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A B S T R A C T

Vestibular compensation is a neurobiological process that allows the recovery of impaired vestibular functions 
after unilateral vestibular damage. Among the post-injury plasticity mechanisms expressed in the vestibular 
nuclei (VN) that promote the restoration of balance function, neurogliogenesis and excitability changes appear to 
be in the forefront. At the central level, the vestibular syndrome expression results from an electrophysiological 
imbalance between both VN, known to activate the central histaminergic system. In this study, we aimed to 
investigate the impact of pharmacological modulation of the central histaminergic system on balance function 
recovery and its underlying post-injury mechanisms in the deafferented VN. For this purpose, we used a hista
mine analog, betahistine dihydrochloride (BD), which increases histamine synthesis and release in the VN 
through its histamine H3 autoreceptor antagonistic properties. The effect of BD treatment was tested in 3 animal 
groups: a UVN BD group subjected to unilateral vestibular neurectomy (UVN) treated orally during 10 days (50 
mg/kg/day), a UVN placebo group (control), and a SHAM group. We show for the first time, in a UVN rodent 
model, the effects of BD on the reduction of the vestibular syndrome and highlight new targets and impact of this 
drug at the cellular level. Indeed, the results show that treatment with BD significantly attenuates the number of 
astrocytes and microglia which are key components of neuroinflammation. BD also prioritizes the differentiation 
of neoformed cells towards a microglia phenotype. These results, which need to be confirmed and further 
investigated by identifying the histaminergic receptors responsible for this effect, may lead to new therapeutic 
targets in vestibular pathology.

1. Introduction

Unilateral vestibular system dysfunction causes asymmetry between 
the bilateral vestibular nuclei (VN) resulting in characteristic symptoms. 
Data from the literature support that restoring electrophysiological 
balance between the ipsilateral and contralateral VN is crucial for post- 
lesion recovery of postural, locomotor, and gaze stabilization functions 
(Lacour and Tighilet, 2010; Smith and Curthoys, 1988a, 1988b). This 

process of cellular and behavioral plasticity, known as vestibular 
compensation, occurs over time and involves various plasticity mecha
nisms within the deafferented VN (Dutheil et al., 2009, 2016; Marouane 
et al., 2021; Rastoldo et al., 2022).

Histamine (HA), synthesized by histaminergic neurons located in the 
tuberomammillary nuclei (TMN) of the posterior hypothalamus, is 
involved in vestibular compensation (Tighilet et al., 2006). The TMN is 
directly connected to the VN (Matsuyama et al., 1996) and detects the 
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electrophysiological imbalance between the VN, leading to increased 
synthesis and release of HA in the VN (Tighilet et al., 2006). HA has a 
depolarizing action within the VN through post-synaptic type 1 or type 2 
histamine receptors (H1R or H2R) (Peng et al., 2013), potentially 
restoring electrophysiological balance, a key parameter in vestibular 
compensation. HA is known to reduce neuroinflammation in inflam
matory contexts (Barata-Antunes et al., 2017; Saraiva et al., 2019), 
which is particularly relevant given that unilateral vestibular neu
rectomy (UVN) induces a glial response. In this context, prohistami
nergic drugs such as betahistine dihydrochloride (BD) are of interest not 
only for their potential to alleviate neuroinflammation (Mani and 
Arfeen, 2024; Yazdi et al., 2020) but also in reducing vestibular syn
drome (Lacour, 2013). BD is a partial agonist of H1R and a more potent 
antagonist of H3 autoreceptors. By blocking H3 autoreceptors, BD in
creases histamine synthesis in the TMN and release in the VN, thus 
promoting vestibular compensation in the feline UVN model (see re
view: Tighilet et al., 2024).

To our knowledge, no study has reported the effect of BD in a UVN 
rodent model. The very few existing studies have been performed on the 
rodent model of unilateral labyrinthectomy (Antons et al., 2023; Chen 
et al., 2019; Fukuda et al., 2021) and confirm the beneficial effect of this 
pharmacological compound on vestibular compensation. However, the 
impact of BD on posturo-locomotor components of the vestibular syn
drome, as well as on the cellular actors of vestibular function recovery, 
has not been widely studied.

The present study aims to provide a detailed analysis of the postural 
and locomotor vestibular syndrome in UVN rats treated with BD while 
investigating whether BD influences plasticity mechanisms essential for 
vestibular compensation, including neurogenesis, gliogenesis, inflam
mation, and neuronal excitability which are known to be modulated by 

HA (Barata-Antunes et al., 2017; Chen et al., 2019; Saraiva et al., 2019).

2. Material and methods

2.1. Animals

Thirty-one (31) female Long Evans rats of 10–12 weeks old (250/ 
300 g) originating from our own breeding, from parents arising from 
Charles River (St Germain sur l’Arbresle, France) were used for the ex
periments. All experiments were performed under veterinary and Na
tional Ethical Committee supervision (French Agriculture Ministry 
Project Authorization: 24,896). The present study was specifically 
approved by Neurosciences Ethic Committee N◦71 of the French Na
tional Committee for animal experimentation. Every attempt was made 
to minimize both the number and the suffering of animals used in the 
experiment. The animals were housed at the Fédération 3C (Center 
Saint-Charles, Aix-Marseille University) animal facility, with 12 h–12 h 
diurnal light variations and free access to water and food. The 31 ani
mals were divided into three groups: SHAM group (n = 7), UVN placebo 
group (n = 13), UVN BD group (n = 11). See below for the details of 
procedures and surgery.

2.2. Study design

The 10–12 weeks old female rats were assigned to three groups 
(SHAM n = 7, UVN placebo n = 13 and UVN BD n = 11) and manipu
lated for 7 days before unilateral vestibular neurectomy.

For immunohistochemical analysis, a BrdU (bromodeoxyuridine) 
injection (200 mg/kg, i. p) was performed on rats in the UVN placebo 
and BD groups 3 days after the neurectomy, which were killed either 2 h 

Fig. 1. Study design. Details of the procedures used to evaluate the impact of betahistine dihydrochloride treatment on the postural-locomotor components of 
vestibular syndrome and on the actors of vestibular plasticity. Behavioral investigations of the posturolocomotor component of the vestibular syndrome was made in 
a first preoperative session (serving as a reference value) and then at 1, 2, 3, 7, 10, 14, 17, 21 and 30 post-lesioned days for all the groups in the study (SHAM, UVN 
placebo and UVN BD). The treatments were administered (per os) to the animals daily from D1 to D10 post-UVN. Cellular investigations were performed at 3 and 30 
days post-lesioned survival times. s: sacrifice, i. p; intraperitoneal injection.
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after the injection (n = 4/group) or 30 days after UVN (n = 4/group). 
Female rats killed on D3 were not subjected to behavioral tests but were 
housed under the same conditions as the other groups. In this way, 
proliferation and short-term effect of treatment (D3 post-UVN) as well as 
cellular survival and long-term effect of treatment (D30 post-UVN) 
could be studied.

Behavioral investigations were carried out in two ways (Fig. 1): a 
quantitative evaluation of the syndrome with the DWB2® (Dynamic 
Weight Bearing 2) device (Marouane et al., 2020), and a qualitative 
assessment using the previously published scoring method (Péricat 
et al., 2017). The behavior of the three groups (SHAM n = 7, UVN 
placebo n = 9 and UVN BD n = 7) was evaluated on the preoperative 
session (reference values) and on post-lesion days 1, 2, 3, 7, 10, 14, 17, 
21 and 30.

