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Introduction

Aromatic solvents are used extensively in industry for many manufacturing processes across a broad spectrum of applications such as printing inks, paints, varnishes, adhesives, coating, cosmetics, cleaning and degreasing, pharmaceuticals, plastics, and chemical manufacture.

Because of their high volatility, aromatic solvents are mainly absorbed into the blood through the respiratory tract [START_REF] Dick | Solvent neurotoxicity[END_REF]. The deleterious effects of aromatic solvents on hearing have been known [START_REF] Hodgkinson | Effects of industrial solvents on hearing and balance: a review[END_REF], and raised auditory thresholds have been reported in workers exposed to aromatic solvents in the workplace [START_REF] Sułkowski | Effects of occupational exposure to a mixture of solvents on the inner ear: a field study[END_REF][START_REF] Unlu | A comparison of the effects of solvent and noise exposure on hearing, together and separately[END_REF][START_REF] Vyskocil | A weight of evidence approach for the assessment of the ototoxic potential of industrial chemicals[END_REF]. For this reason, the cochleotoxic effects of aromatic solvents and their underlying mechanisms have been extensively studied in laboratory animals. Rats chronically exposed to vapors of solvents, such as styrene, toluene, ethylbenzene or p-xylene, display permanent hearing deficits and loss of outer hair cells (OHC) [START_REF] Cappaert | Ethyl benzene-induced ototoxicity in rats: a dose-dependent mid-frequency hearing loss[END_REF][START_REF] Loquet | Comparison of toluene-induced and styrene-induced hearing losses[END_REF][START_REF] Maguin | Ototoxicity of the three xylene isomers in the rat[END_REF]. Although the precise mechanisms leading to OHC death following exposure to aromatic solvents is not fully understood, it has been hypothesized that aromatic solvents reach OHCs through tissue contamination rather than contamination of inner ear fluids [START_REF] Campo | Styrene-induced hearing loss: a membrane insult[END_REF][START_REF] Campo | Toluene and styrene intoxication route in the rat cochlea[END_REF][START_REF] Fetoni | Styrene enhances the noise induced oxidative stress in the cochlea and affects differently mechanosensory and supporting cells[END_REF]. Indeed, lipophilic chemicals may transit from the stria vascularis to the sensory hair cells of the organ of Corti through the cellular membranes of the outer sulcus. This potential route of access is supported by studies which demonstrating that non-sensory supporting cells surrounding hair cells, such as Deiters' cells, are more vulnerable to styrene than sensory hair cells [START_REF] Campo | Styrene-induced hearing loss: a membrane insult[END_REF][START_REF] Chen | Styrene induced alterations in biomarkers of exposure and effects in the cochlea: mechanisms of hearing loss[END_REF][START_REF] Fetoni | Styrene enhances the noise induced oxidative stress in the cochlea and affects differently mechanosensory and supporting cells[END_REF]. As Deiters' cells play a determinant role in potassium re-uptake and recirculation [START_REF] Hibino | Molecular and Physiological Bases of the K + Circulation in the Mammalian Inner Ear[END_REF][START_REF] Spicer | Evidence for a medial K+ recycling pathway from inner hair cells[END_REF], it was suggested that styrene also affects the K + cycle in cochlea [START_REF] Campo | Solvent-induced hearing loss: mechanisms and prevention strategy[END_REF][START_REF] Chen | Styrene induced alterations in biomarkers of exposure and effects in the cochlea: mechanisms of hearing loss[END_REF][START_REF] Fetoni | Styrene enhances the noise induced oxidative stress in the cochlea and affects differently mechanosensory and supporting cells[END_REF], although this suggestion was never objectively tested.

In addition to impairing hearing, solvents have been shown to disrupt balance. Solvents have a negative impact on the sensory-motor integration of postural stability regulation and vestibular pathways [START_REF] Calabrese | Otoneurological study in workers exposed to styrene in the fiberglass industry[END_REF][START_REF] Niklasson | Effects of toluene, styrene, trichloroethylene, and trichloroethane on the vestibulo-and opto-oculo motor system in rats[END_REF][START_REF] Tham | The effect of toluene on the vestibulo-and opto-oculomotor system in rats, pretreated with GABAergic drugs[END_REF].

However, the precise mechanism through which aromatic solvents affect the vestibular system remains elusive. Thus, we still do not know whether the solvents affect the brain structures regulating balance or the vestibular labyrinth localized in the inner ear [START_REF] Gans | Vestibular Toxicity: Causes, Evaluation Protocols, Intervention, and Management[END_REF].

