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Breaking a dogma: acute anti-inflammatory =

treatment alters both post-lesional functional
recovery and endogenous adaptive plasticity
mechanisms in a rodent model of acute
peripheral vestibulopathy

Nada El Mahmoudi'?®, Guillaume Rastoldo'?, Emna Marouane'?, David Péricat?, Isabelle Watabe'?,
Alain Tonetto?, Charlotte Hautefort®, Christian Chabbert'?®, Francesca Sargolini' and Brahim Tighilet'®"

Abstract

Background: Due to their anti-inflammatory action, corticosteroids are the reference treatment for brain injuries and
many inflammatory diseases. However, the benefits of acute corticotherapy are now being questioned, particularly in
the case of acute peripheral vestibulopathies (APV), characterized by a vestibular syndrome composed of sustained
spinning vertigo, spontaneous ocular nystagmus and oscillopsia, perceptual-cognitive, posturo-locomotor, and veg-
etative disorders. We assessed the effectiveness of acute corticotherapy, and the functional role of acute inflammation
observed after sudden unilateral vestibular loss.

Methods: We used the rodent model of unilateral vestibular neurectomy, mimicking the syndrome observed in
patients with APV. We treated the animals during the acute phase of the vestibular syndrome, either with placebo
or methylprednisolone, an anti-inflammatory corticosteroid. At the cellular level, impacts of methylprednisolone on
endogenous plasticity mechanisms were assessed through analysis of cell proliferation and survival, glial reactions,
neuron’s membrane excitability, and stress marker. At the behavioral level, vestibular and posturo-locomotor func-
tions'recovery were assessed with appropriate qualitative and quantitative evaluations.

Results: We observed that acute treatment with methylprednisolone significantly decreases glial reactions, cell prolifera-
tion and survival. In addition, stress and excitability markers were significantly impacted by the treatment. Besides, vestibu-
lar syndrome’s intensity was enhanced, and vestibular compensation delayed under acute methylprednisolone treatment.

Conclusions: We show here, for the first time, that acute anti-inflammatory treatment alters the expression of the
adaptive plasticity mechanisms in the deafferented vestibular nuclei and generates enhanced and prolonged vestibu-
lar and postural deficits. These results strongly suggest a beneficial role for acute endogenous neuroinflammation in
vestibular compensation. They open the way to a change in dogma for the treatment and therapeutic management
of vestibular patients.
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Introduction

Neuroinflammation is a cellular and molecular com-
plex process, supporting the brain’s response to vari-
ous aggressions such as injury, infection or stress. In the
central nervous system (CNS), it systematically involves
microglial cells, resident brain macrophages, and astro-
cytes [45, 46, 81]. Two types of inflammatory states must
be distinguished, based on the intensity and duration
of the insult [15, 88]. Acute neuroinflammation is the
brain’s immediate response. As a transient, self-regulated
reaction, it is thought to play a neuroprotective role by
facilitating tissue repair and post-lesional recovery. Con-
versely, chronic inflammation is a self-propagating and
long-lasting reaction caused by a persistent stress [92] or
dysregulations of the acute inflammatory resolution pro-
cess [88]. Chronic inflammation has deleterious conse-
quences leading to neurodegeneration and is associated
with CNS disorders [58, 90].

The harmful impact of chronic inflammation on brain
tissues have led to the administration of anti-inflam-
matory compounds in patients from the acute phase.
Due to their anti-inflammatory action, corticosteroids
have been the reference treatment for brain injuries
and many inflammatory diseases for many years [8, 30,
43, 66]. However, the benefits of this treatment are now
questioned since it does not appear to improve patients’
recovery [43, 80].

This is also the case for patients suffering acute periph-
eral vestibulopathies (APV). APV is characterized by
violent, debilitating rotatory vertigo, nystagmus, and
cyclotorsion, during the acute phase [93, 96], along with
various perceptual-cognitive, vegetative, and posturo-
locomotor disorders constituting the so-called vestibular
syndrome [9, 109]. Although the underlying cause has
not yet been identified, the involvement of an inflamma-
tory process has recently been proposed [47], consistent
with the standard corticosteroid treatment [94, 95, 111].
However, it was recently shown that this therapeutic pro-
tocol does not significantly improve patients’ functional
recovery [9, 32, 36, 85, 115]. This suggests that the acute
neuroinflammation process may play an important role
in vestibular post-lesional recovery.

Among all unilateral vestibular deafferentation (UVD)
models to study AVP, we focused on unilateral vestibu-
lar neurectomy (UVN), consisting in the section of one
of the two vestibular nerves [50, 51, 70, 86]. UVN repro-
duces the human vestibular syndrome, which is thought
to originate from an electrophysiological asymmetry
between the ipsi- (weak activity) and contra-lesional

(strong activity) vestibular nuclei (VNs) [26, 60, 71]. With
time, the progressive and spontaneous restoration of the
electrophysiological balance between the ipsi- and con-
tra-lesional VNs supports the functional recovery that
accompanies the disappearance of the vestibular syn-
drome [19, 49, 87]. This vestibular compensation is sup-
ported by the expression of several plasticity mechanisms
in the deafferented vestibular environment (Fig. 1), such
as changes in membrane excitability [6, 25], release of
neurotrophic factors [25], and reactive neurogliogenesis
[22, 74, 101].

UVN is also known to cause a neuroinflammatory
reaction by inducing astroglial [22, 24, 75] and microglial
[25, 75] responses, which are associated with the expres-
sion of two key inflammatory factors in the deafferented
VNs: the tumor necrosis factor-alpha (TNF-alpha) and
the nuclear factor-kappa B (NF-kB) [52]. UVN also acti-
vates the hypothalamo-pituitary-adrenal (HPA) axis [83,
106] leading to a strong release of anti-inflammatory
endogenous corticosteroids (EC) in the deafferented VNs
[106], thus confirming UVN-induced neuroinflammatory
process.

The aim of this study is to assess the functional role
of the acute neuroinflammation process in functional
recovery after UVN. To do so, we investigated the effects
induced by pharmacological blockade of acute inflam-
mation following UVN on the expression of the plastic-
ity mechanisms observed in the deafferented VNs, as well
as on the kinetics of vestibular compensation in the adult
rodent.

Materials and methods

Animals and ethical statements

This study was performed on 61 adult Long Evans female
rats weighing between 250 and 350 g (10-12 weeks old
at the beginning of the study). All experiments were
performed in accordance with the National Institutes
of Health’s Guide for Care and Use of Laboratory Ani-
mals (NIH Publication no. 80-23) revised in 1996 for
the UK Animals (Scientific Procedures) Act of 1986 and
associated guidelines or the Policy on Ethics approved
by the Society for Neuroscience in November 1989 and
amended in November 1993 and under veterinary and
National Ethical Committee supervision (French Agri-
culture Ministry Authorization: B13-055-25). The pre-
sent study was specifically approved by Neurosciences
Ethics Committee N°71 of the French National Commit-
tee of animal experimentation. Every effort was made to
minimize both the number and the suffering of animals
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Fig. 1 The vestibular compensation: a model a post-lesional neuroplasticity and functional recovery. Unilateral vestibular deafferentation (UDV)
leads to a vestibular syndrome the origin of which is thought to be an electrophysiological imbalance between the ipsi- and contra-lesional
vestibular nuclei (VNs). UVD leads to the emergence of a plethora of plasticity mechanisms in the ipsilesional VNs, supporting the progressive
restoration of the electrophysiological balance and the subsequent functional recovery, called vestibular compensation
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used in this experiment. Rats had free access to food and
water and were housed with a littermate in an enriched
environment under a constant 12-h light.

Study design

To determine the role of the acute inflammatory process
in vestibular compensation, we used an anti-inflamma-
tory compound, methylprednisolone (10 mg/kg), admin-
istrated intraperitoneally (i.p) immediately after the
UVN and during the acute phase (first 3 days (d) after
the lesion). We observed the effects of this treatment at
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both cellular and behavioral levels (Fig. 2). For that, we
randomly divided the animals into 3 groups: a sham
group (n=21), submitted to the same surgical approach
as UVN without sectioning the nerve; a UVN + placebo
group (n=21), lesioned and treated with NaCl 0.9%;
and a UVN+ methylprednisolone (UVN+met) group
(n=19), lesioned and treated with methylprednisolone.
For each group, 4 animals were sacrificed at the end of the
acute phase (d3) and 4 animals at the end of the behavio-
ral study (d30) for cellular investigations. At the cellular
level, we looked for changes in plasticity markers in the

Acute treatment

placebo or
(i.p)
-— Post-operative
T 1T 1 I !
: time
Pre-operative v ERE
time TN |l ! (days)
] B B ] ] B B 'Y
L L} L} L L L] L] | 4
7
UVN d1 d2 dB:?—d% d d14 d21 d30s.
(i.p)

Cellular investigations
Investigations for plasticity markers
in the ipsilesional VNs
at d3 and d30

Behavioral investigations
Qualitative and quantitative evaluations
of functional recovery
at each post-lesional delay

Immunohistochemistry for:

» Glial reactions
- Microglial cells (IBA1)
- Astrocytes (GFAP)

» Cell proliferation and survival (Brdu)

« Membrane excitability

- Potassium-chloride co-transporter (KCC2)

e Stress marker:

- Glucocorticoid receptor (GR)

» Evaluation of vestibular syndrome intensity :

qualitative scale

» Evaluation of postural stability:

measurement of the support surface after TST

» Evaluation of postural function:

measurement of postural and posturographic

parameters in ecological conditions

» Evaluation posturo-locomotor activity :

videotracking for posturo-locomotor

parameters in ecological conditions

Fig. 2 Study design. Experimental protocol to study and visualize the impact of the pharmacological blockage of the acute neuroinflammation
after UVN on the expression of the plasticity mechanisms observed in the deafferented VN, as well as on the kinetics on functional recovery in the
adult rat. S sacrifice, i.p intraperitoneal injections,. TST Tail Suspension Test
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deafferented VN5 at 3 and 30 days after the lesion. At the
behavioral level, we measured the kinetics of the vestibu-
lar compensation using different behavioral assessments
performed at different time points after the lesion.

