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GABA, Receptor Agonist and Antagonist Alter Vestibular
Compensation and Different Steps of Reactive Neurogenesis
in Deafferented Vestibular Nuclei of Adult Cats
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Adaptatives, UMR 7260 Aix-Marseille Université-CNRS, Fédération de Recherche 3C, 13331 Marseille Cedex 03, France

Strong reactive cell proliferation occurs in the vestibular nuclei after unilateral vestibular neurectomy (UVN). Most of the newborn cells
survive, differentiate into glial cells and neurons with GABAergic phenotype, and have been reported to contribute to recovery of the
posturo-locomotor functions in adult cats. Because the GABAergic system modulates vestibular function recovery and the different steps
of neurogenesis in mammals, we aimed to examine in our UVN animal model the effect of chronic infusion of GABA , receptor (R) agonist
and antagonist in the vestibular nuclei. After UVN and one-month intracerebroventricular infusions of saline, GABA 4R agonist (musci-
mol) or antagonist (gabazine), cell proliferation and differentiation into astrocytes, microglial cells, and neurons were revealed using
immunohistochemical methods. We also determined the effects of these drug infusions on the recovery of posturo-locomotor and
oculomotor functions through behavioral tests. Our results showed that surprisingly, one month after UVN, newborn cells did not survive
in the UVN-muscimol group whereas the number of GABAergic pre-existent neurons increased, and the long-term behavioral recovery of
the animals was drastically impaired. Conversely, a significant number of newborn cells survived up to 1 month in the UVN-gabazine
group whereas the astroglial population increased, and these animals showed the fastest recovery in behavioral functions. This study
reports for the first time that GABA plays multiple roles, ranging from beneficial to detrimental on the different steps of a functional

postlesion neurogenesis and further, strongly influences the time course of vestibular function recovery.

Introduction

Unilateral vestibular loss causes a depression of resting activity
discharge in deafferented vestibular nuclei (VN) in the brains-
tem. This leads to transient postural imbalance, circular walking,
head and body twisting, spontaneous nystagmus, and vestibulo-
ocular reflex impairments in a wide variety of species (Cass and
Goshgarian, 1990; Lacour, 2006). Interestingly, in most cases
these symptoms progressively disappear and the resting activity
of the ipsilateral VN recovers gradually in a process called vestib-
ular compensation (Darlington and Smith, 2000). Because dam-
aged vestibular nerve or receptors do not regenerate after
vestibular neurectomy, multiple and parallel plasticity mecha-
nisms take place in the VN and in related central nervous struc-
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tures, underlying the high plasticity potential of the vestibular
system (Lacour and Tighilet, 2010).

Previous studies from our laboratory have shown that unilat-
eral vestibular neurectomy (UVN) in the adult cat induced in-
tense cell proliferation in deafferented VN. Interestingly, most of
the reactive newborn cells survived up to 1 month, differentiated
into astrocytic cells, microglial cells, and GABAergic neurons
(Tighilet et al., 2007), and contributed to the successful recovery
of posturo-locomotor function (Dutheil et al., 2009). Such a
structural plasticity mechanism after vestibular loss is of particu-
lar interest to understand the vestibular compensation process
and the factors favoring the expression of reactive neurogenesis
with functional contribution in the adult damaged brain.

It is well known that the GABAergic system influences vestib-
ular compensation (Gliddon et al., 2005b) and rebalances the
electrical activity between the VN on both sides after vestibular
damage (Darlington and Smith, 2000). GABA type A receptors
(GABAR) are expressed in neuroblasts, astrocyte-like cells, and
mature neurons, and control different steps of neurogenesis:
from proliferation to differentiation, including migration and
integration into functional neural networks (Platel et al., 2010;
Sernagor et al., 2010).

To better understand the effects of GABA neurotransmission
on: (1) the different steps of neurogenesis in the deafferented VN,
and (2) the time course of vestibular function recovery, we de-
signed this study with three experimental groups in which adult
cats underwent a UVN combined with an infusion in the fourth
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ventricle of saline (UVN-NaCl group), muscimol (GABA,R ag-
onist, UVN-muscimol group), or gabazine (GABA ,R antagonist,
UVN-gabazine group). With a cellular approach, we investigated
the effects of intracerebroventricular drug infusions on plasticity
events occurring in the VN. 5-bromo-2'-deoxyuridine (BrdU)
and Ki67 were used to label newborn cells. Then, BrdU-
positive ") cells were double-labeled with either glial fibrillary
acidic protein (GFAP) as an astrocyte marker, IBA1 as a microglia
marker, NeuN, as postmitotic neuronal marker, and glutamate
decarboxylase 67 (GAD67) as an indicator of GABAergic pheno-
type. This allowed us to determine the lineage of the surviving
newly generated cells in the VN. Finally, compensation of the
spontaneous vestibular nystagmus and of the posturo-locomotor
syndrome (support surface, locomotor equilibrium) was exam-
ined with appropriate behavioral tests in all groups of cats as a
function of time after vestibular damage.

Materials and Methods

Ethics statement

All experiments were performed in strict accordance with the National
Institutes of Health Guide for Care and Use of Laboratory Animals (NITH
Publication no. 80-23) revised in 1996 for UK Animals (Scientific Pro-
cedures) Act 1986, and associated guidelines, or the Policy on Ethics
approved by the Society for Neuroscience in November 1989, and
amended in November 1993. Every attempt was made to minimize both
the number and the suffering of animals used in this experiment. We
selected only the most important post-UVN time delay in light of the
findings of our previous studies and to limit the number of cats used.
Animals were housed in a large confined space with normal diurnal light
variations and free access to water and food.

Surgery and drug protocol

Adult male cats weighing between 4 and 5 kg were anesthetized with
ketamine (20 mg/kg, i.m.; Rhone Poulenc), received an analgesic
(Tolfedine, 0.5 ml, i.m.; Vetoquinol) and were kept at physiological body
temperature using a blanket. The vestibular nerve was sectioned on the
left-side at the postganglion level to leave the auditory division intact
after mastoidectomy, partial destruction of the bony labyrinth, and sur-
gical exposure of the internal auditory canal (Xerri and Lacour, 1980).
Animals were maintained under antibiotics for 7 d and analgesics for 3 d.
The classical postural, locomotor, and oculomotor deficits displayed by
the animals in the days following nerve transection were used as criteria
indicating the effectiveness of the vestibular nerve lesion. Completeness
of vestibular nerve section had been assessed by histological procedures
in previous studies (Lacour et al., 1976).