Both auditory and vestibular sensory organs are localized in the inner ear and share many features. They are both composed of sensory hair cells, which transform the mechanical stimuli into electrical signals. Moreover, they are both filled with a K + -rich fluid, the endolymph, which allows the potassium entry permitting mechano-electrical transduction (MET). The high endolymphatic potassium concentration is the result of ion movements controlled by active and passive pumps, and channels in the so-called secretory cells (strial marginal cells in the cochlea, and dark cells in the vestibule) [START_REF] Ciuman | Stria vascularis and vestibular dark cells: characterisation of main structures responsible for inner-ear homeostasis, and their pathophysiological relations[END_REF][START_REF] Hibino | How is the highly positive endocochlear potential formed? The specific architecture of the stria vascularis and the roles of the ion-transport apparatus[END_REF][START_REF] Lang | Functional significance of channels and transporters expressed in the inner ear and kidney[END_REF]. These strong similarities led us to hypothesize that cochleotoxic aromatic solvents may also be vestibulotoxic, and might cause K + imbalances in the vestibular receptor.

To test the vestibular toxicity of solvents, we chose the in vitro "cyst" model initially developed by [START_REF] Gaboyard | Three-dimensional culture of newborn rat utricle using an extracellular matrix promotes formation of a cyst[END_REF]. The "cyst" is an inflated three-dimensional culture of newborn rat utricle, naturally filled with a high-K + endolymph-like fluid. "Cysts" preserve the key utricular cells typessensory cells (hair cells) and secretory cells (transitional and dark cells)and their associated proteins required for K + homeostasis (MET channels, Na/K-ATPase and Na-K-2Cl co-transporter 1 (NKCC1)). After a few days in a 3D matrix, the utricular explant seals itself to form an endolymphatic compartment filled with high-K + fluid.

The K + concentration in this fluid therefore depends on the functionality of utricular cells.

Our previous investigation indicated that styrene, an aromatic compound with potent cochleotoxic properties, induced a dose-dependent decrease in K + concentration [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF]. Histological and elecrophysiological methods used in this study have shown that endolymphatic K + concentration decreases measurements are more sensitive than histological damages observations to reveal styrene effects. Indeed, a significant decrease of K + concentration was measured from 0.75 mM of styrene whereas histological damages were observed only after a 1mM-exposure. Therefore, variations in K + concentration in cyst could be considered as an early marker of vestibulotoxicity.

In the present study, the "cyst" model was used to assess the vestibulotoxicity of five aromatic solvents and compare it to that of styrene. All solvents were applied at the same concentration (0.75 mM). Toluene, ethylbenzene and three isomers of xylene were chosen because they are widely used in industrial settings, and have different cochleotoxic properties. Indeed, [START_REF] Gagnaire | Relative ototoxicity of 21 aromatic solvents[END_REF] showed that styrene and ethylbenzene are highly cochleotoxic, that toluene and p-xylene are moderately cochleotoxic, and that m-xylene and o-xylene are not cochleotoxic. The potential vestibulotoxicity of these aromatic solvents was determined by measuring their effects on the endolymphatic K + concentration in cysts, and by histological observations of utricular tissue. This approach allowed us to rank the solvents from most to least vestibulotoxic, and to investigate the relation between cochleotoxicity and vestibulotoxicity.

Materials and methods

Animals

The animal facility where the rats were housed was fully accredited by the French Ministry of Agriculture (Authorization N° D 54-547-10). Investigators performing animal experiments adhered to the Guide for Care and Use of Laboratory Animals promulgated by the European parliament and council (EUROPEAN DIRECTIVE 2010/63/EU, 22 September 2010).

Pregnant Long-Evans female rats were purchased from Janvier Laboratories and were housed in individual cages (1032 cm 2 x 20 cm) from the 15 th day of pregnancy until they gave birth, under a 12h light / 12h dark cycle. Temperature was maintained at 22 ± 2 °C, the relative humidity was 55 ± 15%, and food and water were available ad libitum. To monitor weight gain during the pregnancy, animals were weighted at their arrival and just before parturition.

Birth was natural, and newborns were used within four days of birth (P0-P4).