Unilateral vestibular neurectomy (UVN)

We used the model of left unilateral vestibular neurec-
tomy in the adult rat [70] consisting in sectioning the
left vestibular nerve. Animals were anesthetized with
isoflurane (4%) 30 min after a subcutaneous injection of
buprenorphine (Buprecare®,0.02 mg/kg). The animals
were intubated, and the anesthesia was maintained dur-
ing the surgery with isoflurane (3%). To access the left
vestibular nerve, we used the tympanic bulla approach
(see [70] for details) to access the vestibulocochlear nerve
through the tympanic bulla and through the cochlea. The
left vestibular nerve was then sectioned at a post-gan-
glion level, close to the brainstem. For the sham group
(n=22), the surgery was limited to the perforation of
the tympanic bulla. Before awakening, the animals were
injected subcutaneously with a solution of Ringer Lactate
(Virbac; 10 ml/kg) to alleviate the dehydration resulting
from the surgery. The success of the UVN (n=44) was
attested by the immediate appearance of a characteristic
vestibular syndrome composed of postural, locomotor,
and oculomotor deficits [70].

Pharmacological treatments

The pharmacological treatments were administrated
once per day during 3 days after the UVN, corresponding
to the acute phase of the vestibular syndrome in rodents
[70]. The UVN + placebo group was administrated with
NaCl 0.9% (2 ml/kg) while the UVN+met group was
treated with methylprednisolone (Solu-médrol®, 10 mg/
kg), a corticosteroid classically used in vestibular patients
(32, 36, 37, 95, 115].

Cellular investigations

Tissue preparation

To study cell proliferation, animals received an i.p injec-
tion of 5-Bromo-2’-deoxyuridine (BrdU 200 mg/kg)
dissolved in NaCl 0.9% 3 days after the lesion and were
sacrificed either at 3 (n=4 per group) or 30 days after the
lesion (n=4 per group) to assess short-term cell prolif-
eration and long-term survival of the proliferative cells,
respectively.

The rats were deeply anesthetized with a mixture of
ketamine (Imalgéne 1000®, 60 mg/kg) and medetomi-
dine (Domitor® 0.25 mg/kg) for intracardiac perfusion.
First, an intracardiac injection of 400 ml of isotonic saline
(0.9% NaCl) was performed, followed by an injection of
400 ml of freshly prepared solution (4% paraformalde-
hyde (PFA) and in 0.1 M phosphate buffer (PB), pH 7.4).
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At the end of the perfusion, brains were extracted and
post-fixed overnight at 4 °C in PFA 4% solution. Brains
were then rinsed and cryoprotected by successive baths
into sucrose solutions at increasing concentrations (10%,
20%, 30% of D-saccharose in 0.1 M PB each for 24 h at
4 °C). Brains were then frozen in dry ice and cut into
serial 40 pum frontal sections with a cryostat (Leica) for
immunochemistry.

Immunohistochemistry

Immunohistochemical labelling was performed accord-
ing to previously validated protocols [23, 25, 75, 101].
Briefly, free-floating sections were first rinsed in 0.1 M
phosphate-buffered saline (PBS) (3 x 5 min) before being
saturated and permeabilized with a solution of bovine
serum albumine (BSA) 5%; Triton X-100, 0.3% for 1 h.
Incubation with primary antibody were performed in a
solution of PBS 0.1 M; BSA 5%; Triton X-100 0.3% (24 h;
4°C).

For BrdU immunohistochemistry, sections were incu-
bated with a BrdU antibody (1:100, Dako, M0744). For
glucocorticoid receptor (GR) immunohistochemistry, we
used a GR antibody (1:300, Thermo Fisher, PA1-511A).
For glial cells immunohistochemistry, we used a micro-
glial marker, ionized calcium-binding adapter molecule
1 (IBA1) (1:2000, Wako, Cat#019-19,741), and an astro-
cytic marker, glial fibrillary acidic protein (GFAP) (1:200,
Dako, Z033401-2). For potassium—chloride cotrans-
porter 2 (KCC2) immunohistochemistry, sections were
incubated with a KCC2 antibody (1:200, Merck, 07-432).
For each section, we used DAPI (1:5000, Merck, D9542)
incubation to mark the nucleus. Sections were then incu-
bated in secondary antibodies dissolved in PBS 0.1 M
for 1 h. We used goat anti-rabbit conjugated with Alexa
Fluor 488 (1:500, Invitrogen, A11008) and goat anti-
mouse IgG conjugated with Alexa Fluor 594 (1:500, Inv-
itrogen, A11005) for immunostaining. Finally, sections
were mounted with Roti®-mount fluorcare medium
(Roth, HP19.1).

Cell counting methods and quantification of KCC2
immunoreactivity

Cell counts were performed according to previously vali-
dated protocols [22, 24, 25, 75]. All cellular investigations
were performed in the left VNs at 3 and 30 days after left
UVN or sham surgery. The recognition, localization and
delimitation of the VNs of the brainstem was performed
on cresyl violet-stained sections based on Paxinos and
Watson’s stereotaxic atlas [67]. For quantification, 1 in
10 serial sections was used starting from the beginning
(—9.84 mm relative to the bregma) to the end of the
VNs (— 13.08 mm relative to bregma [67]). Ten sequen-
tial sections of the deafferented (left) VNs were assessed.
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Immunoreactive (ir) cells were analyzed using confo-
cal imaging with a Zeiss LM 710 NLO laser scanning
microscope equipped with a 63X/1.32 BA oil immersion
lens. Numbers of IBA1-, GFAP-, GR-, and BrdU-ir cells
were counted using an integrated microscopic count-
ing chamber that delineated the region of interest by
a square of 425.10 mm? The average cell counts from
102 sections were used for statistical analysis. For
GR quantification, we calculated the percentage of GR/
DAPI ir-cells among GR-ir cells to assess for GR nuclear
localization. For BrdU quantification, we calculated the
percentage of BrdU ir-cells persisting at d30 to assess the
survival of the proliferative cells observed at d3.

The quantification of the KCC2 immunolabeling was
performed according to a previously published protocol
[103] using a custom program written in MATLAB® (The
Mathworks, Inc.). Briefly, the program allows analysis of
the fluorescence at the plasma membrane of neurons.
The background was assessed by calculating the average
fluorescence in a visually selected area devoid of neurons
or any other stained structure. From this region, a thresh-
old was then derived, equal to the average immunofluo-
rescence plus three times the standard deviation. All data
were then subtracted from this threshold and only posi-
tive values were conserved for further analysis. A region
of interest was drawn around the neuronal plasma mem-
brane of each cell body. The program calculated the aver-
age fluorescence within the region of interest over data
that were 20% above the maximum values. This thresh-
olding insured that all pixels taken for calculating the
average were part of the plasma membrane and that the
same criterion was used for all slices in all conditions.

Cellular data statistical analysis

To avoid any bias, the cellular analysis was performed
under blind conditions. For each cellular marker, the
results are expressed as mean=standard error mean
(SEM). All analyses were performed with GraphPad
Prism 9 (GraphPad Software, San Diego, CA). Normal-
ity of the data was controlled using the D’Agostino and
Person normality test and by visualising quintile-quintile
(Q-Q) plots. Since the normal distribution of the data
was not rejected, we used parametric tests for statisti-
cal analyses and performed a two-way ANOVA to test
the impact of the post-operative time and the impact of
the group on the expression of the cellular markers, fol-
lowed by post hoc Tukey’s multiple comparisons analysis.
Results were considered significant at p <0.05.

Behavioral investigations

For each behavioral investigation, acquisitions were per-
formed before the surgery (preop) and at different time-
points (days) during the post-operative time (d1, d2,
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d3, d7, d14, d21, and d30) to assess, for each group, the
intensity of the vestibular syndrome and the kinetics of
the vestibular compensation.