UVN BD groups were treated with 50 mg/kg/day per os (p.o) during 
either three days (n = 4 for immunohistochemical analysis) or ten days 
for those which underwent behavioral assessment (n = 7). UVN placebo 
groups underwent the same procedure with 0.9 % sodium chloride so
lution gavage (in equivalent volume). The dose and duration of treat
ment were determined based on data from the literature. Several studies 
show the advantage of high doses of BD administered chronically until 
the majority of vestibular disorders are compensated (Lacour, 2013; 
Tighilet et al., 2005). In the UVN cat model, the optimal dose for the 
synthesis of the enzyme responsible for HA production and improve
ment of vestibular compensation was 50 mg/kg/day during 3 weeks 
(Tighilet et al., 1995, 2002, 2005). Since the time course of the vestib
ular syndrome is divided by two in the UVN rat model (Péricat et al., 
2017) and the high plasticity sensitive window takes place in the first 
post-lesioned week, a ten-day treatment has been administered.

2.3. Surgery

The UVN was performed on UVN placebo (n=13) and UVN BD 
groups (n=11) following the surgical procedure previously described in 
the literature (Péricat et al., 2017). Buprenorphine (Buprecare®; 0.05 
mg/kg) was given 30 min before the surgery. Rats were deeply anes
thetized with isoflurane (4 % concentration for induction and 3 % for 
maintenance during surgery). Before the animal awakened, a solution of 
Ringer Lactate (Vibrac; 10 mL/kg) was injected subcutaneously to 
compensate for possible fluid losses during surgery. The success of the 

procedure is confirmed upon awakening by the onset of characteristic 
vestibular symptoms. For the SHAM group (n=7), surgery was stopped 
at the opening of the tympanic bulla.

2.4. Qualitative assessment of the vestibular syndrome

The vestibular syndrome induced in the rat after UVN is character
ized by typical symptoms previously described in various species (rat 
UVN model: (Marouane et al., 2020; Péricat et al., 2017; Rastoldo et al., 
2020), mouse UVN model: (Cassel et al., 2018), cat UVN model (Tighilet 
et al., 2015)). These symptoms usually include tumbling, retropulsion, 
circling, bobbing and head-tilt, which are all present in the acute phase 
of the syndrome and progressively disappear following vestibular 
compensation.

For this study, we used the same cumulative scale as the one previ
ously reported (Péricat et al., 2017): each symptom has a score based on 
its severity (tumbling: 5, retropulsion: 4, circling: 3, bobbing: 2, 
head-tilt: 1) (Fig. 2A).

2.5. Quantitative evaluation of the vestibular syndrome

2.5.1. Analysis device
The second version of the dynamic weight-bearing (DWB2) device 

(Bioseb, Vitrolles, France) was used to evaluate the postural instability 
of rodents following unilateral vestibular loss. This apparatus has pre
viously been described for the assessment of postural instabilities in the 
same model of vestibular loss (Marouane et al., 2020; Tighilet et al., 
2017). It consists of a Plexiglas chamber (25 × 25cm) with a floor 
covered by a 2000 force sensors plate and a high frequency camera 
above. The weight of each part of the body in contact with the ground 
was assessed automatically in each sensor at a sampling frequency of 30 
Hz. Both the sensors and the camera were connected to a computer using 
the latest DWB2 software version available at the time (v2.0.60). The 
same configuration as in our previous studies was used (central pixel 
weight threshold: 0.7 g, neighbouring pixel weight threshold: 0.3 g, 
minimum paw size: 2 pixels). Each animal could move freely in the 
arena for 5 min in each session.

2.5.2. Data analysis
The use of the BIO-ADWB2 features tools and home-made programs 

Fig. 2. Qualitative assessment of the posturo-locomotor components of the vestibular syndrome. A. Illustration of the assessment grid used to conduct the analysis 
(from Péricat et al., 2017). B. Results representing the intensity and kinetics of the vestibular syndrome of the UVN placebo in brown (n = 9) and the UVN BD in blue 
(n = 7) group from the preoperative session to D30. SHAM group is not represented since these animals do not present any vestibular symptoms. Significant dif
ferences are noted * in black for the delay effect. Each point represents the mean for each group ± SEM. Two-way ANOVA with Dunnett’s post-hoc test *p < 0.05; 
**p < 0.01; ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Scilab) allowed us to extract a wide variety of parameters already 
described in our previous studies (Marouane et al., 2020, 2021).

The parameters selected for the behavioral assessment of vestibular 
syndrome are: 

- The weight distribution on the left paws (static vs. dynamic) which 
estimates lateral axis imbalance

- The time spent on the abdomen (dynamic), after the identification of 
each support located between the 4 paws of the animal.

- The average speed of the animal, based on videotracking by the 
camera.

The following parameters are more specifically related to the static 
equilibrium of the animals: 

- The maximum support surface area, which is the maximum area 
delimited by the 4 paws of the animal during a session.

- The body sway which is the average of the area of the confidence 
ellipse at 90 % of the points of the rat’s barycenter (which is 
equivalent to the center of pressure studied in clinical posturology).

- The amount of energy spent for postural stabilization, which is a 
ratio between the speed of displacement of the barycenter and the 
body sway.

The barycenter position is calculated for each immobile posture in 
which the animal stands on all four limbs. Statokinesiograms (Fig. 4A) 
illustrate the path of the barycenter during an acquisition, as well as the 
position of the 4 paws of the animal at each moment when the bary
center is calculated. To eliminate inter-individual differences between 
animals, the posturological results (body sway and amount of energy 
spent for postural stabilization) and the results relating to average speed 
were normalized to each animal’s results at the pre-operative session.

2.6. Cellular and molecular investigation

2.6.1. Tissue preparation
The rats were anesthetized with a mixture of ketamine (Imalgene 

1000®; 100 mg/kg, intraperitoneal) and medetomidine (Domitor®; 0.5 
mg/kg, intraperitoneal) and then perfused by intracardiac injection. The 
intracardiac injection of 400 mL of isotonic saline (0.9 % NaCl) was 
followed by an injection of 400 mL of a 4 % paraformaldehyde solution 
(PFA) prepared in 0.1 M phosphate buffer (PB); pH 7.4. At the end of the 
perfusion, the brain was extracted from the skull and post-fixed for 24 h 
at 4 ◦C in the same fixative solution as that used during perfusion. The 
brains were then rinsed and cryoprotected by successive transfers in 
increasing concentrations of sucrose (10 %, 20 %, 30 % D-sucrose in 0.1 
M PB for 24 h for each bath, 4 ◦C). Finally, brains were frozen with CO2 
gas and cut into 40-μm serial frontal sections with a cryostat (Leica, 
Wetzlar) for immunohistochemistry. In accordance with the stereotactic 
atlas of the rat brain (Paxinos and Watson, 2014), 12 serial sections per 
animal were taken from the beginning of the vestibular nuclei (− 9.84 
mm from Bregma) to the end of the vestibular nuclei (− 13.08 mm from 
Bregma).