Cyst culture

Newborn rats (P0-P4) were decapitated before harvesting the temporal bones and placing them in Leibovitz's L-15 medium. Then utricles were then aseptically removed. The basal surface of the macula was stripped of nervous tissue, taking care to conserve the membrane covering the sensory epithelium. Explants were embedded in 10 µl of Matrigel® (Corning, NY, USA) on laminin-coated (10 µg / ml; Sigma-Aldrich, Saint-Louis, MO, U.S.A.) 12-mm diameter glass coverslips. Utricles were positioned so that the basal surface of the sensory epithelium faced the coverslips, and preparations were then incubated at 37 °C for 30 min in a 95% O 2 / 5% CO 2 atmosphere at saturating humidity to solidify the matrix. Embedded utricular explants were then cultivated in Dulbecco's Modified Eagle Medium / Nutrient Mixture F-12 (DMEM-F12, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 2% N-2 (Life Technologies, Carlsbad, California). Explants were maintained at 37 °C under a humidified 5% CO 2 atmosphere. Half of the culture medium was renewed 3 times per week. After a few days in vitro (DIV), utricular structures sealed themselves, enclosing some fluid. The sealed utricular explant was called a "cyst".

Electrophysiological recordings

Ion-sensitive microelectrodes were used to record the K + concentration in the endolymphatic compartment of "cysts". Borosilicate glass capillaries with filament (1B100F-4; WPI, Sarasota, FL, USA) were melted and pulled using a vertical electrode puller (PUL-100 Microprocessor-controlled micropipette Puller, WPI, Sarasota, FL, USA) and baked at 200 °C for 2 h. The inside of the microelectrode was silanized with dichlorodimethylsilane vapors (Sigma-Aldrich, Saint-Quentin Fallavier, France) for 5 min at 100 °C. Microelectrodes were then baked once again for 4 h at 200 °C to eliminate all traces of moisture. The microelectrode tip was backfilled with a short column of membrane liquid K + ion exchanger (Potassium Ionophore I -Cocktail B, Sigma-Aldrich, Saint-Quentin Fallavier, France), and the barrel was filled with 150 mM KCl. Microlectrodes with impedances of less than 70 M or greater than 200 M were discarded. Microelectrodes with satisfying impedances were connected to the input of a differential electrometer amplifier (HiZ-223 Warner Instruments, Hamden, USA). The electrical circuit was closed when the reference electrode was immersed in the calibrating solutions or culture medium. The electrical signal was monitored using a data-acquisition system (Pulse® software and a 3160-A-022 analyzer, Bruel & Kjaer, Naerum, Denmark) connected to the amplifier output. Before recording the K + concentration of each sample, the microelectrode was calibrated with KCl solutions at the following concentrations: 150, 100, 75, 50, 20 and 10 mM. Each of these solutions was supplemented with the appropriate amount of NaCl to provide a final cation concentration of 150 mM. Just after the end of exposure, cysts were taken off the vials and placed on the microscope stage to measure the K + concentration. Cyst were recovered with culture medium, which contained a known K + concentration (about 4 mM KCl, DMEM-F12, Thermo Fisher Scientific). The medium was used as a control of recording; just before cyst measuring, the microelectrode tip was immersed in medium to evaluate the K + concentration. The ion-sensitive microelectrode was then inserted into the endolymphatic compartment of the "cyst" under the light microscope.

After microelectrode insertion, the electrical signal took a few seconds to stabilize. Once stabilized, the voltage was registered. The total duration of the cyst measurement never exceeded 30 s (figure 1). The K + concentration was inferred using the calibration curve established previously. Deflated cysts were excluded from the study. : 150 (1); 100 (2); 75 (3); 50 (4); 20 (5) and10 mM (6). The voltage was recorded in medium culture before (7) and after (9) the impalement of the tip of the microelectrode in lumen of cyst (8). The electrical potential change was immediate once the microelectrode tip penetrated inside the lumen of cyst (8). The stabilization of the electrical signal took few seconds and the voltage was rapidly registered. The duration of the cyst measurement never exceeded 30 s. Once the microelectrode was remove from the cyst lumen, the electrical potential back up to initial level (9). The K + concentration was inferred using the calibration curve obtained from data of the 2 calibrations (before and after cyst measurement).