Qualitative assessment of the vestibular syndrome

We assessed the intensity of the vestibular syndrome and
its kinetic by using a cumulative qualitative scale list-
ing typical postural, locomotor, and oculomotor deficits
classically induced by UVN. Each behavioral symptom
corresponds to a score on the qualitative scale (tum-
bling: 5; retropulsion: 4; circling: 3; bobbing: 2; head-tilt:
1). The score corresponds to the sum of the different
symptoms, reflecting the severity of the vestibular syn-
drome and the alteration of the vestibular function (see
[70] for details).

Support surface measurement after Tail Suspension Test
(TST)

Vestibular function plays a crucial part in postural stabil-
ity and posture-related responses according to behavio-
ral context [61]. We assessed the postural stability after
UVN by measuring the support surface (i.e., the area
between the four paws of the animal), a well-known indi-
cator used in various models of vestibular loss [25, 52, 59,
104]. To address directly the vestibular function, we per-
formed the tail suspension test (TST) by holding the ani-
mal by the tail and subjecting it to vertical traction over a
height of about 50 cm. Sudden vertical acceleration of the
animal activates the remaining vestibular receptors, reac-
tivating the vestibular syndrome while drastically reduc-
ing tactile and proprioceptive inputs [14, 107], leaving
the effectiveness of the vestibulo-spinal reflex principally
under the control of the vestibular function. The animals
were placed in an open field and a picture was taken each
time the animal landed after the TST test. The support
surface was calculated in cm? using an image analysis
system developed on MATLAB®. For each animal, 10
repeated measurements were taken and averaged before
the operation (preop) and at each post-operative time-
point starting from d3. All the measurements were nor-
malized so that each animal acted as its own control. To
do so, for each rat, we used the preop value as the base-
line (referenced as 1 for each rat) and we compared each
value measured during the post-operative time to the
baseline to visualize the changes of the support surface.

Quantitative assessment of postural function

We used the second version of the dynamic weight-bear-
ing device (DWB2®) to assess) and quantify the postural
function of rats after UVN, under ecological conditions
(for details see [59, 107]. The animals were individually
placed in this device and moved freely for 5 min. The
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apparatus allows quantification of the support forces of
each part of the animal’s body.

We analyzed the weight distribution of the animals
along the lateral axis, previously described as a significant
indicator of postural balance [59, 107]. It is represented
in this study as the laterality index, corresponding to the
difference in weight distributed between the right and
left paws. We also used the DWB2® device to measure
the rearing time (i.e., time spent on the two hind paws),
considered as a significant indicator of the animal’s abil-
ity to stand, reflecting its postural balance control [107].
This apparatus enabled us to quantify a typical behavior
of a unilateral vestibular loss, ipsilesional circling, defined
as fast rotations of the animal toward the lesioned side
[59, 70]. The circling behavior was assessed by counting
the number of fast laps performed during an acquisition.

We also extracted posturographic parameters at the
pre-operative time point and two post-operative time
points: d3, corresponding to the acute phase of the ves-
tibular syndrome, and d30, corresponding to the com-
pensated phase of the vestibular syndrome. For the
following parameters, data were normalized according
to pre-operative values so that each rat acted as its own
control:

— The average time spent by the animals with their
abdomen on the ground sensors, during static and
dynamic periods, which has been described and vali-
dated as a postural strategy during the acute phase
after UVN [59]. This parameter, expressed in grams,
was normalized according to pre-operative values
by subtracting the pre-operative value to each post-
lesional value measured during the post-operative
time.

— The mean position of the barycenter which was cal-
culated using the coordinates of each paw and their
respective support forces (cf. equations (Egs.) 3 and
4). The position of the barycenter was calculated dur-
ing the acquisitions, at each time the animal was sta-
tionary and standing on its four paws.

FLx * FLw 4+ FRx * FRw + RLx * RLw + RRx # RRw

Barx = (1)
FLw + FRw + RLw + RRw
FLy * FLw + FRy * FRw + RLy * RLw + RRy * RRw
Bary = (2)
FLw + FRw + RLw + RRw

Based on the coordinates of the rat’s barycenter
over time, we were able to trace the statokinesigram
for each acquisition. Statokinesigrams show the tra-
jectories in 2D of the barycenter and the center of
gravity of each paw every time the calculation is per-
formed, when rats were static and on their four paws.
An average weighted by the duration of each of these
moments is then established for each acquisition.
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— We extracted the mean lateral position of the bar-
ycenter (in centimeters (cm)) that we normalized
according to pre-operative values by subtracting the
pre-operative value from each post-operative value
measured during the post-operative time.

— To analyze the stability of the barycenter, we meas-
ured its maximum lateral deviation (maximum value
of Bary minus minimum value of Bary) used here as
an indicator of lateral instability. We also measured
barycenter inertia, a measure of the barycenter posi-
tions’ dispersion during the acquisitions, reflecting
postural stability. For both parameters, data were
normalized as a ratio according to pre-operative val-
ues.

These acquisition methods have been recently pub-
lished and validated for this rodent model of vestibulopa-
thy by our group [59].

Quantitative assessment of the posturo-locomotor activity
We assessed the posturo-locomotor activity of the ani-
mals under ecological conditions by measuring differ-
ent parameters known to be affected by UVN in rats
(see [76] for details). At the beginning of the session, rats
were placed individually in the center of an open field
(80 x 80 x 40 cm) for 10 min and tracked with Ethovi-
sion " XT 14 software (Noldus). We measured the total
distance moved (cm), the mean velocity (cm/s), and the
mean acceleration (cm/s?) to assess the locomotor activ-
ity. These locomotor parameters were normalized by
dividing each value measured during the post-operative
time by the baseline (i.e., the value in the pre-operative
time) to visualize the progression of the parameters. We
also measured a postural variable, the mean body tor-
sion defined as the angle between the nose and the tail
of the rat during the acquisitions (expressed in degrees,
positive values corresponding to torsion toward the left
side and negative values to torsion toward the right side).
This parameter was normalized for each rat by subtract-
ing the baseline pre-operative value from the post-opera-
tive measures to visualize the increase or decrease of the
parameter with time. These acquisition methods have
been recently published and validated by our group [76].

Behavioral statistical analysis

The results are expressed as mean+ SEM. All analyses
were performed with GraphPad Prism 9 (GraphPad Soft-
ware, San Diego, CA). Normality of the data was con-
trolled using the D’Agostino and Person normality test
and by visualizing quintile-quintile (Q-Q) plots. Since the
normal distribution of the data was not rejected, we used
parametric tests for statistical analyses, and performed
a repeated measures ANOVA on 1-between (“group”),
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1-within (“time”) design to test the impact of the post-
operative time and the impact of the group on the behav-
ioral markers, followed by post hoc analysis with Tukey’s
multiple comparisons test. Results were considered sig-
nificant at p <0.05.

Results

Cellular results

Acute anti-inflammatory treatment significantly reduces glial
reactions in the deafferented medial vestibular nuclei (VNs)
Glial reactions are crucial components of the inflamma-
tory response in the CNS. To evaluate the impact of the
acute anti-inflammatory treatment on glial responses, we
used 2 well-known specific markers (IBA1 and GFAP).

Immunohistochemistry investigation for the number
of microglial cells using IBA1 antibody showed a sig-
nificant decrease after UVN and acute anti-inflamma-
tory treatment (Fig. 3A, B). Statistical analysis revealed
a significant ‘group’ effect (two-way ANOVA; ‘group”
F(2,67)=32.3, p<0.001). In the sham group, we observed
a basal and persistent number of IBAl-ir cells in the
medial VNs. After UVN, there was a significant increase
in the number of IBA1-ir cells in the deafferented medial
VN5 of the UVN + placebo group compared to the sham
group at d3 (Tukey post hoc; p<0.001), that persisted
at d30 (Tukey post hoc; p<0.05). Conversely, in the
UVN + met group, no significant change was observed in
the number of IBA1-ir cells compared to the sham group.
Compared to the UVN + placebo group, the UVN + met
group displayed a significantly lower number of IBA1-
ir cells at d3 (Tukey post hoc; p<0.001) and d30 (Tukey
post hoc; p<0.01).

Similarly, the number of astroglial cells, visualized
with GFAP-ir cells, was reduced after UVN and acute
anti-inflammatory treatment (Fig. 3C, D). The statisti-
cal analysis revealed significant ‘group’ ‘group x time’
effects (two-way ANOVA; ‘group: F(2,63)=43.1,
p<0.001; ‘group x time: F(2,63)=3.77, p<0.05; ‘time”
F(1,63)=2.87, p=0.09). The quantification of the GFAP-
ir cells in the sham group revealed a stable and moder-
ate number of immunoreactive cells over time. After
UVN, there was a significant increase in the number
of GFAP-ir cells in the deafferented medial VNs of the
UVN + placebo group compared to the sham group at
d3 (Tukey post hoc; p<0.001) persisting at d30 (Tukey
post hoc; p<0.01). As for IBA1-ir cells, we observed no
significant changes in the number of GFAP-ir cells in the
UVN + met group compared to the sham group. Com-
pared with the UVN+ placebo group, the UVN+ met
group showed a significant decrease in the number of
GFAP-ir cells at d3 (Tukey post hoc; p<0.001) persisting
at d30 (Tukey post-hoc; p<0.05).
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Acute anti-inflammatory treatment significantly
reduces GR nuclear localization in the medial VNs 3 days
post-UVN

UVN is known to induce an activation of the stress
axis leading to the release of endogenous corticosteroids
acting on the glucocorticoid receptor (GR) [83, 106]. To
evaluate the impact of the acute anti-inflammatory treat-
ment, GR antibody was used as a stress-response marker.