For the implantation and use of osmotic minipumps containing
GABA, agonist (muscimol) or antagonist (gabazine), or 0.9% sodium
chloride (NaCl), first muscimol and gabazine (Sigma-Aldrich) were di-
luted to the required concentration using artificial CSF (124 mm NaCl, 5
mwm KCl, 1.2 mm KH2PO,, and 1.3 mm MgSO,) and tested for pH and
adjusted to a pH 7.0, if necessary. As detailed in the study of Gliddon et al.
(2005a), we chose concentrations high enough to provide an effect on
vestibular compensation without adverse side effects on animals. Then,
subcutaneous minipumps (Alzet; flow rate 2.5 ul/h for 30 d) were filled
with the solution to infuse as previously done by Dutheil et al., 2009. The
air in the system was removed by filling up with saline or GABAergic
drugs. So, immediately after the unilateral vestibular neurectomy was
done and the skin sutured, as the animal was still under anesthesia, a
midline incision was made through the skin and musculature in the back
of the neck, the minipump was inserted between the dorsal wall of the
brainstem and the ventral face of the cerebellum and then cemented with
dental cement to the skull while a stainless steel cannula was implanted
into the fourth (IV™) ventricle of the brain.

Study design

To determine the effects of GABA, agonist or antagonist infusion after
UVN on the different steps of reactive neurogenesis at the cellular level
and on the time course of the cats’ recovery at a behavioral level (Fig. 1),

Dutheil et al. ® From Vestibular Neurogenesis to Behavioral Recovery

we studied 10 groups of male adult cats: (1) control group, the animals
(Group 1, n = 4) were submitted to anesthesia and the same surgical
approach as UVN without sectioning the nerve and they immediately
received a continuous NaCl infusion. These animals were killed at 30 d
later; (2) UVN-NaCl groups, animals underwent UVN with continuous
NaCl infusion, then received a BrdU injection (200 mg/kg, i.p.) and were
killed at either D3 when cell proliferation reached a peak (Group 2, n =
4) or D30 to study the survival and the differentiation of the proliferating
cells (Group 3, n = 4); (3) UVN-muscimol groups, animals underwent
UVN with continuous muscimol infusion, received an intraperitoneal
BrdU injection and were killed at D3 (Group 4, n = 4) or D30 (Group 5,
n = 4);1.v.); UVN-gabazine groups, animals underwent UVN with con-
tinuous gabazine infusion, received an intraperitoneal BrdU injection
and were killed at D3 (Group 6,7 = 4) or D30 (Group 7, n = 4). The two
postdeafferentation survival periods (D3 and D30) were selected on the
basis of our anterior data (Tighilet et al., 2007).

Concerning the behavioral investigations, 12 UVN cats were used for
this study, they received continuous infusion of NaCl (Group 8, n = 4),
muscimol (Group 9, n = 4), or gabazine (Group 10, n = 4) and were
killed when vestibular compensation was complete or after 180 d for the
UVN-muscimol Group 9.

Behavioral investigations

Spontaneous nystagmus recovery. For nystagmus recording, 1 d after sur-
gery, the cat was placed on an apparatus with its head fixed, thus main-
taining the horizontal semicircular canals in the horizontal plane. The
frequency of the horizontal spontaneous nystagmus was measured in the
light as the number of quick phase beats toward the contralateral side
relative to UVN in 10 s (five repeated measures per animal per sampling
time) with a video camera (Sony HDV; Tighilet et al., 2006).

Posture recovery. The support surface measure serves to evaluate the
postural stability of the animal. Posture deficits and recovery were eval-
uated by measuring the surface delimited by the four legs of the cat while
standing erect at rest, without walking. Support surface is considered a
good estimate of postural control because it reflects the cat’s behavioral
adaptation compensating the static vestibulospinal deficits induced by
the vestibular lesion (Tighilet et al., 1995). As a rule, the surface was very
small in the normal cat (~50-100 cm?) and greatly increased in the days
following unilateral vestibular lesion. To quantify the support surface,
cats were placed in a device with a graduated transparent floor that al-
lowed them to be photographed from underneath. Five repeated mea-
surements were done for each cat tested at each postoperative time, and
an average was calculated for each experimental session. The support
surface was measured as the surface delimited by the four legs by an
image analysis system (Canvas 9, Deneba Software). Data recorded after
vestibular lesion were compared with prelesion values by using individ-
ual references, permitting each animal to act as its own control.

Equilibrium function recovery. Locomotor balance function was quan-
tified using an adapted rotating beam experimental device (Xerri and
Lacour, 1980). Two compartments (0.5 X 0.6 X 0.5 m) were connected
by a horizontal beam (length: 2 m; diameter: 0.12 m). The beam, placed
1.2 m oft the ground, could be rotated along its longitudinal axis with a
constant angular velocity ranging from 0 to 588.4 deg/s (~1.5 turn/s).
Behavioral training on the rotating beam consisted in depriving the ani-
mals of food overnight before the first training session. Animals were
conditioned to cross over the beam and were rewarded by a small piece of
fish (or meat) placed in a small bowl in the target compartment. First
crossings were made on the immobile beam and, thereafter, on the ro-
tating beam. As a rule, rotation velocity of the beam was progressively
increased after four consecutive trials without fall. Equilibrium function
was thus quantified by measuring the highest speed of beam rotation that
did not induce a fall. This maximal rotation speed determined the max-
imal locomotor balance performance (Max P). Preoperative training on
the rotating beam necessitated 6-10 periods depending on the cats.
Training was stopped when the cats’ Max P was reached and stabilized at
its highest level, which was found to be remarkably similar from one cat
to another in each group.

Statistical analysis. Statistical analysis was performed using Statview II
software (SAS Institute). A two-way ANOVA was used to test for changes
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Study design. Experimental protocol elaborated for studying the effects of continuous infusion in the fourth ventricle of GABA,R agonist or antagonist on cell proliferation, survival and

on the lineage of the surviving newly generated cells in the vestibular nuclei at different post-UVN days. In addition, behavioral analyses (oculomotor and posturo-locomotor tests) were done to

evaluate the time course of functional recovery in all groups (n = 4 animals per group).