Aromatic solvent exposure

Toluene (99.9%) and o-xylene (99.5%) were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France), and ethylbenzene (99.8%), p-xylene (99%), m-xylene (≥ 99%) and styrene (99.9%) from Acros Organics (Illkirch, France). The solvent was mixed with culture medium (DMEM-F12, Thermo Fisher Scientific, Waltham, MA, USA) in a volumetric flask to obtain a final concentration of 0.75 mM. This concentration was selected based on the results of the tests carried out in a companion publication [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF]. The same methode was used to prepare the different stock solutions (0.25, 0.5 and 0.75 mM) for o-xylene, ethylbenzene and styrene. Then, the solvent-enriched medium was supplemented with N-2 (2%, v / v) before pouring into glass headspace vials (8 ml), in which the "cyst" was placed.

The vial was immediately sealed with a Teflon-faced butyl rubber septum and an aluminum crimp cap to minimize solvent evaporation. Vials were completely filled to avoid gas-phase solvent stagnation. "Cysts" were cultured in these conditions for 2 h or 72 h, and K + concentrations were measured at 7 DIV. Exposures were performed at 7 DIV for the 2-h exposures. For the 72-h exposures, "cysts" were cultured in solvent-enriched medium from the 4 th to the 7 th DIV. Control "cysts" were placed in vials filled with solvent-free medium for 2 h or 72 h.

Preparation of tissue sections for light microscopy

Just after K + measurement, "cysts" were immersed in a fixative solution (glutaraldehyde 2.5% in 0.2 M cacodylate buffer) for 24 h. After rinsing with 0.2 M cacodylate buffer, samples were post-fixed with 1% osmium tetroxide for 1 h. Samples were dehydrated in graded concentrations of ethanol up to 100%. "Cysts" were then soaked in incremental 50% / 50% and 75% / 25% resin / propylene oxide solutions before embedding them in pure epoxy resin.

After polymerization at 60 °C for 24 h, transversal semi-thin sections (2.5 µm) were cut with a microtome (Leica, UC7) and stained with toluidine blue (Sigma-Aldrich, Saint-Quentin Fallavier, France). Observations were performed under an optical microscope (BX41, Olympus, Tokyo, Japan).

Immunohistochemical analysis of cleaved caspase-3

"Cysts" were fixed in 4% formaldehyde (pH 6.9) for 24 h. Samples were then rinsed in Phosphate-Buffered Saline (PBS) and dehydrated in graded ethanol concentrations up to 100% before embedding in paraffin. Embedded cysts were cut into 4-µm transversal sections with a microtome (Microm, HM 34OE). Sections were dipped in xylene to remove paraffin and rehydrated using a decreasing ethanol gradient. Heat-induced antigen retrieval was conducted with 10 mM citrate buffer (pH 6) for 5 min. Endogenous peroxidase activity was blocked with 3% H 2 O 2 for 5 min, and non-specific sites were blocked with 10% of normal goat serum for 1 h at room temperature. Sections were then incubated with rabbit primary monoclonal antibody directed against cleaved caspase 3 (dilution 1/800, Cell Signaling, MA, USA) overnight at 4 °C. Experimental controls were not exposed to a primary antibody.

Sections were then rinsed in TBST-1X and incubated with the peroxidase-containing detection reagent enzyme (SignalStain® Boost Detection Reagent, Cell Signaling) at room temperature for 30 min. Samples were incubated with 3,3'-diaminobenzidine (DAB) to observe specific antibody localization, and counterstained with Mayer Haemalum. Finally, sections were mounted and observed under an optical microscope (BX41, Olympus, Tokyo, Japan).

Statistical analysis

Data were expressed as mean ± standard error of the mean (SEM). One-way ANOVAs were performed to analyze differences between experimental and control groups. Statistical results were expressed as follows: F(dfb, dfr) = F-ratio; p = p value, where dfb is the number of degrees of freedom between groups, and dfr is the number of residual degrees of freedom.

Dunnett's post-hoc tests were used to compare variations between pairs of experimental groups. The threshold for statistical significance was set at p = 0.05.