Immunohistochemistry for GR nuclear localization,
investigated through the percentage of GR/DAPI ir-cells,
revealed a significant decrease after acute anti-inflamma-
tory treatment during the acute phase (Fig. 4A, B). Statis-
tical analysis revealed a significant ‘group’ effect (two-way
ANOVA; ‘group” F(2,56) =9.69, p<0.001). For the sham
group, the percentage of GR/DAPI ir-cells in the medial
VNs was stable over time. After UVN and placebo treat-
ment, strong nuclear GR immunoreactivity was attested by
the significant increase of GR/DAPI at d3 compared to the
sham group (Tukey post hoc; p<0.01), persisting at d30
(Tukey post hoc; p<0.05). Conversely, we did not observe
in the UVN 4 met group any significant differences in the
number of GR/DAPI ir-cells compared to the sham group.
Compared to the UVN+ placebo group, the UVN + met
group showed a significant decrease in the number of GR/
DAPI ir-cells at d3 (Tukey post hoc; p<0.05).

Acute anti-inflammatory treatment alters proliferation

and survival of new cells in the deafferented medial VNs
Different steps of neurogliogenesis (cell proliferation
survival and differentiation) were shown to occur in
the deafferented VNs after UVN [75] (rat model) [101],
(feline model)) and to be crucial for vestibular compensa-
tion [22]. To assess the impact of the acute anti-inflam-
matory treatment on cell proliferation and survival, BrdU
was used as a specific marker.

Investigations for cell proliferation and survival,
analyzed using BrdU antibody, revealed a significant
decrease of cell proliferation and survival after acute anti-
inflammatory treatment (Fig. 4C, D). Statistical analy-
sis revealed significant ‘time, ‘group’ and ‘group x time’
effects (two-way ANOVA; ‘time”: F(1,45)=6.95, p<0.05;
‘group: F (2,45)=51.3, p<0.001; ‘time x group™ F
(2,45) =5.48, p<0.01).

In the sham group, we observed a very low rate of
BrdU-ir cells. A strong and significant increase in the
number of BrdU-ir cells was detected in the deaf-
ferented medial VNs for the UVN + placebo group
compared to the sham group at d3 (Tukey post hoc;
»<0.001) and d30 (Tukey post hoc; p<0.001), cor-
responding to 94.5% mean rate of survival. In the
UVN + met group, we observed a significant increase
of BrdU-ir cells at d3 compared to the sham group
(Tukey post hoc; p<0.05) but significantly lower
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Fig. 3 Glial reaction in the medial vestibular nuclei (VNs) are blocked by the acute anti-inflammatory treatment after UVN. A Confocal analysis of
microglial cells immunostained with IBAT and DAPI (nucleus) in the deafferented medial VNs of a representative animal in sham, UVN + placebo,
and UVN 4+ methylprednisolone (UVN 4+ met) groups at d3 and d30 post-UVN. Scale bar, 50 mm. N=4 animals per group. B Histograms showing
the effects of vestibular lesion combined with placebo or acute anti-inflammatory treatment on the number of IBA1 immunoreactive cells in

the deafferented medial VNs at d3 and d30 post-UVN. € Confocal analysis of astroglial cells immunostained with GFAP and DAPI (nucleus) in the
deafferented medial VNs of a representative animal in sham, UVN + placebo, and UVN + met groups at d3 and d30 post-UVN. Scale bar, 50 mm.
N=4 animals per group. D Histograms showing the effects of vestibular lesion combined with placebo or acute anti-inflammatory treatment

on the number of GFAP immunoreactive cells in the deafferented MVN at d3 and d30 post-UVN Each data point represents the mean number

of immunoreactive cells, with error bars representing SEM. *p < 0.05; **p < 0.01; ***p <0.001, 2 two-way ANOVA, post hoc Tukey: the sham and

UVN + placebo comparison is indicated by a blue*; the sham and UVN 4+ met comparison is indicated by a green*; and the UVN + placebo and
UVN + met comparison is indicated by a red*

compared to the UVN + placebo group (Tukey post- Acute anti-inflammatory treatment hinders the change

hoc; p<0.05). In addition, in the UVN+met group, inKCC2 expression in the lateral vestibular nuclei (VNs)

we observed, at d30, a significantly lower number of 3 days post-UVN

BrdU-ir cells compared to the UVN + placebo group  Excitability level in the deafferented VNs is consid-
(Tukey post hoc; p<0.001) corresponding to a mean ered as a crucial parameter for vestibular compensation
survival rate of 10.34%. [102]. UVN was shown to modulate the expression of
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cation-chloride cotransporter KCC2 at neuron’s mem-
brane [25] conditioning the action of GABA on the neu-
ron membrane’s excitability [78].

We focused our analysis on the giant neurons of
the lateral VNs as they contain excitatory glutamater-
gic neurons involved in vestibulo-spinal pathways. We
observed a significant increase of KCC2 expression
after UVN and acute anti-inflammatory treatment dur-
ing the acute phase (Fig. 4E, F). Statistical analysis of
KCC2 fluorescence intensity revealed significant ‘time,
‘group, and ‘group x time’ effects (two-way ANOVA;
‘time” F(1,177)=19.9, p<0.001; ‘group” F(3,177)=59.9,
p<0.001; ‘time x group” F(3,177)=17.7, p<0.001). For
the sham group, a persistent mean of KCC2 fluorescence
intensity was observed over time. A significant reduction
in the mean KCC2 immunofluorescence intensity was
observed in the UVN + placebo group compared to the
sham group at d3 (Tukey post hoc; p<0.001), no longer
present 30 days after UVN. In the UVN+met group,
a significant increase in the mean KCC2 fluorescence
intensity was observed compared to the sham group at d3
(Tukey post hoc; p<0.01) persisting at d30 (Tukey post
hoc; p<0.05). Compared to the UVN + placebo group,
the UVN+met group displayed a significantly greater
mean KCC2 fluorescence intensity at d3 (Tukey post hoc;
p<0.001).

Behavioral results

Acute anti-inflammatory treatment significantly increases
the intensity of the vestibular syndrome after UVN

The intensity and time course of the vestibular syndrome
were analyzed using a score on a qualitative scale, list-
ing typical posturo-locomotor symptoms induced by
UVN [70]. We observed a significantly increased vestib-
ular syndrome after UVN and acute anti-inflammatory
treatment (Fig. 5A, B). Statistical analysis revealed sig-
nificant ‘time, ‘group, and ‘time x group’ effects (two-
way repeated measures ANOVA, ‘time”: F(8,368) =280,

Page 10 of 25

p<0.001; ‘group” F(2,46) =150, p<0.001; ‘time x group”:
F(16,368)=73.9, p<0.001). We observed for the
UVN + placebo group a characteristic kinetic pattern [59,
70, 107], with an intense vestibular syndrome during the
first 3 days after UVN, decreasing progressively over time
but still significantly persistent compared to the sham at
all time points (Tukey post hoc,p<0.001 at all-times). In
the UVN + met group, the vestibular deficits were signifi-
cantly greater compared to the UVN + placebo group at
all time points from d3 (Tukey post hoc; p<0.05) to d30
(Tukey post hoc; p<0.05) indicating an intensified vestib-
ular syndrome after acute anti-inflammatory treatment.

Acute anti-inflammatory treatment significantly increases
postural instability during vestibulo-spinal reflex reactivation
after UVN

To assess the postural stability after UVN, we analyzed
the support surface after tail suspension test (TST). In
four-footed animals, vestibular syndrome leads to an
increased support surface delimited by the four paw pads
[52, 59, 108]. This parameter provides a good estimation
of postural instability after UVN since it displays the tonic
asymmetry of extensor and flexor muscles of the anterior
and posterior paws that results from vestibular deafferen-
tation [105]. In addition, this parameter is measured after
TST, which enables us to appreciate the effectiveness of
the vestibulo-spinal reflex under the control of vestibu-
lar function recovery [14, 39, 107]. We observed a signifi-
cant increase of postural instability after UVN and acute
anti-inflammatory treatment (Fig. 5C). Statistical analy-
sis revealed significant ‘time, ‘group; and ‘time x group’
effects (two-way repeated measures ANOVA, ‘time”:
F(5,145)="7.46, p<0.001; ‘group” F(2,29) =24.5, p <0.001;
‘time x group”: F(10,145)=11.1, p<0.001). For the sham
group, we observed a significant diminution of the sup-
port surface over time (preop versus d30; Tukey post
hoc; p<0.05), probably reflecting habituation to the test.
Conversely, a significant increase of the support surface

(See figure on next page.)