Table 1. Statistical analysis of chronic intracerebroventricular (fourth ventricle)
infusions of saline, GABA,R agonist (muscimol), and antagonist (gabazine) on the
horizontal spontaneous nystagmus, posture, and equilibrium function in
unilateral vestibular neurectomized cats

Source of variation df F p*

Horizontal nystagmus

Group 2 303.87 0.0001

Postoperative time 12 1024.04 0.0001

Group X postoperative time 24 74.05 0.0001
Posture

Group 2 12262.57 0.0001

Postoperative time 34 18083.34 0.0001

Group X postoperative time 68 63.63 0.0001
Equilibrium function

Group 2 60213.30 0.0001

Postoperative time 51 11723.15 0.0001

Group X postoperative time 102 2377.64 0.0001

*Repeated-measure ANOVA of the horizontal spontaneous nystagmus, posture recovery, and equilibrium function
recovery. Group (unilateral vestibular neurectomized cats infused with muscimol, gabazine, or NaCl) and survival
period are the main fixed effects providing the sources of variation among cats, as also illustrated by the significant
interaction between these two variables. df, Degree of freedom; F, Scheffé’s test; P, probability level.

in the spontaneous nystagmus, the support surface, and the maximal
equilibrium performance at the different postlesion delays. Results were
considered statistically significant at p < 0.05 (Table 1).

Cellular investigations

Tissue preparation. BrdU (10 mg/ml, Sigma-Aldrich) was dissolved in a
solution of sodium chloride (NaCl) 0.9% heated to 56°C and injected
into animals (200 mg/kg). Cameron and McKay (2001) showed in adult
rat dentate gyrus that a single dose of BrdU 100, 50, or 25 mg/kg (body

weight, i.p.) labeled 60, 45, and 8% of S-phase cells, respectively. At 300
mg/kg, BrdU labeled most S-phase cells and had no physiological side
effects. So, in line with the conclusions of Taupin (2007), we considered
200 mg/kg as a saturating concentration of BrdU for studying adult neu-
rogenesis (Taupin, 2007). BrdU doses were not likely to generate side
effects, but were sufficient to mark the cells in S-phase synthesizing DNA.
Before BrdU administration, the cats of each group were deeply anesthe-
tized with ketamine dihydrochoride (20 mg/kg, i.m., Merial) and killed
by 0.9% NaCl (1 L per animal) then paraformaldehyde 4% (2 L per
animal) transcardiac perfusion either 3 h or 27 d later according to their
experimental group. After removal from the skull, brains were cut into
several blocks containing the VN. The blocks were rapidly frozen with
dry ice and stored at —80°C. Coronal sections (40-um-thick) were cut in
a cryostat (Leica) for immunochemistry.

Immunochemistry. Immunochemical labeling was performed accord-
ing to previously validated protocols (Brezun and Daszuta, 2000; Tighilet
et al., 2007). Ki67 marker was used in addition to BrdU to confirm that
BrdU had been incorporated into mitotic cells and did not correspond to
dying cells or DNA repair mechanism. For BrdU immunostaining, free-
floating sections were first rinsed in 0.1 M PBS and incubated with 2N
HCl and 0.5% Triton X-100 in PBS (30 min, 37°C) for DNA hydrolysis.
Then sections were rinsed in 0.1 M sodium tetraborate buffer, pH 8.5
before overnight incubation with the primary antibody at 4°C, followed
by incubation with the secondary antibody for 1.5 h at room tempera-
ture, and visualized using horseradish peroxidase avidin-D (Vector Lab-
oratories). GFAP and GAD67 immunoreactivity assays were performed
according to Tighilet et al., 2007. After several rinses, sections were
mounted on gelatin-coated slides, dehydrated, and coverslipped in De-
pex mounting medium for peroxidase staining. The differentiation of the
newly generated cells was analyzed in the UVN-NaCl and UVN-gabazine
group of cats injected with BrdU 3 d after UVN and killed after 1 month.
We used double-immunofluorescent stained sections incubated with
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Table 2. Antibodies and methods of detection

Marker Primary antibody Secondary antibody Technique, coloration

BrdU  Mouse 1/100, Dako Horse anti-mouse 1/200, Vector DAB, brown

GFAP  Rabbit 1/200, Dako Goat anti-rabbit 1/200, Vector DAB, brown

GAD67 Mouse 1/1,000, Horse anti-mouse 1/200, Vector ~ DAB, brown
Chemicon

Ki67 ~ Mouse 1/100, Dako Horse anti-mouse 1/200, Vector DAB, brown

BrdU  Rat1/100, Oxford Biot ~ Rabbit anti-rat 1/200, Interchim  Alexa Fluor 594, red

GFAP  Rabbit 1/200, Dako Goat anti-rabbit 1/200, Interchim  Alexa Fluor 488, green
GAD67 Mouse 1/100, Chemicon Rabbit anti-mouse 1/200, Interchim Alexa Fluor 488, green
NeuN  Mouse 1/100, Chemicon Rabbit anti-mouse 1/200, Interchim Alexa Fluor 488, green
IBAT  Rabbit 1/2000, Wako  Goat anti-rabbit 1/200, Interchim  Alexa Fluor 488, green

Combination and sequential processing of primary and secondary antibodies used for immunohistochemical and
dual immunofluorescent stainings for Ki 67, BrdU, GFAP, GAD67, NeuN, or IBAT.

BrdU and one of four antibodies: NeuN, a postmitotic neuronal nuclei
marker expressed in most neurons; GFAP, a specific type of intermediate
filament protein used as astrocyte marker; IBA1, an ionized calcium
binding adapter molecule 1, specific to microglia and macrophages but
not cross-reactive with neurons and astrocytes; and GAD 67, the enzyme
that catalyzes the decarboxylation of glutamate to GABA and expressed
in GABAergic neurons. Each antibody was processed sequentially, the
differentiation marker detection first and then the BrdU labeling. For
fluorescent labeling, sections were incubated with a secondary antibody
coverslipped in Mowiol. The optimal antibody dilutions and staining
procedures are described in Table 2. Differentiation of the newly gener-
ated cells was analyzed with double-labeling analysis performed using
confocal imaging with a Zeiss LM 710 NLO laser scanning microscope
equipped with a 63X/1.32 NA oil-immersion lens. The fields of view
were then examined by confocal microscopy, and 1 wm-step z-series
were obtained.

