noisy galvanic vestibular stimulation, MWM; Morris water maze
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each trial; the amount of time the animal spends in each 
quadrant (the two latter criteria were used in the recall 
or probe test).

Electrophysiological investigation

This study involved in vivo single-unit recording 
from hippocampal pyramidal neurons conducted 
in anesthetized rats. Extracellular recordings of 
spontaneously active pyramidal neurons in the dentate 
gyrus region of the hippocampus were carried out over 
a period of approximately 20 minutes. The steps of 
recording single cells using the extracellular method 
have already been explained. Briefly, a tungsten 
microelectrode coated with parylene, featuring an 
exceptionally fine tip and a 1 megaohm impedance, was 
precisely inserted into the Hippocampal Dentate Gyrus 
(HDG) on the left side of the brain using stereotactic 
coordinates (AP=3.8 mm, ML=3.2 mm, DV=2.7 mm). 
Subsequently, a manual microdrive was employed to 
guide the electrode within the HDG until optimal spike 
activity was identified, ensuring a signal-to-noise ratio 
exceeding 2 by isolating it from background noise [14].

Determination of c-fos protein concentrations

To investigate the molecular implications of the 
intervention, we examined the levels of c-fos protein in 
the hippocampus. The animals were sacrificed and their 
entire skulls were removed. The hippocampus tissue 
was then frozen in liquid nitrogen and maintained at a 
temperature of 80 degrees Celsius. We homogenized 
the tissue in a 17-molar phosphate solution at a speed 
of 8000 minutes. After removing the tissue supernatant, 
it was frozen at a temperature of 37 degrees Celsius. 
Subsequently, we measured the supernatant solution at a 
wavelength of 523 nm, using a volume of 1 ml.

In this study, we measured the level of c-fos protein 
using the Zell Bio GnbH c-fos pro kit and ELISA device.

Statistical analysis

Prism statistical software version 8.4.3 was employed 
for data analysis. The Shapiro-Wilk test was employed 
to verify data normality. Considering the normality of 
the data, the t-test was used to check the goal quadrant 
percentages on the probe day, the level of c-fos protein 
and neuronal firing between two groups.

Results

Shuttle box task results

Results of initial latency parameter in the shuttle box 
test

Due to the normality of the data based on the 
Shapiro-Wilk test, unpaired t-test was administered. The 
mean of the control group was 18.33 and the mean of 
the nGVS group 14.17. No significant difference was 
observed in the average IL between the control and 
nGVS (4.167±2.267, p=0.095) as shown in Figure 2.

Results of step-through latency analysis in the shuttle 
box test

On the fourth day, the mean of STL was in the 
control group (258.3) and in the nGVS group (250), no 
significant difference was observed in the average STL 
between the control and nGVS, (8.333±23.86, p=0.734) 
as shown in Figure 3.

Morris water maze results

Mean path length on training days

Repeated measurement two-way ANOVA of the 
path lenght to find the escape platform demonstrated a 
significant effect in time (F(2,20)=17.4; p<0.001) across all 
training trial days. However, no significant significant 
effects of stimulation (F(1,10)=0.135; p>0.05) and 
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Figure 2. The average of initial latency incontrol and noisy galvanic vestibular stimulation rats in 
the training days. nGVS; noisy galvanic vestibular stimulation 
 

Figure 2. The average of initial latency incontrol and 
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days. nGVS; noisy galvanic vestibular stimulation



267

Effect of Noisy Galvanic Vestibular…

267Aud Vestib Res. Summer 2024;33(3):263-272

treatment×time interaction effect was detected during 
the training trial days (F(2,20)=0.158; p=0.720).

The difference in the mean of the path length was 
observed between the two groups on the first (4.27±286), 
second (192±286) and third day (4.03±286). There was 
no significant statistical difference between the two 
groups in the mean distance traveled to reach the target 
platform on training days (Figure 4).

Mean velocity on training days

Repeated measurment two-way ANOVA of the speed 

to find the escape platform demonstrated a significant 
effect in time (F(1.83,18.3=21.8; p<0.001) across all training 
trial days. However, no significant significant effects of 
stimulation (F(1,10)=0.2.54; p>0.05) and treatment×time 
interaction effect was detected during the training trial 
days (F(2,20)=0.158; p=0.3386).

The difference in the mean of the velocity was 
observed between the two groups on the first (0.648±4.51) 
second (1.83±4.05) and third day (9.44±4.66). There 
was no statistically significant difference between the 
two groups in the mean speed traveled to reach the target 
platform (Figure 5).

