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a b s t r a c t 

The tail-lift reflex and the air-righting reflex in rats are anti-gravity reflexes that depend on vestibular 

function. To begin identifying their cellular basis, this study examined the relationship between reflex 

loss and the graded lesions caused in the vestibular sensory epithelia by varying doses of an ototoxic 

compound. After ototoxic exposure, we recorded these reflexes using high speed video. The movies were 

used to obtain objective measures of the reflexes: the minimum angle formed by the nose, the back of 

the neck and the base of the tail during the tail-lift maneuver and the time to right in the air-righting 

test. The vestibular sensory epithelia were then collected from the rats and used to estimate the loss of 

type I (HCI), type II (HCII) and all hair cells (HC) in both central and peripheral parts of the crista, utricle, 

and saccule. As expected, tail-lift angles decreased, and air-righting times increased, while the numbers of 

HCs remaining in the epithelia decreased in a dose-dependent manner. The results demonstrated greater 

sensitivity of HCI compared to HCII to the IDPN ototoxicity, as well as a relative resiliency of the saccule 

compared to the crista and utricle. Comparing the functional measures with the cell counts, we observed 

that loss of the tail-lift reflex associates better with HCI than with HCII loss. In contrast, most HCI in 

the crista and utricle were lost before air-righting times increased. These data suggest that these reflexes 

depend on the function of non-identical populations of vestibular HCs. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The vestibular system is the sensory system that encodes head 

ccelerations. As generated by gravity and movements of the body 

r the head alone, these accelerations can be linear or angular and 

f a wide diversity of magnitudes. The vestibular system allows 

or a precise encoding of this large variability of stimuli, thanks to 

he diversity of functional subsystems that it contains. These are 

ased on the existence of diverse end-organs, types of transducing 

ells, primary afferent terminals, and physiological properties of 

he primary neurons ( Baird et al., 1988 ; Desai et al., 2005a , 2005b ;

atock and Songer, 2011 ; Curthoys et al., 2017 ; Eatock, 2018 ). 

In mammals, each inner ear has five vestibular sensory epithe- 

ia, one crista in each of three semicircular canals, and two mac- 

lae in the utricle and saccule ( Fig. 1 A). In each of these end-

rgans, the cellular architecture defines two broad areas, that of 
∗ Corresponding autor. 
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he crista central zones and macular striolae, and that of the pe- 

ipheral zones ( Fig. 1 B). There are two types of sensory transduc- 

ng cells, known as hair cells (HCs). The type I HC (HCI) has an 

mphora-like shape, whereas the type II HC (HCII) is more cylin- 

rical in its upper part ( Fig. 1 C). HCs are presynaptic to terminals

f the afferent neurons of the vestibular ganglion. There are two 

ypes of terminals: calyx terminals encase HCI up to their neck, 

hereas HCII are contacted by standard bouton terminals. These 

wo types of terminals define three types of afferents: calyx-only 

fferents that exclusively form calyx terminals in the central zones 

f the epithelia, bouton-only afferents, and dimorphic afferents 

hat form both calyx terminals and bouton terminals. Physiolog- 

cally, afferents show diverse resting spike timing. Afferents with 

ighly regular timing are more abundant in the peripheral zones 

f the receptors, while afferents with more irregular spike timing 

oncentrate towards the central crista or the striola of the maculae. 

n stimulation, more regular or irregular afferents show, respec- 

ively, more tonic or transient responses. Thus, irregular afferents 

re calyx-only or dimorphic and regular afferents are dimorphic 

r bouton-only, so both HCI and HCII provide input to afferents of 
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Fig. 1. A. Schematic drawing of the mammalian inner ear, showing the five vestibular sensory epithelia, three cristae, the utricle and the saccule. B. In each vestibular 

epithelia a central zone (named striola for the utricle and saccule) can be differentiated from the peripheral zones by several histological and physiological criteria. Squares 

show the approximate size and location of the seven areas imaged for cell counting: crista center, crista periphery, utricle lateral periphery (external to the striola), utricle 

striola, utricle medial periphery (internal to the striola), saccule striola and saccule periphery. C. Cell types, afferent terminals and structural characteristics of the vestibular 

epithelium. The epithelium consists of type I hair cells (HCI), type II hair cells (HCII) and supporting cells (sc). Calyceal junctions characterize the contacts between the 

basolateral part of the HCIs and the facing membrane of the calyces encasing them, as represented by the cyan and red lines, respectively. HCII are contacted by bouton 

terminals. There are three types of afferents: dimorphic (DM), forming both calyx and bouton terminals, calyx-only (CO) and bouton-only (BO) afferents. Calyx-only afferents 

characterize the central/striola regions. The HCs contain pre-synaptic structures (seen as puncta when immuno-labeled) and the afferents contain post-synaptic densities 

(post-synaptic puncta). 
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iverse morphological and physiological properties. This arrange- 

ent greatly complicates the analysis of the roles played by the 

iverse zones and HC types in vestibular physiology ( Eatock, 2018 ). 