2.6.2. Immunohistochemistry
Immunochemical labeling was performed according to previously 

validated protocols (Rastoldo et al., 2021; Tighilet et al., 2007a). 
Floating sections were rinsed in 0.1 M phosphate buffer saline (PBS) (3 
× 5min) in multi-well plates. Saturation and permeabilization were 
achieved by incubation (1 h) in 5 % bovine serum albumin (BSA) and 
0.3 % Triton X-100. The sections were then incubated overnight at 4 ◦C 
with the following primary antibodies: mouse anti-BrdU (1:100), rabbit 
anti-NeuN (1:300), rabbit anti-IBA1 (1:2000), goat anti-IBA1 (1:1000), 
rabbit anti-GFAP (1:200), mouse anti-GFAP (1:200), rabbit anti-Olig2 
(1:500), rabbit anti-KCC2 (1:500), and rabbit anti-H1R (1:200). Fluo
rescent secondary antibodies were used (1:500): Alexa Fluor 594 nm 

goat anti-mouse, Alexa Fluor 594 nm donkey anti-mouse, Alexa Fluor 
594 nm donkey anti-rabbit, Alexa Fluor 488 nm donkey anti-rabbit, and 
Alexa Fluor 488 nm donkey anti-goat for 2 h at room temperature. 
During the protocols for the BrdU co-labelings, an incubation with DAPI 
(1:5000) was performed while it was incorporated into the mounting 
medium for the other co-labeling. Brain sections were then mounted on 
SuperFrost®Plus glass slides (Fischer), dried in the dark and at room 
temperature before mounting with Roti®Mount FluorCare mounting 
medium with or without DAPI (Carl Roth) according to the protocol.

2.6.3. Cells count
Quantifications of cells expressing specific markers were performed 

according to previously validated protocols (Dutheil et al., 2013, 2016; 
Rastoldo et al., 2021; Tighilet et al., 2007a). These observations were 
made in the deafferented medial vestibular nucleus (MVN) (left side) 
and in the contralateral MVN (right side) for IBA1 and GFAP immuno
labelings. Images were acquired with a Zeiss LM 710 NLO laser scanning 
confocal microscope equipped with a 63x/1.32NA oil immersion lens 
that delineates the region of interest by a 425.10 μm2 square. The 
average cell counts of the sections obtained after quantification on 
ImageJ software were used for statistical analysis.

2.6.4. Quantification of KCC2
Image acquisition was performed with a confocal microscope in the 

left lateral vestibular nucleus (LVN), a vestibular nucleus functionally 
involved in postural control and containing giant Deiters neurons (100 
μm). A program written on Matlab® (Mathworks, Inc) developed to 
analyze fluorescence at the plasma membrane of neurons was used 
(Dutheil et al., 2016; El Mahmoudi et al., 2021; Rastoldo et al., 2022). 
Background or nonspecific immunofluorescence was assessed by 
calculating the average fluorescence in a selected area devoid of neuron 
or any other immunolabeled structure. From this region, a threshold 
equal to the mean immunofluorescence plus three times the standard 
deviation was defined. All data were then subtracted from this threshold 
and only positive values were retained for further analysis. A region of 
interest was then drawn around the plasma membrane of each cell body. 
The program calculated the average membrane fluorescence in this re
gion of interest on data above 20 % of the maximum value. This 
threshold was used to ensure that only pixels belonging to the plasma 
membrane were counted.

2.7. Statistical analysis

For each of the parameters evaluated the recorded values are 
expressed as mean ± SEM. Concerning the behavioral investigations, we 
performed Two-way ANOVA with repeated measures to test the effects 
of BD treatment. Two tests were used for post-hoc analysis. Dunnett’s 
test was performed to compare values at each post-operative time with 
pre-operative values. Tukey-Kramer multiple comparison test was per
formed to compare the results obtained between the three groups and 
between static and dynamic conditions. The Tukey-Kramer multiple 
comparison test is suited for comparison of samples of different size. To 
determine the number of animals used for the behavioral assessment in 
this study, we conducted a power analysis with the G × Power software. 
We set the effect size at 0.3, since previous work has shown that the 
effect of BD is easily observable and reproducible. We set the alpha at 
0.05 and the power (1-beta) at 0.95 with a group number of 3 and 10 
measurements throughout time. The power analysis gives us a total 
sample size of 21 and therefore, we used 23 rats in total for the 
behavioral assessment. Concerning the cellular investigations, a one- 
way ANOVA with a post-hoc Tukey test was performed. P value <
0.05 was considered as statistically significant. *p < 0.05, **p < 0.01, 
***p < 0.001.
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3. Results

3.1. Behavioral results

3.1.1. Qualitative assessment of the effect of betahistine treatment
Qualitative assessment of the vestibular syndrome showed no dif

ference between groups (Two-way ANOVA, time x group factor: F (9, 
126) = 1.288; p = 0.249) but a difference in the kinetics of syndrome 
expression (Two-way ANOVA, time factor: F (9, 126) = 35.82; p <
0.0001). At D1, both the UVN placebo group and the UVN BD group 
showed a peak in the expression of the vestibular syndrome (UVN pla
cebo: 6.5 ± 0.65; BD: 6.07 ± 1.18) (Fig. 2B). For the UVN placebo 
group, the vestibular disorders progressively decreased from day 7 to 
day 30 but the delay effect persisted in this group until day 17 (from D1 
to D10: p < 0.001, from D14 to D17: p < 0.05). In the group treated with 
BD, the delay effect was only present in the critical period (from D1 to 
D3: p < 0.001) and most of the disorders disappeared as early as D7 
(disappearance of the delay effect). However, no significant differences 
appeared between the two groups.

3.1.2. Quantitative evaluation of betahistine effect on the posturolocomotor 
component of the vestibular syndrome

3.1.2.1. Lateral weight distribution. Fig. 3 shows a different time course 
of weight distribution between the 3 groups studied (Two-way ANOVA: 
F (45, 360) = 4.509; p < 0.0001). In the SHAM group, under static and 
dynamic conditions, the animal distributes its weight equally on the left 
side (about 50 % throughout the session ). In the static condition, the 
UVN placebo group shows a different behavioral phenotype. During the 

critical period, it applies more weight to the right in static condition 
(delay effect at D1, p < 0.05). During the compensated period of the 
syndrome, the UVN placebo group significantly balances its weight on 
the left in static condition (p < 0.001 from D10 to D30). The weight 
distribution observed in the UVN BD group was close to the SHAM group 
in static condition. No statistical difference was observed between these 
two groups and the weight applied on the left side varied little despite a 
slight increase at the end of the compensation period (delay effect, p <
0.05 at D17 and D30). Furthermore, statistical analysis revealed a sig
nificant difference between the two groups UVN placebo and UVN BD in 
the acute period of the syndrome (D1: p < 0.01) but also in the 
compensated period of the syndrome (D10 and D14: p < 0.01; D21: p <
0.05). In the dynamic condition, the UVN placebo group balanced 
correctly during the critical period while it balanced its weight on the 
left during the compensated period. The UVN BD group applied more 
weight to the right at D1 (p < 0.01) and D2 (p < 0.05) post-UVN than in 
the preoperative delay, but without showing significant differences with 
the other two groups. Unlike the UVN placebo group, the UVN BD group 
favored a right-sided weight distribution at D7 (delay effect: p < 0.01). A 
significant difference was observed between these two groups at D7 (p 
< 0.01) and persisted until D10 (p < 0.05). The UVN BD group then 
distributed between 50 and 55 % of its weight to the left on average from 
D14 to D30. At these delays, no difference was noted between the three 
groups in dynamic condition.