Results

Aromatic solvents have distinct effects on endolymphatic K + concentration

To assess the effects of different aromatic solvents on K + concentration in the endolymphatic compartment, "cysts" were exposed to the same concentration (0.75 mM) of o-xylene, m-xylene, p-xylene, toluene, ethylbenzene, or styrene for 2 h or 72 h (figure 2). In these experiments, the 2-h solvent exposure had a significant [F (6, 75) = 3.285; p < 0.01] effect on the K + concentration. However, only styrene, which induced a 33% reduction, significantly decreased the K + concentration (exposed group: 53.1 ± 6.9 mM vs. control group: 79.5 ± 3.7 mM; p = 0.001) (figure 2.A). In the 72-h exposure condition, significant differences were found between groups [F (6, 68) = 17.97; p < 0.001]. O-xylene caused the most extensive decline in K + concentration, with a 78% reduction (18.6 ± 5.0 mM; p < 0.001) compared to the control group (83.0 ± 4.0 mM). Smaller decreases (-37% and -28%, respectively, relative to controls) were measured following exposure to ethylbenzene (52.5 ± 5.9 mM; p < 0.001) and styrene (59.1 ± 4.9 mM; p = 0.002). No significant variations in K + concentration were measured following exposure to p-xylene (73.4 ± 7.8 mM), m-xylene (71.2 ± 7.2 mM), or toluene (85.8 ± 1.6 mM) (figure 2

.B).

Figure 2. Aromatic solvents alter endolymphatic K + concentrations in "cysts": "Cysts" were obtained from newborn rats (P0-P4) and K + concentrations were measured at 7 DIV. Utricle explants were exposed to 0.75 mM o-xylene, m-xylene, p-xylene, toluene, or ethylbenzene for 2 h (A) or 72 h (B). Control "cysts" were maintained in sealed vials for 2 or 72 h. Each histogram represents the mean ± SEM, the number corresponds to the number of samples used in each experiment. Asterisks highlight significant differences between solvent-exposed and control data (post-hoc Dunnett: ***p < 0.001). #: styrene data were previously published in [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF]. Experiments involving styrene were performed in the same conditions and over the same time range as the other treatments. [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF]. Experiments involving styrene were performed in the same conditions and over the same time range as the other treatments.

Only o-xylene and styrene induce histological defects

The gross morphologies of control 7-DIV cysts and cysts exposed to aromatic solvents (0.75 mM) for 72 h were observed under light microscopy (figures 4 and 5). In control samples, the sensory epithelium displayed healthy-looking type I and II hair cells, with an intact cell membrane and ciliary bundle on their apical surface, as well as a normal nucleus and cytoplasm. Supporting cells were intercalated between hair cells and their nucleus was localized at the basal surface. The secretory area, composed of cuboidal dark cells and transitional cells, was characterized by darker cytoplasms compared to hair cells when stained with toluidine blue. Connective tissue could be observed under both sensory and secretory epithelia (figure 4 et 5).

"Cysts" exposed to 0.75 mM toluene, m-xylene and p-xylene displayed normal cells in both epithelia and connective tissue (figure 4). Histological features were identical to untreated "cysts". Even though "cysts" exposed to 0.75 mM ethylbenzene for 72 h displayed a significant drop in K + concentration (figure 2), no sign of cellular stress was observed in these samples. As reported in [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF], exposure to 0.75 mM styrene for 72 h provoked the formation of cytoplasmic vacuoles in all epithelial cell types, but no other obvious features of cell injury were noted in these conditions. Conversely, numerous pathological features, such as swollen and condensed nuclei, low-density cytoplasm, and cellular extrusions through the cuticular plate were observed in histological sections of "cysts" exposed to o-xylene. These features indicate damage to cells in both sensory and secretory areas. Despite this damage to both the sensory and the secretory epithelium, stereocilia were still present (figure 5).

Apoptotic processes were studied by the means of the immunochemical staining of cleaved caspase-3 on paraffin sections of cysts exposed to the different solvents for 72 h. Whatever the solvent considered, sections of exposed cysts revealed no positive staining (data not shown), suggesting that the majority of cell death occurred by a non-apoptotic mechanism. 

Discussion

This study compared the vestibulotoxic effects of six aromatic solvents -chosen for their well-known cochleotoxic properties -using an in vitro model [START_REF] Bartolami | Critical Roles of Transitional Cells and Na/K-ATPase in the Formation of Vestibular Endolymph[END_REF][START_REF] Gaboyard | Three-dimensional culture of newborn rat utricle using an extracellular matrix promotes formation of a cyst[END_REF][START_REF] Gagnaire | Relative ototoxicity of 21 aromatic solvents[END_REF]. The "cyst" model can be used to assess both functional and morphological consequences of exposure to aromatic solvents on the vestibular receptor. Tests involved measuring variations in the endolymphatic K + concentration using an electrochemical technique, and performing histological analyses of the vestibular epithelium.