Vestibular information is used for a variety of purposes, includ- 

ng gaze stabilization, motor control and cognitive functions. The 

nderstanding of the precise role of each vestibular subsystem to 

ach function is far from being complete. This includes a limited 

nderstanding of the substrate underneath vestibular dysfunction 

ymptoms. To tackle these limitations, there is a need for a mul- 

iplicity of tests of vestibular function for which the anatomical, 

ellular, physiological, and molecular substrates are known, includ- 

ng the correspondence between human and animal measures. In 

linical settings, testing of vestibular function is increasingly per- 

ormed through the video head impulse test (vHIT) and assess- 

ent of the ocular and cervical vestibular-evoked myogenic poten- 

ials (oVEMP and cVEMP, respectively). All of these are measures 

f reflex responses elicited by fast stimuli. Thus, the vHIT test al- 

ows to individually testing the six semicircular canals of the pa- 

ient at high rotational accelerations that impede interference of 

he optokinetic reflex ( Halmagyi et al., 2017 ). In the case of VEMPs, 

vailable evidence indicates that they reflect mainly the function 

f afferents from the striolar zone of the utricle (oVEMPs) or the 

accule (cVEMPS) ( Curthoys et al., 2012 ; Corneil and Camp, 2018 ; 

urthoys et al., 2017 , 2018 ; Ono et al., 2020 ). 

In comparison to clinical tests, rodent tests of vestibular func- 

ion remain underdeveloped. The better developed test is the 

valuation of the vestibulo-ocular reflex (VOR), with most ex- 

mples involving mice stimulated with low angular velocities 

 Beraneck et al., 2012 ; De Jeu and De Zeeuw, 2012 ; Imai et al.,
2 
016 ). Another example is the recording of vestibular evoked po- 

ential responses to jerk stimuli in mice, recently shown to be de- 

ective in mice with compromised formation of the striolar/central 

ones ( Ono et al., 2020 ). We have recently described the use of 

igh-speed video recording to obtain objective and fully quantita- 

ive measures of two anti-gravitational reflexes in the rat, the tail- 

ift reflex, and the air righting reflex ( Martins-Lopes et al., 2019 ). 

he first of these tests evaluates the trunk extension reflex shown 

y rats when lifted by the tail, by measuring the minimum an- 

le formed by the nose, the back of the neck and the base of 

he tail during the lift maneuver. This reflex is lost in vestibular 

eficient animals, which show instead ventral curling, and there- 

ore reduced angles ( Hunt et al. 1987 ; Pellis et al., 1991 ). The sec-

nd test evaluates the righting-in-the-air response by measuring 

he time taken by the head of the rat to right after the animal 

s released in supine position in the air to fall on a foam cush- 

on. The role of vestibular input in this reflex is well documented 

 Pellis et al., 1989 ). Our previous study ( Martins-Lopes et al., 2019 )

emonstrated that the minimum tail-lift angle and the air-righting 

ime provide good measures of vestibular function loss following 

totoxic insults. In the present study, we study the relationship be- 

ween reflex loss and loss of sensory HCs in the vestibular epithe- 

ia following the ototoxic insult. To gain insight into the contribu- 

ion of the different HC types and epithelial zones to the reflexes, 

e separately estimated the loss of HCI, HCII and all HCs in cen- 

ral/striolar zones and peripheral zones of all three vestibular end- 

rgans. The results suggest that these two reflexes depend on non- 

dentical populations of HCs and that the tail-lift reflex is altered 

t earlier stages of HC loss than the air-righting reflex. 
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. Material and methods 

.1. Animals and treatments 

This study used three lots of male adult (8–9-week-old) Long- 

vans rats (n = 24, 25 and 24), obtained from Janvier Labs (Le- 

enest-Saint-Isle, France). The animals were housed in groups of 

wo or three in standard cages (215 × 465 × 145 mm) with wood 

havings as bedding. Housing conditions were a 12:12 h light:dark 

ycle (07: 30–19:30 h), a temperature of 22 °C ± 2 °C, and free ac- 

ess to food pellets (TEKLAD 2014, Harlan Laboratories, Sant Feliu 

e Codines, Spain). The rats were housed for acclimatization for 

ix days before starting the experiments. During experiments, the 

nimals were regularly weighed and evaluated for overall toxicity 

o limit suffering according to ethical criteria. The use of the ani- 

als was in accordance with EU Directive 2010/63, following Law 

/1995 and Act 214/1997 of the Generalitat de Catalunya, and Law 

/2013 and Act 53/2013 of the Gobierno de España. This included 

ompulsory approval by the Ethics Committee on Animal Experi- 

entation of the Universitat de Barcelona. 

HC loss was induced by exposure to 3,3 ′ -iminodipropionitrile 

IDPN), a well characterized ototoxic compound ( Crofton and 

nigth, 1991 ; Llorens et al., 1993 ; Llorens and Demêmes, 1994 ; 

rofton et al., 1994 ; Llorens and Rodríguez-Farré, 1997 ; Soler- 

artín et al., 2007 ; Wilkerson et al., 2018 ). IDPN ( > 98%, TCI Eu-

ope, Zwijndrecht, Belgium) was administered i.p. in 2 ml/kg of 

aline. The first lot of animals was used in an experiment in which 

ats were administered a single dose of 0 (Control group), 400 

IDPN 40 0), 60 0 (IDPN 60 0), or 10 0 0 (IDPN 10 0 0) mg/kg of IDPN

n = 6 / group). Behavioral and scanning electron microscopy data 

rom this experiment have been published elsewhere ( Martins- 

opes et al., 2019 ). For the present study, HC counts were obtained 

y immuno-fluorescent analysis from the second ear of these an- 

mals. In the second experiment, animals received 0, 450 (IDPN 

50), 50 0 (IDPN 50 0), 550 (IDPN 550), or 60 0 mg/kg of IDPN

n = 5/group). In the third experiment, rats were administered 

ith 0, 150 (IDPN 3 × 150), 175 (IDPN 3 × 175), or 200 (IDPN 

 × 200) mg/kg •day of IDPN for 3 consecutive days (n = 6/group). 