3.1.2.2. Static behavior. The static balance of the animals was assessed 
using posturological parameters. In Fig. 4A, we can observe the stato
kinesiograms of animals belonging to the SHAM, UVN placebo and UVN 
BD groups at D1 and D30 post-surgery. On the first post-injury day the 

Fig. 3. Weight distribution along the lateral axis. This parameter highlights the muscle tone deficits of the three groups of animals. The SHAM group (n = 7) 
shows a perfectly balanced weight distribution between the right and the left, without any influence of the surgery in static and dynamic periods. In the UVN placebo 
group (n = 9), there is a shift of the static weight to the right at D1 (p < 0.05) but the dynamic weight distribution is well balanced in the acute phase of the vestibular 
syndrome. At compensated delays, the UVN placebo group applied significantly more weight to the left in both static and dynamic conditions (delay effect: p <
0.001). From the preoperative session to D14, the weight distribution of the UVN BD group (n = 7) shows a pattern close to that of the SHAM group in static 
condition. From D17 onwards, this group shifts its weight to the left (delay effect at D17 and D30, p < 0.05), but in a less pronounced way than the UVN placebo 
group (statistical difference between the two groups at D21, p < 0.05). In the dynamic condition, the UVN BD group shifts its weight to the right in the critical period 
(delay effect at D1, D2 and D7, p < 0.05) but recovers its dynamic lateral balance from D10. Each point represents the mean for each group ± SEM. Two-way ANOVA 
with Dunnett’s post-hoc test × p < 0.05; **p < 0.01; ***p < 0.001.
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vestibular disorders were at their peak and at D30 the animals have 
compensated the majority of these disorders in this rodent model of 
unilateral vestibulopathy (Marouane et al., 2020; Péricat et al., 2017; 
Rastoldo et al., 2020; Tighilet et al., 2017). Plots from the SHAM group 
appear relatively similar between D1 and D30. In the UVN placebo 
group, the clouds were more dispersed at these two times. An instability 
seemed to set in and last until 30 days post-UVN. The statokinesiograms 
of the UVN BD group looked more like those of the SHAM group with 
less dispersed point clouds, and a relatively small sustentation polygon. 

The following parameters allowed the quantification of rodent postural 
balance from statokinesiogram data.

3.1.2.2.1. Maximum support surface area. The UVN BD group 
adopted a different behavioral phenotype than the two other groups 
(Two-way ANOVA: F (18, 180) = 3.197; p < 0,0001). The maximum 
support surface area decreased slightly at D1 and then remained stable 
in the SHAM group during all sessions (Fig. 4B). In the UVN placebo 
group, the maximum support surface area increased significantly from 
D1 (delay effect: p < 0.001) and remained significantly high until the 

Fig. 4. Posturographic parameters. A. Rodent statokinesiograms: representation of the kinetics of the successive positions of the animals’ paws and the barycenter. 
The different lines indicate the group of the animal from which the plot is extracted, and the columns indicate the acquisition time (day 1 and day 30 post-op). At day 
1, the plot of the UVN BD group (n = 7) shows less instability than the UVN placebo group (n = 9) and seems like that of the SHAM group (n = 7). At D30, the 
statokinesiograms of the SHAM and UVN BD groups seemed identical, whereas the instability seemed to persist in the UVN placebo group. The following parameters 
quantify postural instability in the rodent. B. Maximum support surface area. This parameter increased significantly at D1 in the UVN placebo group, and never 
returned to baseline. It remained stable in the SHAM group. The UVN BD group slightly increased its maximum support surface area at D1 but quickly returned to 
control values. C. The body sway highlights an instability that progressively sets in for the UVN placebo group and that lasts. The SHAM and UVN BD groups managed 
to maintain their postural stability at all postoperative time points. D. Amount of energy spent to stabilize. From the preoperative session to post-injury day 21, the 
evolution of this parameter is similar for the UVN BD group and the SHAM group until D17. At D1, the UVN placebo group spent significantly more energy than the 
other groups (p < 0.001) and showed a delay effect (p < 0.001). At D30, the UVN BD and the UVN placebo group expend significantly more energy to stabilize than 
the SHAM groups. Each point represents the mean for each group ± SEM. Two-way ANOVA with Dunnett’s post-hoc test × p < 0.05; **p < 0.01; ***p < 0.001.
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end of the compensated period (D2 to D7, D14, D21 and D30: p < 0.001; 
D10: p < 0.01; D17: p < 0.05). In the UVN BD group, the maximum 
support surface area increased slightly at D1 and showed a significant 
difference with the SHAM group for which a slight decrease occurred at 
the same time (p < 0.05). This parameter then decreased at D2 and 
returned to control values for the compensated periods. No delay effect 
was observed for the UVN BD group and the maximum support surface 
area of the UVN BD group was significantly lower from D1 to D21 
compared with the UVN placebo group (D1, D17 and D21: p < 0.05; D2 
to D7: p < 0.001; D10 to D14: p < 0.01).

3.1.2.2.2. Body sway. For the SHAM group and the UVN BD group, 
the body sway varied very little and is around 1 throughout the post
operative stages (Fig. 4C). In contrast, the body sway seemed to increase 
progressively from D1 to D3 in the UVN placebo group. This parameter 
reflects what was observed in the statokinesiograms but, probably due to 
the high variability, the results of statistical tests do not show significant 
differences (Two-way ANOVA: F (18, 180) = 1.375; p = 0.1486).

3.1.2.2.3. Amount of energy spent to stabilize. A ratio between the 
speed of displacement of the barycentre and its dispersion surface 
allowed us to have an estimate of the amount of energy spent to stabilize 
with the appearance of significant differences in statistical tests (Fig. 4D, 
Two-way ANOVA: F (18, 180) = 2.931; p < 0.0001). A peak of energy 
was observed at D1 in the UVN placebo group (delay effect: p < 0.001), 
where a significant difference appeared in comparison with the UVN BD 
group. In the three groups of the study, the kinetics of change in this 
parameter were equivalent from D2 to D21. Between D21 and D30, the 
amount of energy expended to stabilize decreased slightly for the SHAM 
group, without any delay effect. In the UVN placebo group and the UVN 
BD group, the values obtained at D21 and D30 were very close to the 
preoperative values. At D30, a difference appeared between the SHAM 
group and the UVN BD group (p < 0.05), due to the decrease observed in 
the SHAM group.

3.1.2.3. Dynamic behavior 

3.1.2.3.1. Average speed. The average speed of the SHAM, UVN 
placebo and UVN BD groups showed different kinematics (Fig. 5A, Two- 
way ANOVA: F (18, 180) = 2.757; p = 0.0003). As early as D1 post-UVN, 
a decrease in mean velocity was observed in the UVN placebo group, 
concomitant with an increase in the average speed of the SHAM and 
UVN BD groups. The results of the UVN placebo and UVN BD groups 
were significantly different at this time point (p < 0.01). From D2 to 
D10, the average speed of the three groups was then relatively similar. It 
was close to the preoperative values and no statistical difference was 
observed during this period. The results of the SHAM group varied little 
until D30 and remained close to 1 (normalized data). From D14 to D30, 
the UVN placebo group’s velocity was on average higher than that of the 
SHAM group, without showing any statistical difference. During this 
period, the velocity of the UVN BD group was higher than that of the 
UVN placebo group. Compared to the SHAM group, the average speed of 
the UVN BD group was significantly higher at D14 (p < 0.05). A delay 
effect also appeared and persisted from D14 to D30 (D14 and D21: p <
0.01, D17 and D30: p < 0.05).