Control nGVS
0

100

200

300

400

Groups

La
te

nc
y 

tim
e 

(s
)

 
Figure 3. The average step-thought latency in control and noisy galvanic vestibular stimulation 
rats in training days. nGVS; noisy galvanic vestibular stimulation 
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Figure 4. The average of path length in control and noisy galvanic vestibular stimulation rats in 
the training days. nGVS; noisy galvanic vestibular stimulation 
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Figure 5. The average of velocity in control and noisy galvanic vestibular stimulation rats in the 
training days. nGVS; noisy galvanic vestibular stimulation 
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Figure 4. The average of path length in control and noisy galvanic vestibular stimulation rats in 
the training days. nGVS; noisy galvanic vestibular stimulation 
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Figure 6. The average of latency to reach the  target platform in control and noisy galvanic 
vestibular stimulation rats in the training days. nGVS; noisy galvanic vestibular stimulation 
* Comparing the control and nGVS rats on the second day, p<0.05 
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Mean scape latency reaches to target platform on 
training days

Repeated measurement two-way ANOVA of the 
scape latency to reach the platform demonstrated 
significant effects of stimulation (F(1,10)=10.6; p<0.01) 
and time (F(1.87,18.7)=8.46; p<0.01) across all training 
trial days. However, no significant treatment×time 
interaction effect was detected during the training trial 
days (F(2,20)=1.27; p=0.3035).

The difference in the mean of the scape latency was 
observed between the two groups on the first (16.2±16.2) 
second (41.1±13) and third day (14.6±8.87). a 
statistically significant difference was observed between 
the galvanic and control groups (41.1±13, p=0.045) in 
the meantime to reach the target platform only on the 
second day (Figure 6).

Mean time spent in goal quarter on training days

Repeated measurement two-way ANOVA of the 
scape latency to reach the platform demonstrated 
significant effects of stimulation (F(1,10)=21.1; p<0.001) 
and time (F(1.97,19.7)=12.4; p<0.001) across all training 
trial days. However, no significant treatment×time 
interaction effect was detected during the training trial 
days (F(2,20)=2.09; p=0.150).

A statistically significant difference was observed in 
the mean time spent in the goal quarter on the second 
(19.2±5.35, p<0.05)and third day (11.2±3.71, p<0.05), 
and GVS group spent significantly more time in the goal 
quarter (Figure 7).

Mean time spent in goal quarter on probe day

The mean of time spent in the goal quarter on the 
probe day showed a significant difference between the 
two groups (16.29±5.38, p<0.05) (Figure 8).
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Figure 7. The percentage of the time spent in goal quarter between control and noisy galvanic 
vestibular stimulation rats in the training days. nGVS; noisy galvanic vestibular stimulation 
* Comparing the control and nGVS rats on the second and the third day, p<0.05. 
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Figure 8. The percentage of the time spent in goal quarter for each rat in control and noisy galvanic 
vestibular stimulation rats in the probe day. nGVS; noisy galvanic vestibular stimulation 
* Comparing the control and nGVS rats, p<0.05. 
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Figure 4. The average of path length in control and noisy galvanic vestibular stimulation rats in 
the training days. nGVS; noisy galvanic vestibular stimulation 
  

Figure 7. The percentage of the time spent in goal 
quarter between control and noisy galvanic vestibular 
stimulation rats in the training days. nGVS; noisy 
galvanic vestibular stimulation
* Comparing the control and nGVS rats on the second 
and the third day, p<0.05.

 
 
 

 
 
Figure 9. Average number of spikes/bin in the control and noisy galvanic vestibular stimulation 
rats. Data is presented as mean±SEM. nGVS; noisy galvanic vestibular stimulation 
*** Comparing the control and nGVS rats, p<0.001 
  

Figure 8. The percentage of the time spent in goal 
quarter for each rat in control and noisy galvanic 
vestibular stimulation rats in the probe day. nGVS; 
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* Comparing the control and nGVS rats, p<0.05.

Figure 9. Average number of spikes/bin in the control 
and noisy galvanic vestibular stimulation rats. Data 
is presented as mean±SEM. nGVS; noisy galvanic 
vestibular stimulation
*** Comparing the control and nGVS rats, p<0.001
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The impact of noisy galvanic vestibular stimulation 
on the firing rate of neurons in the hippocampal 
dentate gyrus

SUR was employed to assess the frequency of 
neuronal firing in the dentate gyrus area. The spike 
count per bin was determined over a 1200-second 
duration for all experimental groups. Figure 9 displays 
representative tracings and a magnified view of a sample 
spike depicting the neuronal activity of granular cells. 
The nGVS group exhibited a statistically significant 
increase in the number of spikes per time compared to 
the control group (p<0.001). The crude pattern of SUR 
is shown in Figure 10.

The impact of noisy galvanic vestibular stimulation 
on the level of c-fos protein

A significant statistical difference was observed 
between the two groups. The c-fos protein concentrations 
in the nGVS group were significantly higher than the 
control group (1.707±0.5054, p<0.001), (Figure 11).