dministration of IDPN in three doses over three days has been 

eported to cause graded ototoxicity with limited systemic toxi- 

ity ( Crofton and Knight, 1991 ). The animals were evaluated for 

estibular function before exposure and at regular time-points af- 

er exposure for 13 weeks (experiment 1) or 4 weeks (experi- 

ents 2 and 3). The time-course data from experiment 1 ( Martins- 

opes et al., 2019 ) indicated a stability in the reflex deficits be- 

ween 4 and 13 weeks. Also, previous histological observations in- 

icate that additional HC loss is unlikely to occur beyond 3 weeks 

fter IDPN administration ( Llorens and Demêmes, 1994 ). The tail- 

ift reflex was assessed in the three lots of animals and the air- 

ighting reflex was assessed only in experiments 1 and 3. 

At the end of the experimental periods, rats were given an over- 

ose of anesthesia and decapitated for the purpose of isolating the 

estibular sensory epithelia. The temporal bones were immersed 

n cold fixative and immediately dissected under a fume hood. 

he first inner ear of animals in the first experiment was used 

or scanning electron microscopy as published elsewhere ( Martins- 

opes et al., 2019 ). The other inner ears were collected for the 

resent study. 

.2. Assessment of vestibular reflexes 

The tail-lift reflex and the air-righting reflex were as- 

essed using high-speed video recording as described ( Martins- 

opes et al, 2019 ; Maroto et al., 2021 ). Briefly, in the tail-lift re-

ex test, the rat is grasped by the base of the tail, gently lifted to

pproximately 40 cm, and then lowered down to the starting point 
3 
see Supplementary movies A and B for the tail-lift reflex in control 

nd vestibular deficient rats). To facilitate image tracking, a white 

arble is placed in the back of the neck of the rat with a rub-

er band collar and the test is done in front of a red background. 

n the air-righting reflex test, the experimenter holds the rat with 

he two hands in a supine position at approximately 40 cm of 

eight and suddenly releases it to fall on a foam cushion (see Sup- 

lementary movies C and D for the air-righting reflex in control 

nd vestibular deficient rats). The reflex behaviors were recorded 

t 240 frames per second with a Casio Exilim ZR700 or a GoPro 

ero 5 camera. Using the free software Kinovea ( www.kinovea.org ) 

or video tracking, we obtained the coordinates of the nose, back 

f the neck and base of the tail at a 1/240 s frequency during the

ail-lift maneuver, and the time from the release of the animal un- 

il it fully righted its head in the air-righting reflex test. A script in 

 programming language was then used to calculate the minimum 

ngle from the nose-neck-tail coordinates during the tail-lift test 

 Martins-Lopes et al., 2019 ). 

.3. Immunohistochemistry 

The following primary antibodies were used: rabbit anti-Myosin 

IIa (Myo7a) from Proteus Biosciences (cat. # 25–6790), rab- 

it anti-tenascin from Millipore (cat. # AB19013), rabbit anti- 

ncomodulin from Swant (cat. # OMG4), guinea pig anti-calretinin 

rom Synaptic Systems (cat. # 214–104), mouse anti-Myo7a 

clone 138-1-s, IgG1, supernatant) from Developmental Studies Hy- 

ridoma Bank, mouse anti-CtBP2/Ribeye (clone 16/CtBP2, IgG1, cat. 

 612044) from BD Biosciences, mouse anti-contactin-associated 

rotein (Caspr1) (clone K65/35, IgG1, cat. # 75–001) and anti- 

SD95 (clone K28/43, IgG2a, cat# 75–028) from Neuromab. We 

sed the following secondary antibodies conjugated with Alexa 

luor fluorochromes: 488 goat anti-guinea-pig IgG H + L (catalog 

A11073, Invitrogen/Thermo Fisher), 555 donkey anti-rabbit IgGs 

 + L (#A-31572), 555 goat anti-mouse IgG2a (#A21137), 647 goat 

nti-mouse IgG1 (#A21240) and 654 donkey anti-mouse IgG H + L 

catalog #A-21202). We also used the DyLight 405 donkey anti- 

abbit IgG H + L (catalog #711-475-152, Jackson Immuno Research). 

he nuclear stain 4 ′ ,6-diamidino-2-phenylindole (DAPI) was ob- 

ained from Sigma. 

Vestibular epithelia were dissected in cold 4 % freshly depoly- 

erized paraformaldehyde in phosphate buffered saline (PBS). Af- 

er dissection, the tissues were fixed for 1 h in the same fixative, 

ransferred to a cryo protective solution (34.5% glycerol, 30% ethy- 

ene glycol, 20% PBS, 15.5% distilled water) and stored at −20 °C 

ntil further processing. For immunolabeling, we followed the pro- 

ocol by Lysakowski et al. (2011) . For most animals, one horizontal 

rista, one utricle and one saccule were processed. Briefly, samples 

ere placed at room temperature, rinsed, permeabilized with 4% 

riton X-100 in PBS (1 h) and blocked with 1% of fish gelatin in 

BS containing 0,5% Triton X-100 (1 h). Primary antibodies were 

ncubated in 0.1% Triton X-100 and 1% fish gelatin in PBS for 24 h 

t 4 °C. Samples from all animals were immunolabeled with rab- 

it anti-Myo7a (1/400), mouse anti-Caspr1 (1/400) and guinea-pig 

nti-calretinin (1/500). Samples from the second ear of selected 

nimals were also immunolabeled with mouse anti-Myo7a (1/100), 

abbit anti-tenascin (1/200), rabbit anti-oncomodulin (1/400), and 

uinea-pig anti-calretinin (1/500). To assess synaptic puncta, we 

ombined the rabbit anti-Myo7a and the guinea pig anti-calretinin 

ith the mouse IgG1 anti-CtBP2/Ribeye and mouse IgG2a anti- 

SD95 antibodies to label one anterior or posterior crista. Available 

ata suggest that all three cristae are similarly affected by IDPN 

 Llorens et al., 1993 ; Llorens and Demêmes, 1994 ; Seoane et al.,

001a ). Secondary antibodies were incubated in the dark using 

he same buffer and conditions used with the primary antibodies. 