UVN + placebo and UVN + met comparison is indicated by a red*

Fig. 4 Glucocorticoid receptor (GR) localization, KCC2 expression, cell proliferation, and survival are altered by the acute anti-inflammatory
treatment after UVN. A Confocal analysis of GR and nucleus (DAPI) localization in the deafferented medial VNs of a representative animal in

sham, UVN + placebo, and UVN + met groups at d3 and d30 post-UVN. Scale bar, 50 mm. N =4 animals per group. D Histograms showing the
effects of vestibular lesion combined with placebo or acute anti-inflammatory treatment on the mean percentage of GR nuclear localization,
quantified by the percentage of GR/DAPI ir-cells in the deafferented medial VNs at d3 and d30 post-UVN. C Confocal analysis of KCC2 expression

in the deafferented medial VNs of a representative animal in sham, UVN + placebo, and UVN + met groups at d3 and d30 post-UVN. Scale bar,

20 mm. N=4 animals per group. D Histograms showing the effects of the lesion combined with placebo or acute anti-inflammatory treatment

on the mean KCC2 immunofluorescence intensity in the deafferented medial VNs at d3 and d30 post-UVN. E Confocal analysis of proliferative

cells immunostained with BrdU in the deafferented medial VNs of a representative animal in sham, UVN + placebo, and UVN + met groups at d3
and d30 post-UVN. Scale bar, 50 mm. N=4 animals per group. F Histograms showing the effects of the lesion combined with placebo or acute
anti-inflammatory treatment on the number of Brdu immunoreactive cells in the deafferented medial VNs at d3 and d30 post-UVN. Each data point
represents the mean number of immunoreactive cells, with error bars representing SEM. *p < 0.05; **p < 0.01; ***p <0.001, 2 two-way ANOVA, post
hoc Tukey: the sham and UVN + placebo comparison is indicated by a blue*; the sham and UVN + met comparison is indicated by a green*; and the
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was observed in the UVN+ placebo group compared
to the sham group at d3 (Tukey post hoc; p<0.01). This
significant difference persisted until d21 (Tukey post
hoc; p<0.05) and was no longer present at d30. A sig-
nificant increase of the support surface parameter was
also observed in the UVN + met group compared to the
sham group from d3 (Tukey post hoc; p<0.001) to d30
(Tukey post hoc; p<0.001). The enlargement of the sup-
port surface was significantly more pronounced in the
UVN + met group compared the UVN + placebo group
from d7 (Tukey post hoc; p<0.001) to d30 (Tukey post
hoc; p<0.001), indicating enhanced and persistent pos-
tural instability in the UVN + met group over time.

Effect of acute anti-inflammatory treatment on postural
parameters analyzed by the dynamic weight distribution
device

Weight distribution along the lateral axis Weight dis-
tribution along the lateral axis was recently proved to be
a good indicator of postural stability [59, 107]. We rep-
resented a weight laterality index corresponding to the
weight distributed on the right paws minus the weight
distributed on the left paws. We observed a signifi-
cant increase of the weight distributed on the left paws
after UVN for both UVN+placebo and UVN+ met
groups (Fig. 6A). Statistical analysis revealed signifi-
cant ‘time, ‘group, and ‘time x group’ effects (two-way
repeated measures ANOVA, ‘time": F(7,140)=10.8,
p<0.001; ‘group’ F(2,20)=10.6, p<0.001; ‘time x group”
F(14,140) =2.39, p<0.01). Similar to previous studies [59,
107], a significant increase of the weight distribution on
the left paws was observed in the UVN + placebo group
compared with the sham group at d7 (Tukey post hoc;
p<0.05), still present at d30 (Tukey post hoc; p<0.01). In
the UVN + met group, this increase appeared at d3 com-
pared to the sham group (Tukey post hoc; p<0.05) and
increased over time until d30 (Tukey post hoc; p<0.001).

Rearing time The percentage of rearing time was used
as an indicator of balance control, reflecting the animals’
ability to stand [107]. We observed a significant decrease
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of the rearing time after UVN for both UVN + placebo
and UVN+met groups (Fig. 6B). Statistical analysis
revealed significant ‘time, ‘group, and ‘time x group’
effects (two-way repeated measures ANOVA, ‘time”:
F(7,140)=15.15, p<0.001; ‘group: F (2,20)=35.5,
p<0.001; ‘time x group” F(14,140)=2.77, p<0.01). For
the sham group, we observed that the animals spent on
average 50% of their time on the two hind paws. For the
UVN + placebo group, we observed a significant decrease
compared to the sham group at d1 (Tukey post hoc;
p<0.001) persisting until d14 (Tukey post hoc; p<0.05).
For the UVN+met group, we observed the same
decrease compared to the sham group at d1 (Tukey post
hoc; p<0.001) persisting significantly until d30 (Tukey
post hoc; p<0.01). The rearing time was greater in the
UVN+placebo group compared to the UVN+met
group at d30 although not significantly (respectively
37.4% + 3.7 versus 26.5% £ 5.2; Tukey post hoc; p=0.05).

Left circling behavior (ipsilesional rotations) We quanti-
fied the number of left circling (i.e., fast rotations toward
the ipsilesional side), known to arise in UVN rat model
during the acute phase [59, 70]. We observed a signifi-
cant increase of the left circling after UVN and acute
anti-inflammatory treatment (Fig. 6C). Statistical analy-
sis revealed significant ‘time, ‘group;, and ‘time x group’
effects (two-way repeated measures ANOVA, ‘time”:
F(2,34)=3.84, p<0.05; ‘group: F(2,17)=10, p<0.01;
‘time x group”: F(4,34) =4.28, p<0.01). In the UVN + pla-
cebo group, we observed that the left circling behavior
was no longer present compared to the sham group, at
both d3 and d30. In contrast, this behavior was signifi-
cantly increased in the UVN+ met group compared to
the sham group at d3 (Tukey post hoc; p<0.001) and d30
(Tukey post hoc; p<0.05). Similar results were obtained
when comparing the UVN+met and UVN + placebo
groups with a significant increase of the left circling in
the UVN+met group at d3 (Tukey post hoc; p<0.001)
and d30 (Tukey post hoc; p<0.05).

(See figure on next page.)

comparison is indicated by a red*

Fig. 5 Acute anti-inflammatory after UVN treatment exacerbates vestibular syndrome intensity and postural instability during vestibulo-spinal
reflex after UVN. A lllustration of the assessment grid used to conduct the qualitative analysis. B Results representing the progression of the
qualitative score along post-operative time for each group. C Pictures of the support surface of a representative animal at d3 for each group. For
each rat, a measurement was taken during the preoperative time to serve as baseline so that each rat acts as its own control. Data were normalized
according to the baseline for every time-point. D Results representing the changes of the support surface measured after tail suspension test (TST),
reflecting the effectiveness of the vestibulospinal reflex along post-operative time for each group. A red box is applied on the curve to illustrate the
acute time window of the vestibular syndrome (d1 to d3) where the treatments were administrated daily. Each data point represents the mean for
each group with error bars representing SEM. *p < 0.05; **p <0.01; ***p <0.001, 2 two-way ANOVA, post hoc Tukey: the sham and UVN + placebo
comparison is indicated by a blue*; the sham and UVN + met comparison is indicated by a green*; and the UVN + placebo and UVN 4+ met
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Fig. 6 Acute anti-inflammatory treatment effects on weight
distribution after UVN. A Results representing the changes of the
lateral weight distribution index along post-operative time for each
group. Positive values indicate an increase of the weight on the right
paws, and negative values indicate an increase of the weight on the
left paws. B Results representing the evolution of the rearing time
(i.e., time spent on two paws) along post-operative time for each
group. A red box is applied on the curve to illustrate the acute time
window of the vestibular syndrome (d1 to d3) where the treatments
were administrated daily. C Results representing the ipsilesional
circling behavior (i.e,, left circling). Each data point represents the
mean for each group with error bars representing SEM. *p < 0.05;
**p<0.01;***p<0.001, 2 two-way ANOVA, post hoc Tukey: the

sham and UVN + placebo comparison is indicated by a blue*; the
sham and UVN 4+ met comparison is indicated by a green*; and the
UVN + placebo and UVN 4 met comparison is indicated by a red*

Weight distributed on the abdomen We quantified the
weight distributed on the abdomen during the acquisi-
tions. This parameter was shown to increase during the
acute phase after UVN, especially during the first day
[59], suggesting a strategy used by the animals to main-
tain balance with the use of a new support point to pro-
mote stability. We observed a significant increase of
the weight distributed on the abdomen after UVN and
acute anti-inflammatory treatment during the com-
pensated phase (Fig. 7B). Statistical analysis revealed
significant ‘group’ effect (two-way repeated measures
ANOVA, ‘group’: F(2,17)=10, p<0.01). We observed
that this postural strategy was absent in the UVN + pla-
cebo group compared to sham group at d3 and d30. In
the UVN+met group, however, we observed that the
animals distributed more weight on the abdomen at d30
compared to both sham (Tukey post hoc; p<0.001) and
UVN + placebo groups (Tukey post hoc; p<0.01).