To evaluate and compare the vestibulotoxic potential of aromatic solvents, "cysts" were exposed to the same concentration (0.75 mM) of styrene, ethylbenzene, toluene, pxylene, m-xylene, or o-xylene for either 2 h or 72 h. The exposure durations were initially chosen as they distinguished pharmacological and cytotoxic effects induced by styrene [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF]. The concentration was chosen because this previous study showed that both 2-h and 72-h exposures to 0.75 mM styrene caused a decrease of K + concentration with no sign of cell death in secretory or sensory epithelia. However, cytoplasmic vacuoles were visible in secretory and sensory cells after just 2 h exposure to styrene (0.75 mM). Even if vacuolization is not a sign of dying cells per se, it can be an early symptom of cellular stress caused by the action of a cytotoxic inducer [START_REF] Shubin | Cytoplasmic vacuolization in cell death and survival[END_REF], and might thus ultimately lead to cell death. With regard to cell death, the results presented here showed that death mainly occurs by a non-apoptotic pathway, as no immuno-histological staining of cleaved caspase-3 was detected in "cysts" for any of the solvents studied. This result is in accordance with those obtained by [START_REF] Diodovich | Modulation of different stress pathways after styrene and styrene-7,8-oxide exposure in HepG2 cell line and normal human hepatocytes[END_REF][START_REF] Diodovich | Response of human cord blood cells to styrene exposure: evaluation of its effects on apoptosis and gene expression by genomic technology[END_REF], who exposed human hepatocytes and human cord blood cells to styrene at comparable concentrations and for similar durations.

They reported that exposure to styrene at 0.5, 0.8 or 1 mM for 24 h or 72 h did not induce apoptotic pathways, but mainly elicited necrosis.

In addition, numerous studies have demonstrated that aromatic solvents can modulate ion channels, such as the acetylcholine and N-methyl-D-aspartate (NMDA) receptor or the Na/K-ATPase [START_REF] Bale | Volatile organic compounds inhibit human and rat neuronal nicotinic acetylcholine receptors expressed in Xenopus oocytes[END_REF][START_REF] Calderón-Guzmán | Effect of toluene and cresols on Na+,K+-ATPase, and serotonin in rat brain[END_REF][START_REF] Cruz | Effects of volatile solvents on recombinant N-methyl-Daspartate receptors expressed in Xenopus oocytes[END_REF]Vaalavirta and Tähti, 1995a). The variations of K + concentration measured after 2-h styrene exposure might therefore be the result of both a pharmacological modulation of ion channels and a toxic effect on other targets.

Unlike styrene, the other solvents tested in the present study did not induce changes in the K + concentration after 2 h exposure. However, we observed 78% and 37% decreases in the K + concentration for o-xylene and ethylbenzene, respectively, after 72 h exposure to 0.75 mM.

For comparison, exposure to styrene for 72 h resulted in a 28% drop in K + concentration. In contrast, the other three aromatic solventstoluene, p-xylene and m-xylenehad no measurable effect on the K + concentration even after 72 h (figure 2). A dose-dependent decrease of endolymphatic K + concentration was measured in "cysts" exposed to o-xylene, ethylbenzene and styrene for 72 h (figure 3). Our findings indicate that o-xylene and ethylbenzene decrease K + concentration from a solvent concentration as low as 0.5 mM after 72-h exposure. However, the decrease of K + level was significant only from 0.75 of styrene.

Therefore, these data allow considering that 0.75 mM is the threshold concentration to have a significant impact on the K+ concentration in "cysts".

The histological results presented in figures 4 and 5 show that only the solvent with the strongest effect on K + concentrations, o-xylene, induced obvious cell death in the vestibular secretory and sensory epithelia. Pathological features included low-density cytoplasm, cellular extrusions from cuticular plate, and morphological changes to the nucleus (condensed and swollen). These features are most likely indicative of irreversible damage.

Comparison between electrophysiological and histological data suggests that K + concentration (after 72 h exposure) is a more sensitive endpoint than tissue histology when assessing the toxicity of aromatic solvents. Indeed, no sign of histological injury was visible after exposure to ethylbenzene, and only discreet signs were detected after exposure to styrene for 72 h, while these solvents decreased the K + concentrations by 37 and 28%, respectively.