pecimens were thoroughly rinsed with PBS after each incubation 

http://www.kinovea.org
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Fig. 2. Effects of the vestibular toxicity of IDPN on the tail-lift and air-righting reflexes. (A-C) Mean ± SE minimum nose-neck-base of the tail angles displayed by the rats 

when lifted by the tail and lowered back.). (D) Schematic drawing of the tail-lift angle as obtained from a rat suffering a deep loss of vestibular function. (E-F) Mean ± SE 

air-righting times displayed by the rats when dropped in supine position from approximately 40 cm above a foam cushion. The data are average values from days 21 to 91 

after exposure (A and E, 0–10 0 0 mg/kg, one dose, n = 6/group) or days 21 to 28 after exposure (B and F, 0–200 mg/kg •day, for 3 consecutive days, n = 6/group; and C, 

0–600 mg/kg, one dose, n = 5/group). (G) Relationship between individual values of the tail-lift angle and the time to right in the animals whose group values are shown 

in panels A, B, E and F. ∗: p < 0.05, significantly different from control group, Duncan’s test after significant ANOVA. 
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eriod. When only three primary antibodies had been used, an in- 

ubation of 15 min with DAPI (1/10 0 0) in PBS was intercalated 

mong the final rinses. To assess synaptic contacts, the labelled 

pecimens were included in a bloc of gelatin/albumin as described 

 Sedó-Cabezón et al., 2015 ) and sectioned at 40 μm in a vibrat-

ng blade microtome (Leica VT10 0 0S). The whole epithelia or the 

pithelial sections were finally mounted in Mowiol medium. 

.4. Confocal microscopy, HC counts and synaptic counts 

Vestibular epithelia were visualized in a Zeiss LSM880 spec- 

ral confocal microscope using a 63 × (NA: 1.4) objective. Z-stacks 

f optical sections 0, 5 μm thick (for HC counts) or 0,3 μm thick

for synaptic counts) were obtained spanning the whole sensory 

pithelium. HC counts were obtained for images from one cen- 

ral/striolar region and one (crista and saccule) or two (utricle) 

eripheral regions. The imaged regions were selected by cyto- 

rchitectonic criteria when available (presence of calretinin + ca- 

yces or oncomodulin + HCs) or by approximate localization (as 

hown in Fig. 1 B) when these had been lost due to the IDPN treat-

ent. In the utricle, separate counts were obtained from the pe- 

ipheral regions at the external (lateral) and internal (medial) sides 

o the striola. The obtained thick 3D images were processed with 

he blend option of the Imaris image processing software (Bit- 

lane), and the resulting filtered images used for cell counts using 

he Image J software (National Institute of Mental Health, Bethesda, 

aryland, USA). 

The first immunolabeling combination was used to obtain es- 

imates of the numbers of HCs, HCIs and HCII. First, all HCs were 

dentified by the cytoplasmic labeling of the anti-Myo7a antibody 

 Hasson et al., 1997 ). Second, the Caspr1 label of the calyceal junc-

ions of the calyces was used to count HCIs ( Sousa et al., 2009 ;
4 
ysakowski et al., 2011 ). As argued in the Discussion section below, 

his label provided a reliable identification of HCIs in the present 

odel, in which HCs either degenerate or survive the toxic insult. 

hird, we counted cells with overlapping calretinin and Myo7a cy- 

oplasmic label as HCIIs ( Dechesne et al., 1991 ). The calretinin la- 

el of calyx-only afferents in the central areas of the receptors 

s clearly distinguished from that of HCIIs ( Desmadryl and Dech- 

sne, 1992 ). Cell counts per stack were obtained manually because 

e failed to obtain reliable counts using the segmentation func- 

ions of the programs used for image processing. Cells transected 

y the borders of the frame were not counted. As the three counts 

ere obtained using separate images obtained by different com- 

inations of color channels from the same stack, sums of HCI and 

CII counts were not identical to all HC counts. In selected animals 

rom the second and third lots, a second combination was used 

hat included the anti-oncomodulin antibody as marker to promi- 

ently delineate the central zone of the receptors ( Hoffman et al., 

018 ). With this combination, HCI from peripheral zones of the 

eceptors were identified by the tenascin expression at the ca- 

yceal junctions ( Lysakowski et al., 2011 ). In the synaptic study, 

e counted numbers of pre-synaptic (ribeye) and post-synaptic 

PSD-95) puncta on HCII defined by the co-labelling with the anti- 

yo7a and anti-calretinin antibodies ( Sedó-Cabezón et al., 2015 ; 

reguske et al., 2019 ). 