3.1.2.3.2. Time spent on the abdomen. At D1, animals in the UVN 
placebo group applied significantly more time on their abdomen in 
dynamic periods than before surgery (p < 0.001) and in comparison, 
with the other two groups (p < 0.001) (Fig. 5B, Two-way ANOVA: F (18, 
180) = 5.551, p < 0.0001). From D2 post-UVN, this time decreased 
drastically, and these significant differences disappeared. From D7 to 
D30 the animals of the UVN groups no longer put their abdomen on the 
sensors in dynamic condition. The SHAM group, as well as the UVN BD 
group, did not put their abdomen on the sensors during the dynamic 
periods, or did so in a negligible way.

3.2. Cellular results

3.2.1. Betahistine dihydrochloride reduces microglial and astrocytic 
response in the deafferented medial vestibular nucleus

The results obtained from the behavioral analyses show that BD 
treatment accelerates vestibular compensation and suggest an effect of 

Fig. 5. Dynamic behavior. This figure summarizes the dynamic behavior of the animals when they are in the DWB2. A. Average speed. In the SHAM (n = 7) and UVN 
BD groups (n = 7), the average speed of the animals increased in the critical period, while it decreased in the UVN placebo group (n = 9) (significant difference 
between the UVN BD and UVN groups at D1, p < 0.01). In the compensated period, animals in the UVN BD group seem to exhibit hyperactivity characterized by a 
delay effect from D14 to D30 (p < 0,05) and a significant increase compaired to the UVN placebo group at D14 (p < 0.05). B. Time spent on the abdomen. The UVN 
placebo group showed an increased spend more time on the abdomen during the critical period (delay effect, and significant differences with the UVN BD group at 
D1, p < 0.001). This behavior was not observed in the other two groups. Each point represents the mean for each group ± SEM. Two-way ANOVA with Dunnett’s 
post-hoc test × p < 0.05; **p < 0.01; ***p < 0.001.
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this pro-histaminergic compound at the level of central structures pro
cessing vestibular information. In a first step, we sought to confirm the 
presence of the H1R, one of the targets of this treatment, in VN. We 
demonstrated the presence of this receptor on the different cell types 
involved in vestibular compensation, such as microglia (IBA1+/H1R+), 
astrocytes (GFAP/H1R+) (Supplementary Data 1). 

Immunohistochemical investigations regarding the number of micro
glial cells (IBA1 antibody) and the number of astrocytic cells (GFAP 
antibody) revealed a significant decrease in the deafferented MVN of the 
UVN BD group (Fig. 6A) but no significant difference in the opposite 
MVN (Supplementary Data 2). Statistical analyses highlight a significant 
increase in microglia (Fig. 6B, One-way ANOVA: F (4, 131) = 29.59; p <

Fig. 6. Betahistine dihydrochloride treatment attenuates astrocytic (GFAP) and microglial (IBA1) immunostaining in the deafferented medial vestibular nucleus 
(MVN) after UVN. A. Confocal immunostaining images of IBA1+ and GFAP + cells in the left MVN of SHAM group, three days (D3) or thirty days (D30) after UVN for 
UVN placebo and UVN BD groups (n = 4/groups). Scale bar 50 μm. B and C. Quantitative evaluations of the effect of betahistine dihydrochloride treatment and UVN 
on the number of IBA1+ (B) and GFAP+ (C) cells in the deafferented MVN of the UVN placebo (brown) and UVN BD (blue) groups sacrificed three days or thirty days 
after the lesion compared to the SHAM group (grey). A significant difference is indicated by * in brown for the difference between the SHAM group and the UVN 
placebo group and by * in black for the difference between the UVN placebo group and the UVN BD group. The histograms represent the mean for each group ± SEM 
and each point corresponds to the number of cells in each image analyzed. One-way ANOVA with Tukey post-hoc test ***p < 0.001. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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0.0001) and astrocytes (Fig. 6C, One-way ANOVA: F (4, 113) = 32.83; p 
< 0.0001) in UVN placebo group at D3 (GFAP: p < 0.001; IBA1: p <
0.001) and D30 (GFAP: p < 0.001; IBA1: p < 0.001) compared to the 
SHAM group. This increase was not found in the UVN BD group (no 
significant difference with the SHAM group). Moreover, a significant 
decrease in the number of microglial and astrocytic cells was found for 
the UVN BD group compared to the UVN placebo group at D3 (GFAP and 
IBA1: p < 0.001) and D30 (GFAP: p < 0.001; IBA1: p < 0.001).

3.2.2. Betahistine dihydrochloride prevents downregulation of the 
potassium-chloride co-transporter KCC2 in the deafferented lateral 
vestibular nucleus

Immunostaining for the potassium-chloride co-transporter KCC2 in 
the LVN from the SHAM, UVN placebo, and UVN BD groups is shown in 
Fig. 7A. Statistical difference has been shown between groups (One-way 
ANOVA for F (4, 544) = 56.04; p < 0.0001). Although we confirmed 
decreased KCC2 immunoreactivity in the deafferented LVN of the UVN 
placebo group at D3 post-lesion survival time compared with the control 
group (p < 0.001). No difference was found for the UVN BD group 
compared with the SHAM group regardless of the survival time 
considered (Fig. 7B). Furthermore, we found a significant increase in 
KCC2 expression level for UVN BD group compared to UVN placebo 
group at D3 post-lesion survival time (p < 0.001), which was reversed at 
D30 post-lesion survival time (p < 0.001).

3.2.3. Betahistine dihydrochloride remodulates cell proliferation and 
gliogenesis

BrdU immunostaining in MVN from the SHAM, UVN placebo, and 

UVN BD groups is shown Fig. 8A. Statistical difference has been shown 
between groups (One-way ANOVA for F (4, 100) = 10.55; p < 0.0001). A 
significant increase in the number of BrdU+ cells was observed at D3 
post-lesion survival time in the deafferented MVN of the UVN placebo 
group (p < 0.01) and the UVN BD group (p < 0.001) (Fig. 8B). At D30 
post-lesion survival time, both the UVN placebo group and the UVN BD 
group showed a significant increase in BrdU labeling (p < 0.001). 
Finally, a significant increase in cell proliferation was observed in the 
UVN BD compared to the UVN placebo group (D3, p < 0.05) but not for 
cell survival (D30) between the UVN placebo and UVN BD group.

BrdU/GFAP, IBA1, Olig2, and NeuN immunostaining in deafferented 
MVN is shown in Fig. 8D. In the deafferented MVN from the UVN pla
cebo group, our results showed a homogeneous proportion of the 
different cell types (around 25 %) (Fig. 8E). In the deafferented MVN of 
the UVN BD group, we observed an increase in the number of BrdU+/ 
IBA1+ cells (39 % vs. 24 %) at the expense of the number of BrdU+/ 
NeuN + cells (13 % vs. 28 %) (Fig. 8F).