Barycenter posturographic analysis Barycenter analy-
sis was used to investigate posturographic parameters,
similar to those used in clinic with vestibular patients
[1, 59, 116].

We calculated the position of the barycenter each time
the animal was stationary and standing on its four
paws during the acquisitions. It enabled us to trace the
positions of the paws and the average position of the
barycenter for each animal, represented here as statoki-
nesigrams (Fig. 7A). These statokinesigrams showed
us different postural patterns depending on the group
of rats and the post-lesion time, leading us to analyze 3
parameters representing the position and stability of the
barycenter along over time.

Mean lateral position of the barycenter We analyzed
the patterns of change of the mean lateral position of
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the barycenter at d3 and d30. Positive values represent
a displacement of the barycenter toward the right side
while negative values represent a displacement of the
barycenter toward the left side. We observed a significant
displacement of the barycenter toward the left side after
UVN for both UVN+ placebo and UVN+met groups
(Fig. 7C). Statistical analysis revealed significant ‘group’
effect (two-way repeated measures ANOVA, ‘group”
F(2,18)=8.5, p<0.01). In the UVN + placebo group, we
observed a significant displacement of the barycenter
toward the left side compared to the sham group at d30
(Tukey post hoc; p<0.01). For the UVN + met group, this
displacement toward the left side was significant at d3
compared to the sham group (Tukey post hoc; p<0.01)
and still present at d30 (Tukey post hoc; p<0.01).

Barycenter inertia 'We analyzed the barycenter inertia,
a measure of the barycenter position dispersion during
the acquisitions, reflecting its stability. We observed a
significant increase of the barycenter inertia after UVN
and acute anti-inflammatory treatment during the com-
pensated phase (Fig. 7D). Statistical analysis revealed
significant ‘group’ effect (two-way repeated measures
ANOVA, ‘group” F(2,19)=5.33, p<0.05). This parameter
was significantly greater in the UVN +met group at d30
compared to both sham (Tukey post hoc; p<0.01) and
UVN + placebo groups (Tukey post hoc; p<0.05).

Barycenter maximum lateral deviation We analyzed
the stability of the barycenter along the lateral axis by
calculating the barycenter maximum lateral deviation
(By,ox minus By, ;.). We observed a significant increase
of the barycenter maximum lateral deviation after UVN
and acute anti-inflammatory treatment during the com-
pensated phase (Fig. 7E). Statistical analysis revealed
significant ‘group x time’ effect (two-way repeated meas-
ures ANOVA, ‘group x time: F(2,19)=5.75, p<0.05).
This parameter was greater in the UVN + met group at
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d30 compared to sham (Tukey post hoc; p<0.05) and
UVN + placebo (Tukey post hoc; p <0.05) groups.

Effect of acute anti-inflammatory treatment

on posturo-locomotor parameters analyzed by videotracking
New biomarkers of posturo-locomotor instability were
recently identified by our group in the same UVN rat
model [76]. We used the same analyses for the present
study to investigate the impact of the acute anti-inflam-
matory treatment.

Mean body torsion of the animals We measured the
changes in the mean body torsion over time follow-
ing UVN. This parameter has previously been shown
to reflect postural alteration after unilateral vestibular
deafferentation (UVD) [110]. Positive values represent
increased body torsion towards the left side (side of the
vestibular lesion) and negative values indicate increased
body torsion towards the right side. We observed a sig-
nificant increase of the mean body torsion towards the
left side after UVN and acute anti-inflammatory treat-
ment during the acute phase (Fig. 8A). Statistical analy-
sis revealed significant ‘time, ‘group, and ‘time x group’
effects (two-way repeated measures ANOVA, ‘time”
F(7,217)=6.83, p<0.001; ‘group” F(2,31) =14.5, p<0.001;
‘time x group”: F(14,217)=6, p<0.001). A significant
increase of the mean body torsion toward the left side
was observed for the UVN+ placebo group compared
with the sham group at d1 (Tukey post hoc; p<0.001),
persisting at d2 (Tukey post hoc, p<0.05). This increase
was significantly greater in the UVN + met group com-
pared to the sham group at d1 (Tukey post hoc; p <0.001)
and persisted until d7 (Tukey post hoc; p<0.05). It was
significantly more pronounced in the UVN + met group
compared to the UVN + placebo group at d1 (Tukey post
hoc; p<0.05) and d2 (Tukey post hoc; p <0.05).

(See figure on next page.)

Fig. 7 Acute anti-inflammatory treatment alters long-term postural recovery after UVN. A Statokinesigrams illustrating the kinetics of barycenter
and paw positions at d3 and d30 for a representative animal in the sham, UVN + placebo and UVN + met groups. For each statokinesigram, the
antero-posterior axis is on the abscissa and the lateral axis on the ordinate. The dark blue, red, light blue, and pink dot clouds are the traces of the
average positions, respectively, of the right rear paws, left rear paws, right front, and left front paws during a session at each moment when the
animal is static on its four legs. The green point cloud is the trace of the successive positions of the barycenter calculated at each of these moments.
The various black crosses represent the average position of the legs during an entire session. The red dot represents the average position of the
barycentre during a session. B Results representing the changes of the weight distributed on the abdomen, in grams, normalized by subtracting
the preoperative value for each rat. C Results representing changes of the mean lateral position of the barycenter, in centimeters, normalized by
subtracting the preoperative value for each rat. D Results representing changes of the barycenter inertia, an indicator of the barycenter stability. For
each rat, measurements were normalized as a ratio of the preoperative value. E Results representing changes in the barycenter’s lateral maximum
deviation, an indicator of barycenter stability along the lateral axis. For each rat, measurements were normalized as a ratio of the preoperative value.
Each data point represents the mean for each group with error bars representing SEM. *p <0.05; **p <0.01; ***p <0.001, 2 two-way ANOVA, post hoc
Tukey: the sham and UVN + placebo comparison is indicated by a blue*; the sham and UVN + met comparison is indicated by a green*; and the
UVN + placebo and UVN 4+ met comparison is indicated by a red*
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representing changes in the mean body torsion, in degrees, along post-operative time for each group, normalized by subtracting the pre-operative
value for each rat. Positives values indicate an increase in body torsion toward the left side while negative values indicate an increase towards

the right side. B Results representing changes in the total distance moved along post-operative time for each group, normalized as a ratio of the
pre-operative value. C Results representing changes in the mean velocity along post-operative time for each group, normalized as a ratio of the
pre-operative value. D Results representing changes in the mean acceleration along post-operative time for each group, normalized as a ratio of
the pre-operative value. A red box is applied on the curve to illustrate the acute time window of the vestibular syndrome (d1 to d3) where the
treatments were administrated daily. Fach data point represents the mean for each group with error bars representing SEM. *p < 0.05; **p < 0.01;

**¥p<0.001, 2 two-way ANOVA, post hoc Tukey: the sham and UVN + placebo comparison is indicated by a blue*; the sham and UVN 4+ met
comparison is indicated by a green*; and the UVN + placebo and UVN + met comparison is indicated by a red*

Total distance travelled We investigated the total
distance travelled in the open field. We observed a sig-
nificant increase of this parameter after UVN for both
UVN + placebo and UVN + met groups in the compen-
sated phase (Fig. 8B). Statistical analysis revealed sig-
nificant ‘time, ‘group, and ‘time x group’ effects (two-
way repeated measures ANOVA, ‘time”: F(7,203)=61.5,
p<0.001; ‘group” F(2,29)=4.94, p<0.05; ‘time x group”
F(14,203)=21.5, p<0.001). We observed that the
UVN +placebo group travelled a significantly greater

distance than the sham group from d14 (Tukey post hoc;
p<0.001) until d30 (Tukey post hoc; p<0.001). For the
UVN + met group, we observed a significant decrease of
the total distance travelled compared to the sham group
at d1 (Tukey post hoc; p<0.01), followed by a significant
increase from d14 (Tukey post hoc; p<0.001) to d30
(Tukey post hoc; p<0.001).

Mean velocity during free locomotion Regarding the
mean velocity parameter, we observed a similar kinetics
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after UVN for both UVN+placebo and UVN +met
groups (Fig. 8C). Statistical analysis revealed signifi-
cant ‘time’ and ‘time x group’ effects (two-way repeated
measures ANOVA, ‘time: F(7,203)=121, p<0.001;
‘time x group” F(14,203)=32.4 p<0.001). A significant
decrease was observed in the UVN+4 placebo group
compared to the sham group from d1 (Tukey post hoc;
p<0.001) to d3 (Tukey post hoc; p<0.01). The opposite
was observed from d14 to d30 with a significant increase
of the mean velocity (Tukey post hoc; p<0.001) persist-
ing at d30 (Tukey post hoc; p<0.001). Similar results
were obtained in the UVN+met group with a signifi-
cant decrease from d1 (Tukey post hoc; p<0.001) to d3
(Tukey post hoc; p<0.01) compared to the sham group.
Again, the opposite was observed from d14 to d30 with a
significant increase of the mean velocity (Tukey post hoc;
p<0.001) persisting at d30 (Tukey post hoc; p<0.001).