.5. Statistics 

Data are shown as mean + /- SE per dose group. Group com- 

arisons were performed using one-way ANOVA followed by Dun- 

an’s post-hoc tests. To evaluate the relationship between histol- 

gy counts and behavioral data, two limit values were set to define 

ail-lift angles and air-righting times corresponding to normal, al- 
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Fig. 3. Effect of ototoxic exposure on the density of sensory hair cells (HCs) in the 

vestibular epithelia. The example images correspond to the medial part of the utri- 

cle, peripheral to the striola. Type I HCs (HCI) are revealed by the Caspr + label on 

the inner membrane of the calyx (green). Type II HCs (HCII) show no Caspr + la- 

bel but are Myo7a + (red) and calretinin + (white). Nuclei were labeled with DAPI 

(blue). Images shown here are stack projections optimized to provide an overall 

sense of HC density, not an accurate identification of the cell types. Cells that seem 

to be Myo7a + , Caspr- and calretinin- may be HCII that express calretinin at low 

levels or HCI with their calyceal junction in planes not included in the image, and 

Caspr1 + calyces with no visible Myo7a + are HCI cells with suboptimal red mark 

in this particular image. Also, HC superposition may generate apparent calretinin 

label in Caspr1 + cells. For cell counts, color channels were split as shown in Fig. 4 . 

(A) Normal density of cells in a control rat. (B) Control-like appearance was found 

in most rats receiving the lowest dose of IDPN (400 mg/kg). (C) Overt loss of HCI 

and HCII in a utricle of a rat dosed with 500 mg/kg of IDPN. (D) Complete loss of 

HCI and nearly complete loss of HCII in a rat dosed with 600 mg/kg of IDPN. Scale 

bars = 30 μm. 
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ered and absent vestibular function, as explained in the Results 

ection. Then, cell counts from the three groups of animals de- 

ned by these limit values of angle or time were compared by 

ruskal-Wallis ANOVA followed by pairwise Dunn-Bonferroni pots- 

oc comparisons. Because IDPN10 0 0 animals showed a complete 

oss of HCs in all epithelia and zones, this group was excluded 

rom these analyses. Student’s t-test was used to compare synaptic 

ount data between samples from control and treated animals. All 

nalyses were done with the IBM SPSS 25 program package. 

. Results 

.1. Effects of IDPN ototoxicity on anti-gravity reflexes 

Rats exposed to IDPN showed effects on body weight, spon- 

aneous behavior, tail-lift reflex, and air-righting reflex in ac- 

ordance with previous observations ( Crofton and Knight, 1991 ; 

lorens et al., 1993 ; Martins-Lopes et al., 2019 ). Body weight loss 

as transient, and animals returned to weight increase by one 

eek after IDPN administration. The first experiment included rats 

xposed to 0, 400, 600 and 1000 mg/kg of IDPN and recorded 

ose- and time-dependent effects on the vestibular reflexes, as 

reviously published ( Martins-Lopes et al., 2019 ). The findings for 

he tail-lift reflex were confirmed and extended in experiments 2, 

n which rats received 0, 400, 450, 500, 550 or 600 mg/kg of IDPN, 

nd 3, in which animals were dosed over 3 consecutive days at 

, 3 × 150, 3 × 175, or 3 × 200 mg/kg •day (Supplementary Fig. 

1). To obtain a single measure of the final effect of the ototoxic 

reatment on this reflex, we averaged the tail-lift angles from day 

1 to the end of the experiment at days 28 (experiments 2 and 

) or 91 (experiment 1), as shown in Fig. 2 A-C. The ventral curl- 

ng of the vestibular-deficient rats results in low angles ( Fig. 2 D). 

NOVA analysis of the averaged tail-lift angles for experiments 1, 

, and 3 resulted, respectively, in F[3, 20] = 189.3 ( p = 0.0 0 0), F[4,

0] = 7.296 ( p = 0.001), and F [3, 17] = 13.44 ( p = 0.000). 

In agreement with the previous data on the effects of IDPN on 

he air-righting reflex (experiment 1, Martins-Lopes et al., 2019 ), 

 3-day exposure to IDPN (experiment 3) was found to cause an 

mpairment in performance resulting in dose- and time-dependent 

ncreases in air-righting times (Supplementary Fig. 2). Fig. 2 E-F 

how the average air-righting times from day 21 to the end of the 

xperiment for experiments 1 and 3. ANOVA analysis of these av- 

raged times resulted in F[3, 20] = 76.15 ( p = 0.0 0 0), and F [3,

7] = 7.705 ( p = 0.002), respectively. 

Figure 2 G shows the relationship between the tail-lift angles 

nd the air-righting times obtained in individual animals. All con- 

rol animals had average tail-lift angles above 120 degrees and av- 

rage air-righting times below 170 ms, so these values were se- 

ected as limits to differentiate normal versus abnormal average 

esponses in subsequent analyses. The high IDPN10 0 0 dose group 

howed average tail-lift angles below 70 degrees and air-righting 

imes above 350 ms. These values defined a second set of limits 

or responses corresponding to an absence of vestibular input, be- 

ause the IDPN10 0 0 animals displayed a complete loss of HCs (see 

elow). The dose-dependent effect of IDPN on each of the two re- 

exes was different and tail-lift angles decreased at doses below 

hose at which air-righting times increased. Thus, four of the six 

nimals in the IDPN3 × 150 group had angles in the 70–120 range, 

elow the normal range, while their air-righting times were in the 

ormal range (below 170 ms). Taking all animals into account, only 

 out of 69 rats had tail-lift angles between 70 and 120 degrees, so 

 majority of the animals in the study could be classified as having 

ither a normal or an absent reflex, and less than 10 % showed a 

maller than normal but present response. In the air-righting re- 

ex, we found 14 out of 44 rats with air-righting times between 
5 
70 and 350 ms, that is, a 30 % of animals with a slower than nor-

al but present reflex. 