4. Discussion

This study highlights for the first time the effect of BD in a rodent 
model of acute unilateral vestibulopathy at both the behavioral and 
cellular level. BD is a partial agonist of histamine H1 receptors and a 
more potent antagonist of histamine H3 autoreceptors. We show an 
acceleration of vestibular compensation with a significant improvement 
of postural-locomotor parameters in vestibular lesioned animals treated 
with BD. This behavioral effect is thought to be underpinned by BD’s 
cellular effects in the vestibular nuclei, including a microgliogenesis as 

Fig. 7. Betahistine dihydrochloride treatment normalizespotassium-chloride co-transporter KCC2 expression in the deafferented lateral vestibular nucleus after UVN. 
A. Confocal immunostaining images in the left lateral vestibular nucleus (LVN) showing the KCC2 staining (green) in vestibular neurons of SHAM group, three days 
(D3) or thirty days (D30) after UVN for UVN placebo and UVN BD groups (n = 4/groups). Scale bar 10 μm. B. Quantification of membrane labeling density in 
vestibular neurons of SHAM rats (grey), UVN placebo (brown) and UVN BD (blue) groups at either D3 or D30 after UVN. A significant difference is indicated by * in 
brown for the difference between the SHAM group and the UVN placebo group and by * in black for the difference between the UVN placebo group and the UVN BD 
group. The histograms represent the mean for each group ± SEM and each point corresponds to the number of cells in each image analyzed. One-way ANOVA with 
Tukey post-hoc test ***p < 0.001.***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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well as a modulation of excitability and cells responsible for inflam
mation (microglial cells and astrocytes).

4.1. Use of an automated behavioral device to validate the effectiveness of 
a betahistine dihydrochloride treatment

4.1.1. Betahistine dihydrochloride induces rapid compensation of static 
deficits

The static deficits appear when the subjects are immobile and are 
likely a behavioral consequence of the electrophysiological imbalance 
between the VN (Lacour et al., 2016). In patients with unilateral 
vestibular deafferentation, BD improves and accelerates recovery of 
static symptoms (Redon et al., 2011). Our data underline a recovery of 
the static deficits in the UVN BD group during the critical period, 
consistent with the results obtained in the feline UVN model (Tighilet 
et al., 1995, 2007b, 2018) and in unilabyrinthectomized rats (Chen 
et al., 2019).

Weight shifting towards the ipsilesional side was assimilated to a 
compensatory strategy already observed in this rodent model of vesti
bulopathy (Facchini et al., 2021; Marouane et al., 2020; Tighilet et al., 
2017). BD-treated animals did not exhibit any shift towards the ipsile
sional side as observed with another pharmacological compound which 
accelerates vestibular compensation (Rastoldo et al., 2022).

The maximum support surface area, a crucial parameter for postural 
stabilization, reveals that BD-treated animals maintain their base of 
support, demonstrating enhanced stability. Furthermore, the amount of 
energy spent to stabilize required by the BD-treated group is similar to 
that of the sham group, in contrast to the UVN placebo group, which 
shows a substantial increase on the first day following injury. The 
treatment would have allowed a more rapid rebalancing of the elec
trophysiological balance between the vestibular nuclei, thus limiting the 
behavioral deficits persisting in the long term after the lesion.

4.1.2. Static compensation during the critical period is followed by 
improved dynamic recovery

The dynamic data reflect the complexity of the dynamic vestibular 
compensation mechanisms which rely mainly on sensory substitution 
mechanisms (Lacour et al., 2016).

Despite little evidence in the rodent model, a faster improvement of 
dynamic balance following BD treatment was demonstrated with the 
rotarod test (Chen et al., 2019) as already shown in the UVN feline 
model with the rotating beam device (Tighilet et al., 1995, 2007b). In 
contrast to these motor tests, our evaluation of the dynamic behavior is 
ecological and based on the natural behavior of rodents. The rehabili
tative effects of the rotarod or rotating beam could improve the 
compensation of dynamic vestibular disorders through reorganization in 
cerebral motor networks (Scholz et al., 2015). Consistent with this, 
studies in humans have shown that rehabilitation protocol improves 
long-term dynamic balance through modulation of cerebral networks 
(Karapolat et al., 2010).

The average speed increased in the UVN BD group as early as the first 
day post-injury to 30 days after the lesion. This hyperactivity induced by 

BD treatment was also observed by Antons et al. in a dose-dependent 
manner (Antons et al., 2023). This increased activity may be mediated 
by an agonist action of BD on H1R or by histamine. Indeed, reduced 
locomotor activity has been found in H1R KO mice (Schneider et al., 
2014) and in vestibulo-lesioned animals treated with mepyramine, an 
H1R antagonist (Chen et al., 2019).

During the critical period, we observed a contralesional lateral 
weight shift in BD-treated animals. This weight imbalance could be 
induced by the circling behavior of the animals: while rotating to the 
left, the animals are mainly supported on their right legs. However, 
contrary to the UVN placebo group, treated animals do not put their 
abdomen on the ground, indicating a better dynamic balance induced by 
the BD treatment. In the compensated period, the weight distribution of 
BD-treated animals is balanced in a similar way to the SHAM group, 
unlike the UVN placebo group, which distribute more weight towards 
the ipsilesional side. Thus, despite some locomotor deficits observed in 
the critical period, BD-treated animals show an improved dynamic 
balance compared to the UVN group.

Our results demonstrate a rapid action of BD on static postural def
icits that might result from electrophysiological rebalancing between 
both vestibular nuclei complexes (VNCs). In addition, BD’s pro- 
histamniergic action on motor brain structures may increase locomo
tor activity, promoting compensation for dynamic deficits.

4.2. Modulation of betahistine dihydrochloride on cellular vestibular post- 
lesion plasticity

4.2.1. Betahistine dihydrochloride decreases the number of glial cells 
responsible for neuroinflammation in the deafferented medial vestibular 
nucleus

IBA1+ and GFAP + cells, which are considered as markers for active 
microglia and reactive astrocytes (Karve et al., 2016), are significantly 
upregulated in the deafferented MVN after UVN. These observations are 
in agreement with previous studies indicating the proinflammatory ef
fect of UVN in both rodent (El Mahmoudi et al., 2021) and feline 
(Dutheil et al., 2016) models. Given the crucial role of glial cells in 
neuroinflammation, understanding their response to UVN is essential for 
identifying potential therapeutics.

The dual role of HA in inflammation and on glial cells is well 
documented, with HA exhibiting pro- and anti-inflammatory effects in 
physiological and inflammatory environments, respectively 
(Barata-Antunes et al., 2017; Ferreira et al., 2012; Saraiva et al., 2019). 
Since both microglia and astrocytes express histamine receptors (HR) 
(Dong et al., 2014; Xu et al., 2018) and microglia are known to produce 
HA (Katoh et al., 2001), these cells are frontline to exhibit pro- and 
anti-inflammatory effects.