Mean acceleration during free locomotion Since ves-
tibular receptors detect accelerations, this parameter
is particularly relevant to assess vestibular dysfunction
following UVN [76]. We observed a significant increase
of this parameter after UVN for both UVN 4 placebo
and UVN+met groups in the compensated phase
(Fig. 8D). Statistical analysis revealed significant ‘time’
and ‘time x group’ effects (two-way repeated measures
ANOVA, ‘time”: F(7,203) =39.4, p<0.001; ‘time x group:
F(14,203)=17.3 p<0.001). A significant decrease was
observed in the UVN + placebo group compared to the
sham group at d1 (Tukey post hoc; p <0.05) followed by a
significant increase from d14 (Tukey post hoc; p <0.001)
to d30 (Tukey post hoc; p<0.001). For the UVN+ met
group, we also observed a significant diminution com-
pared with the sham group at d1 (Tukey post hoc;
p<0.001) persisting until d3 (Tukey post hoc; p<0.01),
followed by a significant increase at d14 (Tukey post hoc;
p<0.001) persisting until d30 (Tukey post hoc; p<0.001).

To resume the impact of the acute anti-inflammatory
treatment on cellular and behavioral results, statistical
comparisons between UVN + placebo and UVN + met
groups were summarized in Table 1.

Discussion

Due to their anti-inflammatory action, corticosteroids
are the reference treatment for brain injuries and many
inflammatory diseases, such as APV [94, 95, 111]. We used
methylprednisolone, a corticosteroid, to assess the func-
tional role of the endogenous acute neuroinflammation
process in a rodent model of UVN. Here, we demonstrate
that acute anti-inflammatory treatment has deleterious
effects on vestibular compensation and disrupts the neu-
roplasticity mechanisms promoting functional recovery.
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Our results suggest for the first time a beneficial role of
acute endogenous neuroinflammation in the expression of
neuroplasticity mechanisms in the deafferented VN, pro-
moting functional recovery after UVN.

Acute anti-inflammatory treatment alters adaptive
post-lesional plasticity in the deafferented VNs after UVN
Methylprednisolone is a synthetic corticosteroid, mim-
icking endogenous corticosteroids (EC) action on the
glucocorticoid receptor (GR), an ubiquitous receptor
expressed in almost all cells in mammals. When activated
by a ligand, GR undergoes translocation into the nucleus
to regulate the expression of genes encoding a variety
of inflammatory proteins exerting anti-inflammatory
and immunosuppressive actions [68, 77]. Interestingly,
previous works reported the activation of the HPA axis
after unilateral vestibular deafferentation (UVD) [10, 34,
106], leading to increased release of anti-inflammatory
EC. Consistently, we observed an increased nuclear GR
localization in the deafferented medial VNs after UVN.
Although HPA axis activation after UVD is thought to
be beneficial (for review, see [83], it has been reported
that overexposure to corticosteroids has detrimental
effects on vestibular compensation [113]. Following acute
anti-inflammatory treatment, we observed a significant
reduction of GR nuclear localization which is usually
observed after desensitization of the receptor due to glu-
cocorticoids overexposure [65]. The association of the
acute anti-inflammatory treatment with endogenous cor-
ticosteroids (EC) probably leads to high concentrations of
glucocorticoids in the deafferented VNs.

The restoration of the electrophysical balance between
ipsi- and contra-lesional VNS, crucial for functional recov-
ery, is supported at the cellular level by the expression of
many neuroplasticity mechanisms in the deafferented
VNs. We assessed the impact of acute anti-inflammatory
treatment on post-lesional plasticity mechanisms by look-
ing first at the glial responses, considered as hallmarks of
the inflammatory response in the CNS. We observed that
exposure to acute anti-inflammatory treatment signifi-
cantly reduces astroglial and microglial reactions in the
deafferented VNs after UVN. The expression of NF-kB, a
key transcriptional factor for the inflammatory response
[55, 72], is crucial for microglial and astroglial responses
[53, 84]. GR activation is known to inhibit NF-kB so
we can assume that GR activation, consecutive to the
acute anti-inflammatory treatment combined with the
release of endogenous corticosteroids, lead to the mas-
sive decreased glial responses observed in the deaffer-
ented VNs. Their inhibition after acute anti-inflammatory
treatment is associated with altered vestibular compen-
sation, probably highlighting their contribution to func-
tional recovery. Glial reactions are crucial for adaptative
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Table 1 Post hoc multiple comparisons for UVN+ placebo and UVN+met groups based on Tukey's procedure for cellular and

behavioral analyses

Analysis Delay Mean Mean UVN +met SE of diff q DF p value*
UVN + placebo
Cellular analyses
IBA1-ir cells D3 46.8 833 5.86 9.28 67 <0.0007%**
D30 36.1 139 7.24 434 67 0.0085***
GFAP-ir cells D3 496 16.1 45 10.5 63 <0.0007%**
D30 34.1 16 6.63 3.86 63 0.0219*
9% GR/DAPI ir-cells D3 653 448 8.08 358 56 0.0373%
BrdU-ir cells D3 31.7 206 4.14 3.79 45 0.0271*
D30 299 213 3.95 9.95 45 <0.0001%**
KCC2 fluorescence D3 43.8 84 3.96 14.3 162 <0.00071%*
intensity
Behavioral analyses
Qualitative scale D3 4.88 6.35 0.565 3.7 368 0.0251*
D7 4 567 0.565 417 368 0.0095**
D14 224 433 0.565 525 368 0.0007***
D21 1.94 393 0.565 4.98 368 0.0014**
D30 2.06 347 0.565 352 368 0.0352*
Support surface D7 1.15 1.76 0.141 6.1 174 <0.0007***
D14 1.08 1.74 0.141 6.65 174 <0.00071***
D21 0.957 1.62 0.141 6.63 174 <0.0007***
D30 0.929 1.55 0.141 6.22 174 <0.0007%**
Left circling D3 1.38 74 1.37 6.22 51 0.0002%**
D30 0.813 4.5 1.37 3.81 51 0.0255*
Weight distributed D30 —1.76 731 246 521 34 0.0022**
on the abdomen
Evolution of the D30 1.29 3.81 0.868 4.1 38 0.0166%
barycenter inertia
Evolution of the D30 1.13 1.78 0.261 3.54 38 0.0432*
barycenter’s lateral
maximum deviation
Mean body torsion D1 5.56 11.5 2.1 3.97 248 0.0148*
D2 373 8.99 2.1 355 248 0.0340*

Table summarizing the significant statistical differences observed between the UVN + placebo and the UVN + met groups for cellular and behavioral analyses during
Tukey'’s post hoc multiple comparisons test. SE of diff standard error for the difference between two means, g q ratio for Tukey’s post hoc multiple comparisons test, p

probability level, DF degree of freedom, p < 0.05; **p <0.01, ***p <0.001

post-lesional plasticity mechanisms in the VNS, since they
promote preservation of tissue integrity and wound repair
[15, 63, 73] and modulate neuronal network excitability
through various mechanisms such as brain-derived-neu-
rotrophic-factor (BDNF) signaling [16, 31].

Neurogenesis is an adaptive mechanism promoting
vestibular compensation [22, 75]. We observed that
acute anti-inflammatory treatment reduces cell pro-
liferation and survival in deafferented medial VNs.
Reduction of cell proliferation was also reported after
overexposure to glucocorticoids in the hippocampus
[2]. Altered neurogenesis is known to be associated
with impaired functional recovery after UVN [22] and
probably contributes to the exacerbated and persistent

functional deficits observed after acute anti-inflam-
matory treatment. This may involve GR’s inhibition of
NEF-kB, which exerts a pro-proliferative effect on neu-
ral progenitors [112]. An alternative explanation might
concern the inhibition of glial reactions, usually pro-
moting neurogenesis through the release of BDNF [4,
27].

Finally, we examined the impact of acute anti-inflam-
matory treatment on vestibular neurons’ excitability in
the deafferented VNs by focusing on GABAergic trans-
mission. Our previous studies have shown that UVN
induces a significant reduction of KCC2 expression in
the deafferented lateral VNs [25], possibly leading to
an intracellular accumulation of [Cl-] ions, inducing a
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depolarizing outward current through GABAA receptors
[16, 17]. This mechanism likely plays a role in vestibular
compensation through the transitory restoration of spon-
taneous activity in the deafferented VNs during the acute
phase [25]. Here, we observed that acute anti-inflamma-
tory treatment not only prevented KCC2 downregulation
but significantly enhanced its expression in the deaf-
ferented lateral VNs. This phenomenon may induce an
excitability deficit during the acute phase since KCC2
upregulation is likely associated with amplified inhibitory
GABAergic transmission [7, 38, 56]. KCC2 upregulation
was also reported after SCI and administration of corti-
costeroids [18]. The reactive microglia—BDNF—TrkB
signaling was shown to be a main actor for KCC2 down-
regulation [16, 31, 78, 79]. Interestingly, KCC2 upregula-
tion is thought to involve a TrkB receptor mediator, the
Phospholipase C gamma (PLCy) [78, 99]. Previous works
reported that glucocorticoids overexposure, as is likely
the case after UVN and acute anti-inflammatory treat-
ment, decreases PLCy binding to TrkB receptors [65]
leading to KCC2 upregulation [78, 99].