.2. Dose-, epithelial zone-, and type-dependent loss of HCs after 

DPN exposure 

The vestibular sensory epithelia of control rats ( Figs. 3–4 ) 

howed the expected high density of HCs (Myo7a + ), including 

CI (identified by the Caspr + calyx around the basolateral end of 

he Myo7a + cytoplasm) and HCII (with cytoplasmic calretinin and 

yo7a co-labeling and no calyx). In the macular striola and central 

rista zones, most of the HCIs were contacted by calyx-only affer- 

nt terminals expressing calretinin. The shape of this calretinin la- 

el was very different from, and therefore not confused with, the 

ytoplasmic label of calretinin in HCII, which co-localizes with the 

yo7a label. 

IDPN caused a dose-dependent loss of HCs as observed in pre- 

ious studies ( Llorens et al., 1993 ; Llorens and Demêmes, 1994 ; 

artins-Lopes et al., 2019 ). The time course of the HC degenera- 

ion induced by acute or sub-acute IDPN has been well character- 

zed, occurs mostly within one week after dosing, is completed by 

hree weeks and does not progress after this time ( Llorens et al., 

993 ; Llorens and Demêmes, 1994 ; Seoane et al., 2001a ). There- 

ore, the data collected represent the final outcome of the toxic le- 

ion. While most of the samples from IDPN400 animals showed a 
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Fig. 4. Differences in the loss of type I hair cells (HCI), type II hair cells (HCII), and all hair cells (HC) after exposure to the ototoxic compound, IDPN, as a function of the 

dose (400 to 1000 mg/kg, see legend), zone (central/striola vs periphery) and end-organ (utricle, crista, and saccule). The images in the left column show the use of the 

Caspr1 (green) and Myo7a (red) label to identify HCI, use of the Calretinin (white) and Myo7a (red) label to identify HCII and the use of Myo7a (red) label to identify all HCs. 

Nuclei in blue were labelled with DAPI. Scale bars = 10 μm. Bar graphs show superposed HCI and HCII counts (X ±SE) according to end-organ, region within it and IDPN 

dose. The line show mean All HC counts. Error bars for All HCs are not included for clarity. The sum HCI + HCII and All HCs are not identical in all cases because the values 

correspond to counts obtained from separate images. Numbers below the bars indicate numbers of animals. #, ∗ , + : p < 0.05, significantly different from control group for 

HCII, HCI, and All HC, respectively, by Duncan’s test after significant ANOVA. Note that loss of HCI starts at low doses of IDPN, while these low doses have no effect on HCII 

counts, particularly in the saccule. 
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ontrol-like overall appearance ( Fig. 3 B), vestibular epithelia from 

DPN10 0 0 animals showed no HCs, except for a few sparse HCII 

emaining in the saccule of 2 of the 6 animals. Therefore, motor 

esponses recorded in the IDPN10 0 0 animals correspond to those 

ndependent of vestibular input. Other dose groups showed inter- 

ediate degrees of HC loss that varied as a function of HC type, 

eceptor, and zone ( Fig. 3 C, D). For a quantitative analysis of these

ifferences, counts of HCI (Caspr + ), HCII (calretinin + ) and all HCs 
6 
Myo7a + ) were obtained from all the animals in the three behav- 

oral experiments in seven different fields of observation: striola 

f the utricle, external extra-striola (lateral periphery) of the utri- 

le, internal extra-striola (medial periphery) of the utricle, central 

rista, peripheral crista, striola of the saccule, and periphery of the 

accule. The histological data of animals from the three behav- 

oral experiments were analyzed as a single experiment as shown 

n compact format in fig. 4 and type-by-type in Supplementary 
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igures S3-S5. Significant effects of IDPN were observed in all 21 

NOVA comparisons (all F[9, 53-59] > 7.98, p’s = 0.0 0 0), but dif-

erent dose response relationships were evident in different zones 

nd cell type. For instance, a total loss of HCI was recorded in the 

entral and peripheral crista of IDPN600 animals, while compari- 

on of this group with the Control group in the saccular periph- 

ry revealed a 50 % of survival of HCIs and no significant effect on 

CII counts ( Fig. 4 ). As another example, the fact that HCII counts

n the saccular periphery were only reduced after the highest dose 

10 0 0 mg/kg) of IDPN clearly differed from the significant 33% de- 

rease in HCI recorded already at the lowest one (400 mg/kg) in 

he striola of the utricle ( Fig. 4 ). Fig. 4 also shows that we recorded

ounts of all HCs somewhat lower than the sum of HCI and HCII 

ounts in the crista and utricles of Control rats and in the crista 

enter and utricle peripheries of IDPN400 rats. In contrast, counts 

f all HCs higher than HCI + HCII counts were recorded in the sac- 

ular striola and periphery of several treatment groups, as well as 

n the crista of IDPN3 × 150 rats. 

The numbers of HCs of each type and in each epithelial zone 

ere estimated using a second antibody combination with sam- 

les from the second ear of the rats in the second and third ex- 

eriment. In this combination, oncomodulin delineates the cen- 

ral/striola zone of the receptors. The data gathered (see supple- 

entary material Fig. S6-S8), provided a confirmatory replicate of 

he different dose-response relationships that characterize different 

ones and cell types. 