BD treatment significantly reduces the number of GFAP+ and IBA1+
cells in the MVN following UVN, indicating a reduction of neuro
inflammation as already demonstrated in another model (Shalaby et al., 
2022). Our result is in line with the anti-inflammatory effect of HA in an 
inflammatory environment. Thus, BD modulates glial activation and 
potentially exerts an anti-inflammatory effect in this model (Shalaby 

Fig. 8. Betahistine dihydrochloride and cell proliferation survival and differentiation in the deafferented medial vestibular nucleus after UVN. A. Confocal im
munostaining images of BrdU+ cells in the left MVN of SHAM group, three days (D3) or thirty days (D30) after UVN for placebo and UVN BD groups (n = 4/groups). 
Scale bar 50 μm. B. Quantitative evaluations of the effect of betahistine treatment and UVN on the number of BrdU+ cells in the deafferented MVN of the UVN 
placebo (brown) and UVN BD (blue) groups sacrificed three days or thirty days after the lesion compared to the SHAM group (grey). A significant difference is 
indicated by * in brown for the difference between the SHAM group and the UVN placebo group and by * in blue for the difference between the SHAM group and the 
UVN BD group and * in black for the difference between the UVN placebo group and the UVN BD group. The histograms represent the mean for each group ± SEM 
and each point corresponds to the number of cells in each image analyzed. One-way ANOVA with Tukey post-hoc test × p < 0.05, **p < 0.01, ***p < 0.001. C. 
Illustration of the protocol used to study the fate of newly generated cells in MVN thirty day after UVN. BrdU is injected three days after UVN and the quantification 
of survival cell is carried out thirty days after UVN. UVN: unilateral vestibular neurectomy, i. p: intraperitoneal injection, s: sacrifice. D. Maximum intensity pro
jection of z-stack confocal images of cell differentiation evaluated in the deafferented MVN thirty days after UVN. The BrdU nuclei are in red, and the other markers 
of differentiation are: GFAP (astrocyte), IBA1 (microglia), oligodendrocyte (Olig2), neuron (NeuN) are in green. Scale bar = 10 μm. E and F. Pie charts illustrating the 
percentage of GFAP, IBA1, NeuN and Olig2+ cells among the BrdU+ cells in the UVN placebo (E) and UVN BD (F) groups. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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et al., 2022). This effect could be mediated through the signaling 
cascade triggered by H3R blockade induced by BD (Arrang et al., 1985). 
Since both microglia and astrocytes express H3R (Barata-Antunes et al., 
2017), its blockade by BD could activate the cAMP/PKA/CREB signaling 
cascade which is known to reduce glial-mediated inflammation (Wang 
et al., 2022).

In addition to its anti-inflammatory action, BD would facilitate 
vestibular compensation by also using other mechanisms such as reba
lancing VN activity which is considered as a crucial parameter of 
vestibular function recovery.

4.2.2. Betahistine dihydrochloride promotes vestibular nuclei excitability

4.2.2.1. Betahistine dihydrochloride promotes vestibular nuclei excitability 
via neuronal H1 and H2 receptors. After deafferentation, the priority of 
the deafferented vestibular environment is to restore a level of homeo
static excitability essential for functional recovery. In this mission, 
agents that modulate neuronal excitability play a key role.

We demonstrated that the deafferented vestibular environment re
capitulates a developmental stage such that GABA becomes depolarizing 
through a transient reduction of KCC2 co-transporters and that this ef
fect might facilitate vestibular function recovery (Dutheil et al., 2016; 
Rastoldo et al., 2022). In the present study, the expression of KCC2 
co-transporters is unchanged in UVN rats treated with BD. This phar
macological compound thus prevents the internalization of KCC2 
co-transporters considered as an energy-consuming process. In response 
to deafferentation, the deafferented VN shift from a depolarizing 
GABAergic strategy (KCC2 internalization) to an excitatory mechanism 
driven by endogenous HA (Li et al., 2017; Wang and Dutia, 1995; Zhang 
et al., 2008), whose release is strongly promoted by BD treatment 
(Tighilet et al., 2002). Indeed, by blocking H3R autoreceptor and acti
vating H1R in the deafferented VN, BD increases HA endogenous syn
thesis in the TMN and release in the VN. This massive HA release in the 
deafferented VN promotes the readjustment of the electrophysiological 
balance between the VNCs by depolarizing action of HA on H1R and 
H2R located on the excitatory vestibular neurons (Chen et al., 2019; Li 
et al., 2017; Wang and Dutia, 1995; Zhang et al., 2008). In addition, BD 
by itself has a depolarizing action in H1R. In support of this argument a 
recent study revealed an increase in cerebral glucose metabolism in the 
deafferented VN of unilabyrinthectomized (UL) rats subjected to high 
doses of BD (Antons et al., 2023). This increase in energy metabolism 
occurring during the acute phase would reflect an increase in sponta
neous activity in ipsilateral VN inducing electrophysiological rebalanc
ing between the VNCs and thus restoration of balancing function. Chen 
et al. also emphasize the depolarizing action of both HA and BD on 
GABAergic commissural interneurons to restore the electrophysiological 
balance between the VNCs and thus accelerate vestibular compensation 
(Chen et al., 2019).

4.2.2.2. Betahistine dihydrochloride promotes vestibular nuclei plasticity.
Given that vestibular compensation can be seen as sensorimotor 
relearning (Facchini et al., 2021), synaptic plasticity must be required. 
This effect could be achieved via H1R activation, either activated 
through BD agonist action or by the increase in HA conferred by BD. 
H1R activation might lead to increased DAG and IP3 which activate PKC 
and elevate intracellular calcium, respectively known to be key factors 
in the induction of the early stages of synaptic plasticity in the hippo
campus (Haas and Panula, 2003).

Following vestibular deafferentation, VN are deprived of peripheral 
excitability. Thus, restoring excitability in the deafferented VN through 
intrinsic reorganization is necessary for vestibular compensation. Ac
cording to a recent study by Akiyoshi et al. microglia, by contact on 
dendritic spines, increases synaptic activity and synchronization of 
neuronal populations. This effect is absent in an inflammatory context 
(Akiyoshi et al., 2018). Thus, BD, acting as an anti-inflammatory 

compound in our inflammatory lesion context, could allow the resto
ration of the synchronizing effect of the neural networks. Furthermore, 
the release of anti-inflammatory cytokines IL-4 can induce microglia to 
produce BDNF (Zhang et al., 2021), a key factor in plasticity and 
vestibular compensation (Dutheil et al., 2016).

4.2.3. Betahistine dihydrochloride modulates cell proliferation and 
gliogenesis

Our results demonstrated that BD increases cell proliferation during 
acute vestibular syndrome, without impacting the level of cell survival 
at post-injury D30. Consistent with our findings, a recent study in mice 
showed that LPS-induced inflammation in the hippocampus, followed 
by HA injection, significantly increased cell proliferation (Saraiva et al., 
2019). Without treatment, after one month, survival cells in the MVN 
differentiate into neurons or glial cells in equal proportions, consistent 
with previous findings of our team (Marouane et al., 2021; Rastoldo 
et al., 2022). We show, for the first time, that BD treatment favors 
microglial differentiation among newly generated cells at 3 days 
post-lesion. Elevated neuronal HA levels induced by BD may promote 
microglial differentiation with neuroprotective properties in the deaf
ferented VN. This neuroprotective role could be attributed to 
microglial-derived BDNF, which has already shown its neuroprotective 
effect in cerebral ischemia (Lee et al., 2002).

Prominent microgliogenesis is consistently observed one month post- 
surgery, whether compensation is enhanced by pharmacological inter
vention or sensorimotor rehabilitation (Marouane et al., 2021; Rastoldo 
et al., 2022). Our study confirms this pattern once more, suggesting that 
microglia play a crucial role in vestibular compensation, serving as a 
primary target for various therapeutic strategies.