Cell counts and statistical analysis. Cell counts were performed accord-
ing to a previously validated protocol (Dutheil et al., 2009, 2011). Great
care was taken not to count blood cells as BrdU * cells. The VN were
identified through Berman’s stereotaxic atlas (Berman, 1968). BrdU ™,
GFAP ", and GAD67 * were quantified for each VN (medial vestibular
nuclei, MVN; inferior vestibular nuclei, IVN; superior vestibular nuclei,
SVN; and lateral vestibular nuclei, LVN) from selected serial frontal sec-
tions collected from the dorsal (5.2) to the caudal (12.1) part of the
brainstem and depending on the size and the rostrocaudal length of each
VN. BrdU * cells, Ki67 *cells, GEAP * cells, and GAD67 ™ neurons were
analyzed in each VN on both sides (left/right: sham-operated cats; ipsi-
lateral/contralateral: UVN-lesioned cats). We decided to analyze the VN
subdivisions instead of analyzing the whole set of nuclei because (1) these
markers are expressed differentially in the VN after UVN and (2) the VN
are involved differentially in the vestibular compensation processes. The
SVN, which is the structure most involved in oculomotor function, does
not exhibit neurogenesis. Conversely, a large number of newborn neu-
rons were observed in the MVN, LVN, and IVN, which are mainly asso-
ciated with static and dynamic postural functions. Although it is usually
straightforward to distinguish large- and middle-sized neurons from
glial cells, the distinction between small neurons and large glial cells can
be challenging. Thus, the following criteria were used as characteristic to
distinguish small GAD 67 " neurons from GFAP " glial cells at D30: a
centrally located nucleolus, a distinctive nucleus, visible cytoplasm, pres-
ence of dendritic processes, and larger cell body size. Hence, glial cells
were identified by sparse cytoplasm and smaller cell body size (Chris-
tensen et al., 2007). The cell count was done with a Nikon microscope
(Eclipse 80i) equipped with a motorized x-y-z-sensitive stage and a video
camera connected to a computerized image analysis system (Mercator,
Explora Nova). The total number of immunolabeled cells was estimated
using the optical fractionator method (Westetal., 1991). BrdU ", Ki67 *,
GFAP ", NeuN ", IBA1 ", and GAD67 * were counted and sampled ac-
cording to the so-called fractionator principles, that is, a combination of
the optical disector, a three-dimensional probe used for counting, and
fractionator sampling, a scheme involving the probing of a known frac-
tion of the tissue (West, 1993). This cell-counting method has been de-
scribed and validated in previous publications (Dutheil et al., 2009,
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Table 3. Statistical analysis of the effects of chronicintracerebroventricular (fourth
ventricle) infusions of saline, GABA,R agonist (muscimol), and antagonist
(gabazine) on the Ki67, BrdU, GFAP, and GAD67 immunoreactivity in the vestibular
nudlei of control and unilateral vestibular neurectomized cats

Source of variation df F P*

Ki67-positive cells

Group 2 3078.12 0.0001
Vestibular nuclei 3 254.65 0.0001
Group X vestibular nuclei 6 87.51 0.0001
BrdU-positive cells
Group 2 1553.91 0.0001
Vestibular nuclei 3 830.66 0.0001
Group X vestibular nuclei 6 322.53 0.0001
Postoperative time 1 25517.95 0.0001
Group X postoperative time 2 8095.05 0.0001
Nuclei X postoperative time 3 342.06 0.0001
Group X vestibular nuclei X postoperative time 6 142.66 0.0001
GAD67-positive cells
Group 3 2699.69 0.0001
Vestibular nuclei 3 2125.73 0.0001
Group X vestibular nuclei 9 344.42 0.0001
GFAP-positive cells 3
Group 3 2189.05 0.0001
Vestibular nuclei 9 1383.88 0.0001
Group X vestibular nuclei 158.22 0.0001

*Repeated-measure analysis of variance of the number of Ki67-, BrdU-, GFAP-, and GAD67-positive cells in vestib-
ular nuclei. Group (control, unilateral vestibular neurectomized cats infused with muscimol, gabazine, or NaCl),
vestibular nuclei (MVN, IVN, LVN, and SVN) and postoperative time (3 d post UVN vs 30 d post UVN) are the main fixed
effects providing the sources of variation among cats. df, Degree of freedom; F, Scheffé’s test; P, probability level.

2011). Accordingly, the statistical analyses were evaluated by ANOVA to
test the effects of the group (UVN-NaCl, -musimol, or -gabazine), the
structure (MVN, IVN, LVN, SVN), and the postoperative time on Ki
67", BrdU ™", GFAP ', and GAD67 " cells and to determine whether
there were any interactions between these variables (Table 3). ANOVA
was followed by post hoc analysis with the Scheffé test (StatView II, SAS
Institute; Table 3). The values of the coefficient of error of the estimated
number of BrdU ™, Ki67 7, GAD67 *, and GFAP * cells in the ipsilateral/
deafferented VN of the experimental and the sham groups for each sur-
vival period tested were within acceptable ranges, as described in an
earlier study (West, 1999; Dutheil et al., 2011).