.3. Relationship between HC loss and deficits in anti-gravity reflexes 

As a first approximation to identify the cellular basis of the tail- 

ift reflex and the air-righting reflex, we plotted the HC counts by 

ype of cell, epithelium and zone against the quantitative measures 

f the reflexes. As shown in Figs. 5–10 , the expected overall ba- 

ic pattern was recorded: different doses of the ototoxic compound 

aused varying degrees of HC loss and in parallel decreases in tail- 

ift angles and increases in air-righting times were recorded. How- 

ver, the relationship between the cell count and behavioral effect 

aried as a function of the cell type, end-organ and epithelial zone 

onsidered. The IDPN10 0 0 rats were excluded for statistical anal- 

ses of these relationships because they showed no HC remaining 

n any of the vestibular epithelia. 

As shown in Fig. 5 , low tail-lift angles associated with low num- 

ers of HCI counts in all epithelia and zones. In all cases, statisti- 

ally significant differences were found among HCI numbers from 

nimals showing high (above 120 degrees, normal), medium (be- 

ween 120 and 70 degrees, reduced vestibular function) or low 

below this limit value, absent function) angles. In pair-wise com- 

arisons, significant differences were found between animals with 

igh and low angles in all epithelia and zones. HCI counts in the 

rista center and periphery were significantly lower in the medium 

han in the high angle animals, whereas significant differences 

ere recorded between the medium and low angle animals in the 

tricle medial periphery and the saccule periphery. In contrast, 

 significant decrease in HCII counts ( Fig. 6 ) was recorded in all

rista and utricle zones to occur between medium and low angle 

nimals, not between high and medium angle animals. In the sac- 

ule, an apparent increase in HCII occurred in medium angle com- 

ared to high angle animals, but no difference was found between 

igh and low angle animals. With the exception of the IDPN10 0 0 

nimals, which had been excluded from the statistical analyses, 

any treated animals showed a complete loss of the tail-lift exten- 

ion reflex while still retaining a control-like density of HCII in the 

accule. When all (Myo7a + ) HCs were considered, significant dif- 

erences were recorded in all epithelia and zones between animals 

ith angles above the 120 limit and those with angles below the 

0 degrees limit. No significant differences were recorded between 
7 
edium and high angle animals, while significant differences oc- 

urred in the utricle and saccule regions between medium and low 

ngle animals. 

The relationship between air-righting times and HCI counts are 

hown in Fig. 8 . For all epithelia and zones, the groups of ani-

als with times greater than the 170 and 350 ms limit values had 

ignificantly lower numbers of HCIs than the rats showing times 

ithin the normal range. However, the group of animals with 

ir-righting times within the normal range included animals with 

rankly reduced numbers of HCI in the crista and utricle. For HCII 

 Fig. 9 ), statistically significant differences were found between low 

nd medium and between low and high times in the crista cen- 

er, crista periphery, utricle striola and utricle lateral periphery, 

ut not for utricle medial periphery or saccular striola and pe- 

iphery. Significant count differences were found for all (Myo7a + ) 

Cs ( Fig. 10 ) between low and medium and between low and 

igh times in all epithelia and zones except for the saccular 

eriphery. 

The relationships between the behavioral and histological data 

ere also examined using the second series of immunochemi- 

al labels. These labels offered a more precise localization of the 

triola/center regions of the epithelia, but a smaller number of 

amples were available for analysis. As shown in Supplementary 

ig. S9 to S14, the results obtained with this second combina- 

ion of antibodies were similar to those obtained with the first 

ombination. 

.4. Synaptic puncta numbers in surviving HCII 

The comparisons of cell numbers shown above clearly indi- 

ated that HCI are more sensitive to IDPN toxicity than HCII. How- 

ver, surviving cells may have partially or totally lost function 

 Hirvonen et al., 2005 ). Recent research has shown that synaptic 

ncoupling is one of the causes of functional loss before HC loss 

ecomes evident ( Sedó-Cabezón et al., 2015 ; Sultemeier and Hoff- 

an, 2017 ; Cassel et al., 2019 ; Greguske et al., 2019 ). To evalu-

te the possibility that surviving HCII were suffering synaptic un- 

oupling, we assessed pre- and post-synaptic puncta numbers in 

ristae of animals selected to be representative of the different 

egrees of behavioral dysfunction. The results obtained ( Fig. 11 ) 

id not support that surviving HCII were suffering synaptic uncou- 

ling. Thus, the number of pre-synaptic Ribeye puncta and of the 

ost-synaptic PSD95 puncta were similar in HCII of control and 

DPN-treated animals. Student’s test t values were 0.138 for rib- 

ye puncta and 0.403 for PSD95 puncta, both p > 0.05 (20 d.o.f.). 

lso, no significant differences were found for numbers of ribeye 

r PSD95 puncta per HCII cell among groups of rats with high, 

edium, or low tail-lift angles, or among rats with low, medium, 

r high air-righting times. 

. Discussion 

The vestibular system is stimulated by accelerations that largely 

ary in frequency and intensity. These diverse stimuli are encoded 

o be used in a large variety of reflex behaviors and motor con- 

rol functions, as well as cognitive functions. The identification of 

he cellular basis of each vestibular function will contribute to our 

nderstanding of the biological roles of this system and contribute 

o our ability to confront vestibular deficits and diseases. In the 

resent work, we have used a clinically relevant approach, expo- 

ure to an ototoxic compound, to cause diverse degrees of damage 

n the vestibular sensory epithelia, and to evaluate the relation- 

hip between the degree of damage and the functional loss in two 

estibular reflexes in the rat. The results further support our con- 

lusion that the tail-lift reflex and the air-righting reflex provide 
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Fig. 5. Relationship between HCI loss and tail-lift angle decrease after exposure to a variety of doses of the ototoxic compound, IDPN, as a function of the zone (central/striola 

vs periphery) and end-organ (utricle, crista and saccule). Individual data shown here correspond to those shown as group means in Fig. 2 A-C (angles) and Fig. 4 (HCI counts). 