Interestingly, in [START_REF] Tallandier | Styrene alters potassium endolymphatic concentration in a model of cultured utricle explants[END_REF], "cysts" exposed to 1 mM styrene displayed the same histological damage and impact on K + levels as those exposed to 0.75 mM o-xylene here, with an exposure duration of 72 h in both cases. In summary, the "cyst" model provides a graded and selective response reflecting the vestibulotoxicity of aromatic solvents.

Thus, the K + measurements in "cysts" suggest that half of the six solvents tested could have vestibulotoxic properties. If we classify these aromatic solvents according to their vestibulotoxic potency, the following ranking is obtained: o-xylene is highly vestibulotoxic, styrene and ethylbenzene have moderate vestibulotoxic effects, and finally toluene, p-xylene and m-xylene are not vestibulotoxic (table 1).

As for cochleotoxicity, vestibulotoxicity is closely linked to the chemical formula of the aromatic solvent considered. However, based on our data we were unable to infer a possible mechanism. Nevertheless, we can attempt to relate the toxic effect to chemical properties of the different solvent species tested here. Aromatic solvents have been demonstrated to decrease Na/K-ATPase activities in primary cultures of rat astrocytes in a dose-dependent manner, and this effect was linked to their lipophilic properties (Vaalavirta and Tähti, 1995b).

However, the data presented here do not support this statement. Indeed, solvents with similar octanol/water partition coefficients (log K ow ) had very different effects on K + concentrations.

For instance, m-xylene and p-xylene did not affect K + concentration, whereas o-xylene and ethylbenzene strongly reduced it (table 1). Consequently, the lipophilic properties of the solvents cannot explain the extent of their vestibulotoxic effects.

An alternative possibility is that differences in the chemical structure of solvents, and in particular steric hindrance, could explain the differences in toxicity observed. For instance, the number of carbons on the side chain of the aromatic ring could play a role in the vestibulotoxic process. Indeed, ethylbenzene and styrene each have two carbons on their side chains, and generated significant variations in the K + concentration in the endolymph. To further study the link between the chemical structure of the solvent studied and its toxicity in the "cyst" model, it would be interesting to test other molecules, for example molecules with more carbon atoms in their side chains, such as with studies modelled on the comparison made by [START_REF] Gagnaire | Relative ototoxicity of 21 aromatic solvents[END_REF] in their in vivo study of the cochleotoxicity of 21 aromatic solvents.

Furthermore, with regard to the xylene isomers, the position of the two-methyl groups on the benzene ring appears to play a determinant role. The in vivo study of the cochleotoxicity of xylenes led to similar structure-function hypotheses [START_REF] Gagnaire | Ototoxicity in rats exposed to ortho-, metaand para-xylene vapours for 13 weeks[END_REF]2007;[START_REF] Gagnaire | Relative ototoxicity of 21 aromatic solvents[END_REF][START_REF] Maguin | Ototoxicity of the three xylene isomers in the rat[END_REF]. However, the results of these previous studies showed that p-xylene is more cochleotoxic than the o-xylene, which contrasts with the in vitro results presented here. Obviously, this apparent discrepancy could be explained by multiple factors, and it is inherently difficult to draw parallels between in vitro vestibulotoxicity and in vivo cochleotoxicity.

Similarly, studies of the ototoxicity of aminoglycosides, which are hydrophilic compounds, also noted discrepancies between vestibulotoxicity and cochleotoxicity [START_REF] Freeman | Objective method for differentiating between drug-induced vestibulotoxicity and cochleotoxicity[END_REF][START_REF] Kitasato | Comparative ototoxicity of ribostamycin, dactimicin, dibekacin, kanamycin, amikacin, tobramycin, gentamicin, sisomicin and netilmicin in the inner ear of guinea pigs[END_REF][START_REF] Nakashima | Vestibular and cochlear toxicity of aminoglycosides--a review[END_REF]. Thus, susceptibility would rather depend on the selective sensitivity of cochlear and vestibular cells, than on the route of intoxication within the inner ear. from the present study. The strength of the effects are classified as follows: "++" for strongly, "+" for moderate or "-" for non-active.