Results

Proliferation and survival of newborn cells in deafferented
vestibular nuclei are altered by infusion of GABAergic agents
To investigate whether GABA,R agonist and antagonist infu-
sions alter cell proliferation, survival, and differentiation in the
VN after UVN, we used immunohistochemistry methods. Cell
proliferation was examined by injecting BrdU 3 d after UVN,
when the number of proliferative cells is maximal in the deaffer-
ented VN, and then animals were killed 3 h later (Tighilet et al.,
2007; Dutheil et al., 2011). As in our previous studies, in control
nonlesioned cats, BrdU-labeled cells were absent in the VN at D3
and even D30 postsurgery, whereas in the group of cats submitted
to a UVN and infused with saline (NaCl), a large number of
BrdU * cells was observed in the deafferented VN at D3 (Tighilet
et al., 2007; Dutheil et al., 2009). The number of BrdU ™ cells in
the VN complex was comparable to that for the same time point
in adult cats submitted to a UVN without saline infusion
(Tighilet et al., 2007; Dutheil et al., 2009, 2011). Interestingly, in
the UVN-gabazine group, the number of BrdU * cells was signif-
icantly higher at the third postlesion day (+39.6% in the MVN,
+19.4% in the IVN, +17.3% in the LVN, and +126.1% in the
SVN, p < 0.0001 compared with UVN-NaCl, n = 4) and even
further enhanced in the UVN-muscimol group (+196% in the
MVN, +80% in the IVN, +97.5% in the LVN, and +297% in the
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Figure 2.  Reactive cell proliferation and survival are altered in the deafferented vestibular nuclei under continuous GABA,R agonist and antagonist infusions following unilateral vestibular
neurectomy. 4, Photomicrographs showing BrdU immunostainingsin the deafferented MVN in cats submitted to UVN and drug infusion in the fourth ventricle (NaCl, muscimol, or gabazine). Animals
received BrdU injection (i.p. 200 mg/kg body weight) 3 d after UVN and then were perfused with paraformaldehyde either 3 h later to study cell proliferation since it has been described to be the
strongest at this time point, or 27 d later to study survival of these newborn cells. Scale bars: 100 and 10 um for lower and higher-magnification respectively at both D3 and D30. B, Quantitative
evaluation. Histograms comparing the mean values (== SEM) of the number of BrdU-immunopositive cells in the deafferented VN 3 and 30 d after UVN in cats submitted to NaCl, muscimol, or
gabazine infusion. Different letters indicate significant differences between groups of animals assessed by ANOVA followed by Scheffé test, p << 0.0001; Table 3. a, Significantly different from NaCl
group; b, significantly different from gabazine group; and ¢, significantly different from muscimol group. Only values recorded on the lesioned side are illustrated; n = 4 animals per group. C,
Schematic representation illustrating the localization of the anteroposterior (AP) axis adapted from Berman's strereotaxis atlas where the photomicrographs of the medial vestibular nuclei were
taken. PH, Praepositus hypoglossi; SA, stria acustica; V4, fourth ventricle.

SVN, p < 0.0001 compared with UVN-NaCl, n = 4; Fig. 2A,B).  BrdU injection. We found that ~60% of BrdU * cells survived in
This ratio was confirmed by Ki67 immunostainings (Fig. 3B). the UVN-gabazine group (42% in the MVN, 70% in the IVN,

To study the survival of the newly generated cells stained with ~ 65% in the LVN, and 55% in the SVN compared with the number
BrdU at D3, three subgroups of animals were killed 27 d after ~ of BrdU ™ cells at D3) and ~50% survived in the UVN-NaCl
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group (59% in the MVN, 57% in the IVN,
58% in the LVN, and 44% in the SVN). The
data between these two groups were signifi-
cantly different except for the MVN (UVN-
NaCl versus UVN-gabazine). Strikingly, no
BrdU™ cells were found in the UVN-
muscimol group 30 d after UVN (Fig. 2B).
Fate of newly generated cells in 5000~
deafferented vestibular nuclei

The BrdU ™ surviving cells differenti-
ated and acquired a neurochemical
phenotype ~20 d after birth; cell differ-
entiation was investigated by double-
immunohistochemical labeling using BrdU
combined with the four specific cell type

4000+
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20004

1000+

Number of Ki67+ cells

UVN-NaCl

markers: GFAP, NeuN, IBA1, and GAD67.

Double immunohistochemistry against
BrdU and GFAP at D30 showed that the
UVN-NaCl and UVN-gabazine groups dis-
played numerous cells with costaining,
whereas no surviving BrdU ™ cells were ob-
served at this delay in the UVN-muscimol
group, suggesting that newborn cells that
had incorporated BrdU at the third post-
UVN day did not survive until 30 d postin-
jection (data not shown). The double
labeling has been quantified only at D30 in
the UVN-NaCl and UVN-gabazine groups
since colabeled cells were not observed at the early time point D3.

The photomicrographs in Figure 4A show the colocalization of
BrdU * with GFAP *,NeuN *,1BA1 *,and GFAP * cells observed in
the deafferented MVN at the 30™ postlesion day in the UVN-NaCl
group. The fate of the newly generated cells varied depending on the
VN (Fig. 4B). The results are expressed in percentage defined as the
ratio between the mean number of immunopostive-elements colo-
calizing a cell type marker (GFAP, IBA1, NeuN, or GAD 67) and
BrdU relative to the total mean number of BrdU * nuclei counted in
the areas of quantification. For the glial (GFAP and IBA1) and neu-
ronal marker (NeuN), the newly generated cells differentiated ap-
proximately in similar proportion in the MVN (15.58, 16.88, and
21.82%), IVN (11.79, 13.26, and 14.74%), and the LVN (11.50,
12.25, and 14.92%, respectively). In the SVN, by contrast, GFAP and
IBA1 labeling were higher (30.71 and 20%) than NeuN labeling
(5.71%). The mean number of newly generated GAD67 * neurons
varied depending on the VN (Fig. 4B). The highest proportion was
observed in the MVN (16.62%), a lower proportion was observed in
the IVN and LVN (8.42 and 8.08%). The weakest number was ob-
served in the SVN (4.29%).

In the UVN-gabazine group, the MVN had a higher proportion
of GFAP ™, with nearly similar proportions of IBA1 * and NeuN *
cells (Fig. 5A,B) and the proportion of newly generated GAD67 *
neurons were reduced by half compared with the UVN-NaCl group
in all the VN (Fig. 5B). In both groups, regardless of the VN exam-
ined, ~50% of the phenotype of the newly generated BrdU ™ cells
did not colocalize with GFAP, IBA1, GAD67, and NeuN markers.

Figure 3.