 
 
 
 

 

 
 
 
Figure 10. Representative tracings of spontaneous firing pattern of dentate gyrus neurons. Above 
image: control group. Bottom image: noisy galvanic vestibular stimulation 
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Figure 11. The difference of the level c-fos protein concentrations in control and noisy galvanic 
vestibula stimulation rats. nGVS; noisy galvanic vestibular stimulation 
*** Comparing the control and nGVS rats, p<0.001 
 

Figure 11. The difference of the level c-fos protein 
concentrations in control and noisy galvanic vestibula 
stimulation rats. nGVS; noisy galvanic vestibular 
stimulation
*** Comparing the control and nGVS rats, p<0.001
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Discussion

The vestibular system plays a crucial role in 
maintaining and stabilizing posture, as evidenced by 
its influence on both the vestibule-spinal reflex and the 
vestibule-ocular reflex pathways. These pathways work 
together to contribute to the preservation of posture and 
gaze stability [18]. One pathway is the transmission of 
vestibular information related to the head direction of 
the vestibular nerves to the dorsal tegmental, lateral 
mammillary nucleus and anterior-posterior thalamic 
nucleus to the hippocampus, and the other pathway 
is the transmission of information from the vestibular 
nerves to the pontine reticular structure through the 
supra mammillary nucleus and the internal septum to 
the hippocampus [3].

The nGVS intervention, which involves the 
application of cathodic and anodic electrodes for current 
delivery, impacts both the peripheral vestibular organs 
(i.e. semicircular canals and otoliths) and the central 
vestibular system. Optimal results have been observed 
when applying noisy stimulation at a sub-threshold 
level within the system’s preferred frequency range 
of 0–30 Hz, highlighting the efficacy of this approach 
[19, 20], According to the finding of this study, there 
were no significant differences observed in the path 
length and velocity criteria between the groups. In these 
two criteria, no significant difference was observed 
between the two groups on training days. However, in 
each group, between the first and third day, an increase 
in velocity and a decrease in the distance traveled to 
reach the target platform was observed. It has been 
mentioned in the study that speed and distance criteria 
do not have a specific relationship with cognition [21]. 
However, there was a statistically significant difference 
in the average time taken to reach the target platform 
on the second day, with the nGVS demonstrating a 
shorter mean time. Additionally, there was a significant 
disparity in the mean of time the rats spent by the rats 
in the goal quarter on the second and third day. With 
the nGVS group spending a higher percentage in this 
area. This difference remained significant during probe 
day as well. The results of the study demonstrate that the 
nGVS group exhibited a reduction in time to reach the 
platform and an increase in time spent in the goal quarter 
on training days, indicating improved spatial memory 
and ability to remember the location of the platform. 
On the probe day, the nGVS group spent a significantly 

higher percentage of time in the goal quarter compared 
to the control group, indicating the effect of nGVS on 
spatial memory. This finding is consistent with previous 
study that have highlighted the role of this measure in 
enhancing spatial memory in rats [11].

ACh serves as a modulator of cognitive functions such 
as arousal, attention, learning, and memory. Moreover, 
evidence suggests its role in sustaining synaptic 
transmission in the hippocampus [22]. Augmented ACh 
levels correlate with an increase in c-fos expression in 
the hippocampus. The Fos gene and the c-fos protein 
indirectly correlate with heightened neuronal activity 
in the hippocampus, with particular emphasis on its 
recurrence under learning conditions [23]. The study 
found that the level of c-fos protein in the group receiving 
nGVS was significantly higher than the control group.

Furthermore, Hilliard et al. reported that nGVS 
enhances spatial learning and increases hippocampal 
sensitivity to spatial information in both men and women. 
The study also mentions that individuals with low memory 
capacity may benefit more from this intervention [24]. 
Besides, the potential role of this stimulation in cognitive 
disorders is discussed [25, 26]. In a study on rats with 
bilateral labyrinthectomy, stimulation with an amplitude 
of 0.1 mA for 30 minutes daily improved spatial memory 
in the MWM and Y maze tests [16]. Amelioration of 
dentate gyrus neurons function accompanied by variation 
in the electrical activity, including the spontaneous firing 
rate [27]. The magnitude of spikes, and the spontaneous 
neuronal firing pattern are increased after nGVS induction. 
Additionally, in a study on healthy rats, vestibular 
stimulation showed more specific results compared to 
memory-facilitating drugs. It caused activation of the 
hippocampus, parietal cortex, and retrosplenial cortex. 
The study also reported an increase in dendritic branches 
and synaptic connections in pyramidal neurons of the 
hippocampus [28]. Vestibular stimulation increases 
LTP in hippocampal synapses, which is necessary for 
spatial information processing. In rat models, it has been 
observed that LTP of basal dendrite in hippocampal 
increases with vestibular stimulation [8]. This suggests 
that GVS can be used to improve memory functions in 
the hippocampus, likely due to the connection between 
the vestibular system and the hippocampus [3, 29]. It 
cannot be presumed that enhancing the amplitude and 
duration of stimulation will necessarily result in improved 
effects. This phenomenon underscores the importance of 
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determining optimal stimulation parameters, including 
both duration and intensity, based on preclinical data.

Conclusion

Based on the conducted studies and the established 
correlation between the vestibular system and the 
hippocampus, as well as the outcomes derived from 
this research, it can be inferred that galvanic stimulation 
through vestibular demonstrates efficacy in enhancing 
spatial memory. Due to the improvement of spatial 
memory in the Morris water maze test and the confirmed 
increase the level of the c-fos pro in the hippocamp.
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