4.3. Translation of betahistine dihydrochloride on cellular vestibular post- 
lesion plasticity

BD is widely used for the treatment of various vestibular disorders in 
clinical practice, including its administration following acute unilateral 
vestibular loss to foster vestibular compensation. Similar to the settings 
of this experimental study, selective vestibular neurectomy is applied in 
humans as an ultimate treatment for vestibular schwannoma or intrac
table Menière’s disease. A recent randomized controlled trial in 124 
patients showed a dose-dependent improvement of balance and a higher 
proportion of full resolution of spontaneous nystagmus on day 14 after 
vestibular neurectomy by intranasal BD as compared to placebo (Van de 
Heyning et al., 2023). Another prospective clinical trial found an ac
celeration of improvement across various clinical endpoints (including 
body sway, spontaneous nystagmus, subjective visual vertical) by 24 mg 
BD b. i.d. compared to placebo after unilateral vestibular neurectomy in 
patients (Redon et al., 2011). These high-quality clinical data indicate an 
accelerated and enhanced vestibular compensation, which nicely re
sembles the observation of the current experimental model.

In clinical settings, the most common cause of acute peripheral 
vestibular loss is a vestibular neuritis, which likely originates from the 
reactivation of latent herpes viruses in the primary vestibular afferents 
(Himmelein et al., 2017; Rujescu et al., 2020). Compared to vestibular 
neurectomy, the deafferentation in vestibular neuritis is incomplete in 
most cases. Glial activation was seen along the vestibular nerve and in 
the vestibular nucleus on the lesion side in patients 3–10 days after 
vestibular neuritis by in vivo molecular imaging with the tspo-ligand 
[18 F]GE180 (unpublished data). This finding is comparable to similar 
glial activations in an animal model of unilateral labyrinthectomy 
(Zwergal et al., 2017). Given the action of BD on glial activation re
ported in the current study, it seems conceivable that this drug – besides 
its other actions on neurotransmission and neuronal activity - can 
modulate neuroinflammatory processes towards an augmentation of 
vestibular compensation mechanisms also in the context of vestibular 
neuritis in humans. Importantly, a successful translation of experimental 
findings from animal models to clinical application requires a specific 
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consideration of differences in BD bioavailability as a result of its 
application route. While BD in animal models is often administered 
parenterally, in clinical practice this drug is currently available only as 
an oral preparation. BD p. o. is metabolized by enteric and hepatic 
MAO-B enzymes by 99 %. Thus, active BD blood level in this case is 
below those of experimental models using i. v. application. In conse
quence, some controlled clinical trials with oral application of BD have 
failed to show therapeutic benefits against placebo (Adrion et al., 2016). 
Future clinical trials therefore aim to apply BD intranasaly (Van de 
Heyning et al., 2023) or combine oral BD with a MAO-B inhibitor such as 
selegiline or rasagiline, which results in up to 100-fold higher plasma 
concentrations (Strupp et al., 2023). Application protocols optimized 
towards higher BD plasma levels may be the key to a successful trans
lation of the promising experimental findings to therapeutic benefits in 
clinical application.

4.4. Implications and limitations

While in clinical use for decades, the pharmacological action of BD 
has not been fully deciphered yet. The current study adds an important 
mechanism of action for this drug, which goes beyond the previous 
hypothesis of a change of histaminergic neurotransmission. It also 
highlights the importance of a decrease of microglia related inflamma
tion in the process of successful central vestibular compensation. As 
most types of acute unilateral vestibulopathy in human medicine are 
considered to be caused by an inflammation of the vestibular nerve with 
secondary microglial activation in the vestibular nucleus, the here re
ported therapeutic effects of BD do nicely align with this pathophysi
ology. On the other hand, some limitations remain: while not testing BD 
in animals without vestibular impairment could be considered a limi
tation, existing evidence suggests that BD has minimal influence on the 
intact VN (Wang and Dutia, 1995). Additionally, the absence of signif
icant glial reactivity in the contralesional vestibular nuclei (see Sup
plementary Data 2) supports our decision to exclude BD treatment in 
sham rats. Furthermore, a causal relationship of the BD effects on 
microglia activity during vestibular compensation needs to be estab
lished in future experiments. In this respect the co-application of BD 
with minocycline or Pexidartinib to inhibit microglia activation or to 
deplete microglia would be of interest. Another limitation for the 
translation of results to patients may be that we are currently lacking 
direct evidence for cell proliferation in the vestibular nuclei area in 
humans.

5. Conclusion

Our study demonstrates that BD accelerates vestibular compensation 
by significantly improving posturo-locomotor parameters in vestibular 
lesioned animals. BD treatment might facilitate vestibular compensation 
through histamine-mediated modulation of inflammation and 

neuroprotection in the VN, promoting electrophysiological rebalancing 
(Fig. 9).
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to thank Théo Armand-Hilaire for his help in analyzing the histological 
data and Guillaume Rastoldo for proofreading.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ejphar.2025.177600.

Data availability

Data will be made available on request.

Fig. 9. Explanatory model describing the influence of betahistine on the balance between the two vestibular nuclei complexes (VNCs) after unilateral vestibular 
nerve deafferentation regarding neurons (A) or glial cells (B). A: betahistine dihydrochloride and histamine actions on neuronal histaminergic receptors located in the 
vestibular nuclei complex after unilateral vestibular neurectomy (UVN). The tuberomamillary nuclei (TMN) located in the posterior hypothalamus send ipsilateral 
histaminergic projections to each VNC. The VNCs also receive excitatory afferents from peripheral vestibular receptors. Post-synaptic type 1 (H1R) and type 2 
histamine receptors (H2R) are present in the vestibular nuclei under basal conditions and excite neurons present in the VNCs. Presynaptic type 3 histamine receptors 
(H3R) present on afferents from TMNs mediate autoregulation of brain histamine synthesis and release in the VNC. These different mechanisms of excitation and 
autoinhibition allow maintenance of the balance between the two VNCs. UVN leads to a decrease in the excitability of the ipsilateral VNC, resulting in an unbalanced 
resting activity between the two VNCs. This electrophysiological imbalance prompts increased histamine synthesis and release in the deafferented VNC. Betahistine 
dihydrochloride (BD) increases these effects by blocking negative autoregulation by H3R. Histamine (HA) and BD binding to H1R and H3R, as well as HA binding to 
H2R, induce depolarization in vestibular neurons. This activity also triggers inhibition in contralateral vestibular nuclei complex via GABAergic commissural in
terneurons, leading to a balanced resting activity between the two VNCs. B: betahistine dihydrochloride and histamine actions on glial histaminergic receptors 
located in the vestibular nuclei complex after unilateral vestibular neurectomy. UVN leads to a decrease in the excitability of the ipsilateral VNC, resulting in an 
unbalanced resting activity between the two VNCs. This electrophysiological imbalance prompts increased histamine synthesis and release in the deafferented VNC. 
BD increases these effects by blocking negative autoregulation by H3R. Binding to H1R, H2R, H3R, H4R on microglia receptors and to H1R, H2R, H3R on astrocyte 
receptors in the deafferented VNC leads to the modulation of inflammation, microgliogenesis, neuroprotection and maintenance of homeostatic excitability. These 
different plasticity mechanisms will allow, among other things, to restore the balance between the two VNCs during vestibular compensation.
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