Astrocytic and GABAergic populations are altered in the
deafferented vestibular nuclei

The immunohistochemistry results with GAD67 and GFAP an-
tibodies served to quantitatively analyze the number of GABA-
ergic neurons and astrocytes respectively. In line with our
previous reports (Tighilet et al., 2007; Dutheil et al., 2009, 2011),
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Ki67 immunostaining was used to confirm cell proliferation. A, Photomicrographs showing Ki67 immunostainings in the
deafferented MVN in cats receiving NaCl, muscimol, or gabazine continuous infusion immediately after UVN and killed at postlesion day
third. Scale bar, 100 wm. B, Quantitative evaluation. Histograms comparing the mean values (==SEM) of the number of Ki67-
immunopositive cells in the deafferented VN 3 d after UVN in cats submitted to NaCl, muscimol, or gabazine infusion using ANOVA followed
by Scheffé test (p << 0.0001; Table 3). Different letters indicate significant differences between groups of animals: a, significantly different
from NaCl group; b significantly different from gabazine group; and ¢, significantly different from muscimol group. Only values recorded on
the lesioned side arellustrated; n = 4 animals per group.

in the UVN-NaCl group, there was a significant astroglial reac-
tion at the 30™ day post-UVN in the deafferented VN (Fig.
6A,B). Further, the UVN-gabazine group displayed more
GFAP ™ cells in the deafferented VN than the UVN-NaCl group
(+42.5% in the MVN, +59.5% in the IVN, +79.4% in the LVN,
and +53.2% in the SVN, n = 4). In contrast, the number of
GFAP™ cells decreased significantly in the UVN-muscimol
group (—55.4% in the MVN, —56.7% in the IVN, —54.4% in the
LVN, and —51% in the SVN compared with the UVN-NaCl
group, n = 4; p < 0.0001 (Fig. 6B).

In the UVN-muscimol group, despite the nonsurvival of the
newborn cells, as revealed by the lack of BrdU * cells at D30 (Fig.
2), we observed a strong increase in the number of GAD67 *
neurons in the deafferented VN (Fig. 6C,D; +46.3% in the MVN,
+48.4% in the IVN, +27.5% in the LVN, and +22.7% in the
SVN compared with the UVN-NaCl group, p < 0.0001). This
suggests an increased GAD67 expression by mature pre-existent
neurons. In addition, the number of GAD67 * cells was lower in
the UVN-gabazine group than in the UVN-NacCl group (Fig. 6D;
—39.7% in the MVN, —36.9% in the IVN, —28% in the LVN,
and —2.8% in the SVN).

Vestibular functional recovery

It is well known that unilateral vestibular damage leads to a
vestibular syndrome characterized by a spontaneous horizon-
tal nystagmus with its slow phase directed toward the lesioned
side, postural imbalance, yaw, and head tilt, circling and roll-
ing toward the damaged side, and extension of the contralat-
eral forelimb. Over time, these symptoms decrease and even
disappear.

Nystagmus

At the first post-UVN day, the frequency of the spontaneous
nystagmus was 15.3 beats/10 s in the UVN-NaCl, 15.5 in the
UVN-muscimol, and 8.8 in the UVN-gabazine groups, respec-
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Figure 4. A, Confocal analysis of differentiated newly generated cells by double immunostainings processed on consecutive serial
sections. The BrdU ™ nuclei are in red and the other markers of differentiation: GFAP ™, IBA1 ™, NeuN ™, and GAD 67 * in green. The
representative illustrations of the differentiation were made in the deafferented MVN of cats infused with NaCl from day 0 to day 30 after
unilateral vestibular neurectomy. B, Histograms illustrating the percentage of GFAP, IBA1, NeuN, and GAD67-positive cells among the
BrdU-positive cells in the vestibular nuclei 30 d after unilateral vestibular neurectomy and chronic NaCl infusion in the fourth ventricle.

tively. The number of eye beats declined significantly in all exper-
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Posture function recovery

In four-footed animals standing erect,
vestibular syndrome leads to an in-
creased support surface delimited by the
four paw pads. This parameter provides
a good estimation of postural stability
and recovery. It displays the tonic asym-
metries of extensor and flexor muscles
of the anterior and posterior paws that
are induced by the vestibular deafferenta-
tion. Return to preoperative control values
was faster for the UVN-gabazine group (34
d) than the UVN-NaCl group (48 d) and the
UVN-muscimol group (104 d; p <
0.0001; Fig.7B). ANOVA established
significant effects depending on the
groups (p < 0.0001), the postoperative
time (p < 0.0001), and the interaction
between these two factors.

Locomotor balance recovery

In line with data of the posture function and
the nystagmus, animals of the UVN-
gabazine group more quickly recovered
their dynamic locomotor balance and
crossed the rotating beam at their Max P at
the 30™ day after deafferentation. The cats
of the UVN-NaCl group reached their Max
P 42 d after deafferentation (Fig.7C). Inter-
estingly, the UVN cats infused with musci-
mol were not able to walk on the beam
rotating at the lowest speed until 62 d after
surgery and finally reached a plateau of
63.49% of their Max P at D180. ANOVA of
the locomotor balance function recovery
demonstrated significant effects depending
on the groups (p < 0.0001), the postopera-
tive time (p < 0.0001), and the interaction
between these two factors (p < 0.0001).

Discussion

It is now established that CNS injuries
can lead to local cell proliferation in-
crease (Moyse et al., 2008). However, in
most cases, the newborn cells either dis-
appear or adopt a glial phenotype as de-
scribed, for example, in striatum after
stroke (Arvidsson et al., 2002; Parent et
al., 2002). Previous work in our labora-
tory already described the occurrence of
the vestibular cell proliferation after
UVN (Tighilet et al., 2007; Dutheil et al.,
2009, 2011), hence highlighting the reli-
ability of this neuroplasticity event in
response to nerve injury. The originality
of our model is to provide a new tool to
analyze lesion-dependent neurogenesis
which also contributes to the behavioral re-
covery of vestibular neurectomized cats
(Tighilet et al., 2007). In the deaffer-

imental groups to reach control values at D5 in the UVN-  ented VN, newborn cells survive up to 2 months and have been
gabazine group, at D8 in the UVN-NaCl group, and at D13 inthe =~ demonstrated to be involved in behavioral recovery (Dutheil et al.,
UVN-muscimol group (p < 0.0001; Fig. 7A). 2009). These results are in accordance with our previous findings,
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suggesting that hampering newborn cell
proliferation and/or survival in the VN after
vestibular neurectomy impedes the recov-
ery of posturo-locomotor functions: a pro-
cess that appears to be modulated through
GABA R activity.