In conclusion, we demonstrate that reactive plastic-
ity mechanisms generated in the deafferented vestibular
nuclei after UVN strongly depend on the acute inflam-
matory state, since their expression is prevented after
acute anti-inflammatory treatment. Interestingly, it was
reported that high doses of ibuprofen, a non-steroidal
anti-inflammatory drug (NSAID), have deleterious
consequences on hippocampal plasticity [35]. These
results support the view that excessive inhibition of the
inflammatory response impairs the expression of neural
plasticity whatever the anti-inflammatory mechanism
involved.

Acute anti-inflammatory treatment after UVN alters

the expression of the vestibular syndrome as well

as the kinetics of vestibular compensation

To assess the consequences of acute anti-inflamma-
tory treatment on functional recovery, we performed
behavioral investigations to assess vestibular, postural,
and locomotor functions [14, 59, 70, 76]. It is now
widely accepted that acute vestibular syndrome origi-
nates from electrophysiological asymmetry between
intact and deafferented VN and that recovery occurs
through rebalance of electrical activity [102]. We used
two behavioral tests that could assess the return to
VNs electrophysiological homeostasis. First, we used
a qualitative scale, listing typical postural and locomo-
tor deficits classically induced by UVN and known to
reflect vestibular function impairment and recovery
[21, 70]. Then, we quantified the ipsilesional circling,
a behavioral parameter observed in various rodent
models of neuropathologies resulting from cerebral
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electrophysiological asymmetry [57, 91]. The acute
administration of methylprednisolone exacerbates the
severity of behavioral deficits in both tests. We can
therefore assume that the acute anti-inflammatory
treatment delays the return to electrophysiological
homeostasis in the VNs and consequently, the vestibu-
lar compensation.

The VN5 receive multimodal sensory inputs (vestibular,
visual; tactile, and proprioceptive) and play a crucial role
in postural stability, balance control, and reflex responses
to body displacements through descending vestibulospi-
nal pathways (see [61] for review). In the case of UVD,
the loss of vestibular information from ipsilesional VNs
and the subsequent VNs electrophysiological asymme-
try leads to postural impairments (see [20] for review)
that we assessed quantitatively. We observed, as previ-
ously described after UVN, an altered postural function
during the acute phase as attested by the increase in the
mean body torsion, the significant decrease of the rear-
ing time and more unstable statokinesigrams compared
to the sham group 3 days after the lesion. With time, we
observed a progressive compensation of the postural
parameters, concomitant with an increased weight dis-
tribution towards the injured side. This phenomenon
was described as a compensatory mechanism, probably
increasing tactile and proprioceptive inputs to the deaf-
ferented VN, leading to a sensory reweighting. Increased
sensitivity of vestibular neurons to proprioceptive inputs
has been described after unilateral vestibular loss [44, 82]
and is thought to support a sensory substitution mecha-
nism, which is known to play a role in the vestibular com-
pensation process (see [48] for review).

After acute methylprednisolone treatment, we
observed enhanced short- and long-term postural defi-
cits probably involving different plasticity mechanisms.
We observed significantly enhanced body torsion toward
the injured side during the acute phase but also increased
instability of the barycenter during the compensated
phase. These animals also exhibited significant and per-
sistent use of the abdomen probably to improve postural
balance through a somaesthetic substitution process. This
hypothesis is supported by the measurement of the sup-
port surface after tail suspension test (TST), showing a
strong impairment in UVN + met animals even 1 month
after UVN, whereas UVN+ placebo animals recovered
over time. Under TST conditions, somaesthetic inputs
are greatly reduced and the effectiveness of the vestibulo-
spinal reflex is principally under the control of the recov-
ery of vestibular function [14, 39]. We can argue that
the long-term alteration of the plasticity mechanisms
by acute methylprednisolone treatment causes the long-
term alteration of the vestibulospinal reflex when mainly
controlled by the vestibular function recovery.
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Locomotor activity in rats after UVN was quantified
in an automated and unbiased manner under ecologi-
cal conditions, through the use of different quantitative
parameters, recently validated as part of a specific pos-
turo-locomotor phenotype after UVN [76]. In accordance
with previous works, we observed a significant increase
of these parameters with time, confirming the persistent
hyperactivity after vestibular loss [54, 76]. This could
represent a compensatory strategy since by increasing
locomotion velocity, automatic spinal networks inhibit
misleading vestibular information [29]. As previously
described in rat models of spinal cord injury [40, 69, 114],
acute anti-inflammatory treatment with methylpredniso-
lone had no benefits for locomotion.

We argue that the acute treatment with methylpredni-
solone dysregulates the well-controlled endogenous bal-
ance between pro- and anti-inflammatory signals after
UVN, leading to glucocorticoid overexposure. Acute
methylprednisolone treatment alters both short- and
long-term plasticity expression in the deafferented VN,
as well as enhanced and persistent vestibular and pos-
tural deficits. Interestingly, the inflammatory response
was only blocked during the acute 3-day period after
UVN but had both long-term cellular and behavioral
consequences. Taken together, these results confirm the
crucial role of this critical time period for functional
recovery and highlight its potential therapeutic role.

Clinical considerations
The UVN rodent model used in this work, displaying an
acute phase of severe disorders, followed by a progressive
reduction of the symptoms, faithfully mimics the vestibu-
lar syndrome encountered in most acute peripheral ves-
tibulopathies (APV). Given its tissue correlation, it may
be compared in first instance to vestibular neurotomy
undertaken in the case of intractable Meniére disease
[62, 64] or vestibular schwannoma surgery [41]. In these
two cases, central processes of vestibular neurons pro-
gressively degenerate through Wallerian degeneration,
after being severed from their cell bodies located in the
Scarpa’s ganglion. Based on the observation of inflamma-
tory markers in the vestibular nuclei of UVN rats, it can
be assumed that similar inflammation may take place fol-
lowing neurotomy and vestibular schwannoma. Present
results are therefore of interest for the pharmacological
management of patients in these conditions. Administra-
tion of corticoids within the appropriate time windows,
avoiding the acute phase, may optimize functional recov-
ery and stimulate vestibular compensation processes.
Although systemic inflammation has been described in
vestibular neuritis patients [47], there is still no consist-
ent evidence of a central inflammation in most cases [42,
109]. Rather, an intralabyrinthine source is now favored
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[28]. It can be assumed that vestibular primary neurons
that compose the vestibular nerve remain alive although
disconnected from the vestibular sensory cells [13, 100].
This situation differs slightly from the UVN model
However, among UVD models, chemical and surgical
labyrinthectomy models have been reported to trigger
inflammation and reactive plasticity mechanisms in the
VNs [11, 12, 24, 52]. The presence of a central inflamma-
tory reaction in vestibular neuritis should therefore be
considered and the administration of acute corticoster-
oids should be questioned.

One might then ask why some clinical studies have
reported significant benefits of acute corticotherapy in
APV [3, 97]. It should be noted that the reported effec-
tiveness of corticotherapy has mainly been based on
the measurement of the vestibulo-ocular-reflex gain on
caloric tests and did not include scales measuring the
quality of life nor posturography measurements, better
able to quantify central vestibular compensation. Fur-
thermore, those results are now contested since meta-
analysis has questioned the long-term benefits of acute
corticotherapy [32, 36, 89], while recent studies proved
no effectiveness of this treatment compared to vestibu-
lar re-education or other pharmacological treatment [37,
115].

The interest of understanding the inflammatory pro-
cesses associated with vestibular pathologies extends
well beyond the types of vestibular disorders mentioned
above, as proinflammatory signatures have also been
recently reported in Meniere disease and vestibular
migraine [33]. In conclusion, this study using the UVN
model raises new questions regarding the early use of
systemic corticosteroids for the treatment of APV in
humans. Further clinical studies will be necessary to val-
idate the benefits of a reduction of their systematic use
in human, while preferring other pharmacological or re-
educational therapies.

Conclusion

Our study strongly suggests, for the first time, that the
pharmacological blockade of the acute inflammatory
response after unilateral vestibular neurectomy alters the
expression of the adaptative plasticity mechanisms in the
ipsilesional VNs, involved in functional recovery. These
results indicate that the endogenous acute neuroinflam-
mation seems beneficial for vestibular compensation and
question the use of corticosteroids in vestibular patients
during the acute phase. The results also highlight a criti-
cal time window after the lesion since a treatment admin-
istrated during the acute phase has long-term effects.
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