Conclusion

To our knowledge, this is the first study to focus on the impact of aromatic solvents on the vestibular receptor. Indeed, previous studies examining the effects of solvents on the vestibular system could not discriminate between central and peripheral effects. "Cysts" can be used to measure the endolymphatic K + concentration, which reflects the functionality of vestibular cells. In addition, variations in K + concentrations appear to be an earlier indicator than histological damage. Among the aromatic solvents tested in this study, the "cyst" model ranked the strength of the vestibulotoxicity as follows: o-xylene appears to be the most vestibulotoxic, whereas styrene and ethylbenzene are moderately vestibulotoxic, and toluene, p-xylene and m-xylene have no effect. It seems that molecular structure determines vestibulotoxicity. These first results encourage us to extend our study to other solvents with more complex structures, to establish the link between chemical structure and toxicity, and to undertake chronic in vivo studies to validate the predictive value of the "cyst" model.

Figure 1 .

 1 Figure 1. Time course of K + -ion sensitive microelectrode recording before, during and following penetration of cyst. A 7-DIV control cyst was used to represent the measurement progress over time. The y-axis represents the voltage read by the differential amplifier (mV) and the x-axis represents the time (seconds). The values 1 to 6 represent the microelectrode calibration with 6 different KCl solutions: 150 (1); 100 (2); 75 (3); 50 (4); 20 (5) and 10 mM (6). The voltage was recorded in medium culture before (7) and after (9) the impalement of the tip of the microelectrode in lumen of cyst (8). The electrical potential change was immediate once the microelectrode tip penetrated inside the lumen of cyst (8). The stabilization of the electrical signal took few seconds and the voltage was rapidly registered. The duration of the cyst measurement never exceeded 30 s. Once the microelectrode was remove from the cyst lumen, the electrical potential back up to initial level (9). The K + concentration was inferred using the calibration curve obtained from data of the 2 calibrations (before and after cyst measurement).

"

  Cysts" were exposed for 72 h to lower concentrations (0.25; 0.5 and 0.75 mM) of o-xylene, ethylbenzene and styrene (figure 3). A dose-dependent decrease in K + concentration were measured after o-xylene [F (3, 49) = 19.02; p < 0.001; figure 3.A], ethylbenzene [F (3, 49) = 5.94; p = 0.001; figure 3.B] and styrene [F (3, 46) = 4.38; p = 0.008; figure 3.C] exposure. As observed in figure 2, K + concentration decreased significantly compared to control group for "cysts" exposed to 0.75 mM of o-xylene, ethylbenzene or styrene. After exposure to o-xylene and ethylbenzene to 0.5 mM, K + concentration decreased significantly by 40% (from control level 79.2 ± 4.1 mM to 47.6 ± 11.3 mM; p = 0.002; figure 3.A) and 28% (from control level 79.2 ± 4.1 mM to 56.9 ± 8.1 mM; p = 0.023; figure 3.B), respectively. Exposure to 0.5 mM of styrene lead a decreasing trend of K + concentration (from control level 80.5 ± 4.4 mM to 65.0 ± 4.3 mM; p = 0.068; figure 3.C).

Figure 3 .

 3 Figure 3. o-Xylene, ethylbenzene and styrene cause a dose-dependent decrease of endolymphatic K + concentration in "cysts": "Cysts" were obtained from newborn rats (P2-P4) and K + concentrations were measured at 7 DIV. Utricle explants were exposed to varying concentrations (0.25; 0.5 and 0.75 mM) to o-xylene (A), ethylbenzene (B) or styrene (C) for 72 h. Control samples were maintained in sealed vials without solvents for 72 h. Each histogram represents the mean ± SEM and the number of samples used in each experiment is indicated at the bottom of each bar of the histogram. Asterisks highlight significant differences between solvent-exposed and control data (posthoc Dunnett: *p < 0.05; **p < 0.01 and ***p < 0.001). #: styrene data were previously published in

Figure 4 .Figure 5 .

 45 Figure 4. Lack of histological impact on "cysts" exposed to toluene, m-xylene, or p-xylene for 72 h. "Cysts" (7 DIV) obtained from P2-P4 newborn rats were observed under a light microscope after 72-h exposure to toluene, m-xylene, or p-xylene at 0.75 mM. Left panels show part of the secretory area, whereas right panels show part of the sensory epithelium. No distinguishing histopathological features were observed after exposure to toluene, m-xylene, or p-xylene exposure. Scale bar =

  (octanol / water partition coefficient) of each solvent tested in this study. Cochleotoxic properties of each solvent were taken from[START_REF] Gagnaire | Relative ototoxicity of 21 aromatic solvents[END_REF], and vestibulotoxic effects (K + variation and cellular damage) correspond to results
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