Chronic muscimol or gabazine infusion
increase cell proliferation in the
deafferented vestibular nuclei

Newly generated cells have been observed
in vagal dorsal complex of the brainstem
rat after axotomy of the vagus nerve
(Bauer et al., 2005; Moyse et al., 2006).
Likewise, in the vicinity of these nuclei,
our laboratory previously demonstrated a
strong induction of cell proliferation in
the deafferented VN following vestibular
nerve section (Tighilet et al., 2007). In the
current study, we now demonstrate that
with intracerebroventricular infusion of
either gabazine or muscimol for 1 month,
cell proliferation was significantly en-
hanced on the lesioned side of the VN.
Because we found comparable findings
with Ki67 immunostaining, we can ex-
clude that BrdU™ cells underwent cell
death or DNA repair. In support of our
data, some authors also described an in-
creased number of proliferative cells after
GABA R alterations either in vitro or in
vivo (LoTurco et al., 1995; Fiszman et al.,
1999; Liu et al.,, 2005; Fernando et al.,
2011). More precisely, Chan et al. (2008)
reported that hippocampal cell prolifera-
tion was modulated by GABA 4R blockade
with injections of Picrotoxin for three
consecutive days in wild-type (WT) or
BDNF-deficient mice. Although no sig-
nificant effect was found in BDNF
mutants, cell proliferation was increased
in the dentate gyrus of WT mice with
GABA R antagonist administration. Our
findings fall in line with such finding since
we observed an increase in newly generated
cells in the VN with GABA 4R antagonist in-
fusion as well. In addition, we previously
observed increased growth factors expres-
sion (brain derived neurotrophic factor,
BDNF and nerve growth factor, NGF) the
first few days after UVN (Tighilet, 2004)
which suggests that GABA have trophic ef-
fects on cell proliferation, possibly through
growth factors signaling implemented in
cell growth and survival (e.g., BDNF and
NGEF).

Gabazine infusion favors newborn cell
survival and astrocytic population
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Figure 5. A, Confocal analysis of differentiated newly generated cells by double immunostainings processed on consecutive
serial sections. The BrdU ™ nuclei are in red and the other markers of differentiation: GFAP ™, IBAT ¥, NeuN *, and GAD 67 ™ in
green. lllustrations of the differentiation were made in the deafferented MVN of cats infused with gabazine from day 0 to day 30
after unilateral vestibular neurectomy. B, Histograms illustrating the percentage of GFAP, IBA1, NeuN, and GAD67-positive cells
among the BrdU-positive cells observed in the vestibular nuclei 30 d after unilateral vestibular neurectomy and chronic gabazine
infusion in the fourth ventricle.

increase in the vestibular nuclei whereas muscimol has 2008; Song et al., 2012). Using the model of UVN, we show the

opposite effects

influence of these receptors in these different steps in the context of

GABA,R modulation can affect proliferation, migration, matura-  injury-induced adult neurogenesis. Reactive cell proliferation in the
tion and survival of neural precursors (Bordey, 2007; Salazar et al., VN does not seem to share the same properties as ongoing neuro-
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One month after UVN, GFAP, and GAD67 immunoreactivity are differentially expressed in the vestibular nuclei of unilateral vestibular neurectomized cats according to the drug infused

(NaCl, Muscimol, or gabazine). A, lllustrations of GFAP immunoreactivity in the MVN of control, UYN-NaCl, UVN-muscimol, and UVN-gabazine animals 27 d after BrdU injection performed the third
postlesion day. Scale bar, 60 ,um and n = 4 animals per group. B, Histograms showing the effects of the drug infusion (NaCl, muscimol, or gabazine) on the number of GFAP-immunopositive cells
in the deafferented vestibular nuclei. C, lllustrations of GAD67 immunoreactivity in the MVN of control, UVN-NaCl, UVN-muscimol, and UVN-gabazine animals at D30. Scale bar, 50 wm.n = 4
animals per group. D, Histograms showing the effects of NaCl, Muscimol, or gabazine continuous infusion on the number of GAD67-immunopositive neurons in the deafferented vestibular nuclei.
Onlyvalues recorded on the lesioned side areillustrated and data from both sides of control cats were pooled for direct comparison with the subgroups of vestibular deafferented cats. Different letters
indicate significant differences between groups of animals: a, significantly different from NaCl group; b, significantly different from gabazine group; ¢, significantly different from muscimol group;
and d, significantly different from control group. Analyzes were assessed by ANOVA followed by Scheffé test for all the VN and the groups (p << 0.0001; Table 3).

genesis in the adult subventricular and subgranular zones. Despite
the cell proliferation peak occurring 3 d after injury, we did not
observe colocalization of BrdU with astrocytic and microglial mark-
ers, suggesting that in the cat brainstem, newborn cells may require
longer time to express the markers that we examined in this study.
Interestingly, although cell proliferation increased in the VN at D3,
this was actually transitory with muscimol infusion because 1 month
later newborn cells were no longer observed. This phenomenon is
quite similar to what happens during development and could be
related to the cell death of newly generated cells induced by GABA ,
activation (Honegger et al., 1998; Nuiez et al., 2003). This effect
seems to occur after the peak of proliferation occurring at D3
(Tighilet et al., 2007) and can be regulated by distinct mechanisms.
Indeed, as muscimol potentiates GABA inhibitory actions and con-
fer depressant properties, the hampering of newborn cell survival
and maturation may be related to the lack of depolarizing activity
required for their differentiation and integration into pre-existing
network (Overstreet-Wadiche et al., 2006). Another possible mech-
anism could involve the decrease in astroglial cells and their consec-
utive lack of trophic support, which could in part explain the
disappearance of newborn cells between our snapshot observations
(i.e., D3 and D30) and necessitate further investigations.

Another important point of the study is the highest percentage of
surviving newborn cells observed following gabazine chronic intra-
cerebroventricular infusion, associated with an increased number of
astrocytic cells. Given the beneficial role of astrocytes in supporting
new neurons, it is not surprising that an increased astrocyte popula-
tion was coupled with a high newborn cell survival ratio. In addition,
gabazine infusion led to an increased number of GABAergic neu-
rons, which could result from either an enhanced expression of

GAD67 from GABAergic neurons that were previously secreting
GABA levels below the detection threshold, or a phenotypic change
(anon-GABAergic neuron becoming GABAergic) as already postu-
lated in a previous study (Tighilet and Lacour, 2001). In addition,
although the percentage of BrdU/NeuN * was not affected by gaba-
zine, the percentage of BrdU/GAD67 © was decreased by half.
Hence, it is possible that a subset of these newly generated neurons
could have an excitatory phenotype favoring the recovery of intrinsic
excitability within the deafferented VN. Also, it has been demon-
strated that when the majority of newborn cells disappear a few days
after production (Tashiro etal., 2006; Tronel et al., 2010), experience
and learning can facilitate maturation of newborn neurons and en-
hance their survival in the adult rodent (Overstreet-Wadiche et al.,
2006). Here a hypothesis can be that the survival effects of gabazine
on both neurons and glial cells would be mediated through neuronal
networks disinhibition. Thus, such mechanisms would support di-
rect and indirect intrinsic network depolarization and promote the
rebalance of electrical activity between the VN. Further studies
would allow us to distinguish between these possibilities.

Together, our results thus show that these two pharmacolog-
ical treatments trigger contrasting effects on GABAergic, astro-
glial and newborn cell populations in the VN after vestibular
damage, affecting not only the number of cells but also the archi-
tecture and the function of local neuronal networks.

Gabazine accelerates vestibular function recovery but
muscimol drastically delays it

After UVN, depression of resting activity discharge of the ipsilat-
eral second-order vestibular neurons is responsible for the ap-
pearance of vestibular symptoms. Interestingly, pharmacological
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Behavioral recovery time course can be delayed or accelerated according to the GABAergic drug infused after unilateral vestibular neurectomy. 4, Curvesillustrating the time course (on

the abscissae) of disappearance of horizontal spontaneous nystagmus (HSN) frequency (on the ordinates) for each group of vestibular deafferented cats at different postoperative days. Each data
point represents the mean number of HSN quick phase movements in 10 s for four animals (five repeated measures per animal per sampling). Error bars represent SEM. B, Curves indicating the mean
postoperative recovery of the support surface in the three experimental groups of cats (UVN-NaCl, UVN-muscimol, and UVN-gabazine). Data recorded after vestibular deafferentation were related
to individual references and normalized with respect to the preoperative values referred to unity (one being close to 50 cm 2). SEs of the mean are reported as vertical lines. €, The Max P is defined
as the highest beam rotation speed that did not lead to a fall on four consecutive crossings. The curves are expressed in percentage of the preoperative maximal performance (in the ordinates) as a
function of the postoperative time in days (on the abscissae). SEMs are reported as vertical lines. Note the time of recovery in the UVN-gabazine group compared with the other groups: 30 d instead
of 42 for UVN-NaCl, interestingly, at the 180 postlesion day UVN-muscimol cats were still below their Max P (63.49%).

treatments can accelerate or delay the behavioral recovery by
acting on the neuronal spontaneous activity between homolo-
gous VN. Notably, both GABA, and GABAj receptors partici-
pate in vestibular reflex pathways and vestibular compensation
(de Waele et al., 1995; Gliddon et al., 2005a,b). Our data show
that gabazine accelerated, while Muscimol delayed spontaneous
nystagmus disappearance. GABA,R agonists and antagonists,
such as diazepan and picrotoxin have been demonstrated to af-
fect spontaneous nystagmus frequency in animals and vertigo
sensation in patients (McCabe et al., 1973; Ehrenberger et al,,
1982; Ehrenberger and Felix, 1996).

Furthermore, here we found that animals treated with gaba-
zine were able to cross the rotating beam earlier and recovered
their posturo-locomotor functions faster. In line with our obser-
vations, previous reports showed that systemic injection of
GABA , antagonists accelerated posture recovery in rats (Dutia et
al., 1992; Vibert et al., 1995). Remarkably, this draws a coherent
picture with what we observed at the cellular level in the VN: as
vestibular compensation is accelerated, gabazine treatment pro-
motes both cell proliferation and survival of new neurons, sug-
gesting some clues about the functional contribution of these new
cells in the VN.

Another notable finding of this study is the drastically delayed
posturo-locomotor function recovery with muscimol treatment.
Indeed, 6 months after UVN, animals had still not recovered their
preoperative whereas gabazine- and saline-lesioned animals
reached their preoperative Max P at 30 and 42 d respectively.
Similarly, Pompeiano etal. (1993)reported that acute injection of
muscimol into the lateral vestibular nucleus gave rise to hypoto-

nia of the ipsilateral forelimbs and hypertonia of the contralateral
forelimbs. It has also been described that GABA,R agonists de-
compensated vestibular symptoms (i.e., led to acute symptoms)
of animals that had already compensated, acting on the resting
activity mediated by the vestibular commissures (Furuya et al.,
1991; Furuya and Koizumi, 1998). Therefore, GABA R agonists
may not to be beneficial for posturo-locomotor functions recov-
ery after vestibular damage and it is noteworthy to consider that
cell proliferation was only transitory after muscimol treatment.
Because it has been showed that blockade of cell proliferation in
the dentate gyrus can lead to neuronal activity disturbances (Ki-
tamura et al., 2009; Lacefield et al., 2012), a possible explanation
would be that newborn cells loss induced by muscimol could
accentuate acute pathological conditions and result in compara-
ble neuronal activity disorganizations, thus impairing cell sur-
vival and behavioral recovery in the context of vestibular injury.

In addition, previous studies from our laboratory have de-
scribed that when infused continuously with an antimitotic agent
(i.e., cytosine-B-p-arabinofuranoside, AraC) in the IV  yentri-
cle, blockade of reactive cell proliferation threefold delayed
posturo-locomotor function compared with saline-treated ani-
mals while astrocyte population was also decreased (Dutheil et
al., 2009). Our new study supports these earlier results confirm-
ing that newborn neurons and astrocytes play an important role
during postvestibular lesion processes, especially for fine com-
pensation of postural deficits.

In conclusion, this study is the first to report that after UVN,
GABA plays multiple roles ranging from beneficial to detrimen-
tal, on different steps of reactive adult neurogenesis in the VN and
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on the time course of vestibular function recovery in the adult cat.
This lesion model opens new landscapes that would help to un-
derstand why some CNS microenvironments allow functional
neurogenesis to occur or not, and offers easily observable behav-
ioral correlates in the adult mammal.
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