On each panel, the vertical dashed lines indicate the limit of normal angles (120 degrees, defined by the Control group) and angles in complete absence of vestibular function 

(70 degrees, defined by the IDPN10 0 0 group). These limit values classified rats into three groups with high, medium and low angles. The p value in each panel indicates 

statistical significance in HCI counts among these three groups of rats, after exclusion of the IDPN10 0 0 animals. Double-headed arrows denote significance ( p < 0.05) of the 

post-hoc pair-wise comparisons. 
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 useful quantitative measure of vestibular dysfunction ( Martins- 

opes et al., 2019 ). Although the ototoxic treatment caused body 

eight loss, this side effect was transient and unlikely to affect the 

eflex measures. 

HC counts were obtained from epithelia immunolabeled with 

ntibodies against Caspr1 to mark HCI, calretinin to mark HCII, 

nd Myo7a to mark all HCs. Myo7a is a well-known and widely 

sed HC marker ( Pujol et al., 2014 ). Caspr1 is not a marker of

CIs but can be used for this purpose because it labels the post- 

ynaptic membrane in the inner side of the calyces ( Sousa et al., 

009 ; Lysakowski et al., 2011 ; Sedó-Cabezón et al., 2015 ). In pre-

ious studies, we have shown that this protein can be reversibly 

own-regulated during chronic IDPN toxicity, an exposure model 
8 
n which HC detachment from the afferent terminals and synap- 

ic uncoupling precedes HC degeneration ( Sedó-Cabezón et al., 

015 ; Greguske et al., 2019 ). However, acute or sub-acute IDPN ex- 

osure causes irreversible HC degeneration ( Llorens et al., 1994 ; 

eoane et al., 2001a , b ) and the stability of the behavioral effect 

ecorded here matches this HC loss, not a reversible loss of Caspr1. 

ther ototoxicity models have been reported to cause persistent 

alyx damage despite enduring presence of the corresponding HCI 

 Hirvonen et al., 2005 ; Sultemeier and Hoffman, 2017 ). In the 

resent study, any HCI remaining in the epithelium after loss of 

ts Caspr1 + calyx would have been counted as HCs (Myo7a + ), but 

either as HCI, nor as HCII. We hypothesize that these were not 

roviding physiologically useful signals to the vestibular pathway, 
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Fig. 6. Relationship between HCII loss and tail-lift angle decrease after exposure to a variety of doses of the ototoxic compound, IDPN, as a function of the zone (cen- 

tral/striola vs periphery) and end-organ (utricle, crista and saccule). Individual data shown here correspond to those shown as group means in Fig. 2 A-C (angles) and 

Fig. 4 (HCII counts). On each panel, the vertical dashed lines indicate the limits of normal angles (120 degrees, defined by the Control group) and angles in complete ab- 

sence of vestibular function (70 degrees, defined by the IDPN10 0 0 group). These limit values classified rats into three groups with high, medium and low angles. The p 

value in each panel indicates statistical significance in HCII counts among these three groups of rats, after exclusion of the IDPN10 0 0 animals. Double-headed arrows denote 

significance ( p < 0.05) of the post-hoc pair-wise comparisons. In the saccule periphery and striola, HCII counts in medium angle animals were higher than in high angle 

animals. 
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s illustrated by the chronic toxicity model ( Sedó-Cabezón et al., 

015 ; Greguske et al., 2019 ). HCII counts were obtained using the 

alcium binding protein, calretinin, as marker. In the rat, the ex- 

ression of calretinin has been reported to occur in 5–10 % of HCI, 

nd from 20 % in cristae to 80 % in peripheral utricle of HCIIs

 Desai et al., 2005a , b ). In our specimens, we observed that lev-

ls of calretinin may vary largely, and this may have caused loss 

f some of these cells during segmentation of the images, causing 

 reduction in the estimated number of HCIIs. This may account 

t least in part, for the larger HCI/HCII ratios found in the present 

tudy in comparison to previous ( Desai et al., 2005 a , b ) studies.

egarding the smaller number of all HCs compared to HCI + HCII in 

ome crista and utricle counts from Control and IDPN400 animals, 
9 
 likely explanation is the underestimation of Myo7a + cells due to 

he difficulties in discerning cells in very densely packed epithelia 

rom untreated epithelia. 

Because of the known difficulty in causing vestibular HC loss 

n rats with the most clinically relevant ototoxins, the aminogly- 

oside antibiotics ( Granados and Meza, 2005 ), we used an ex- 

erimental ototoxin whose effects show many similarities with 

hose of the aminoglycosides. These include the progression of 

he damage in epithelium- and zone-dependent manners. Start- 

ng with the pioneering work by Lindeman (1969) , the literature 

ontains many references, including ours on IDPN ( Llorens et al., 

993 ; Llorens and Demêmes, 1994 ), stating that HCI are more sen- 

itive to ototoxic-induced degeneration than HCII, and that the sus- 
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Fig. 7. Relationship between all HC loss and tail-lift angle decrease after exposure to a variety of doses of the ototoxic compound, IDPN, as a function of the zone (cen- 

tral/striola vs periphery) and end-organ (utricle, crista and saccule). Individual data shown here correspond to those shown as group means in Fig. 2 A-C (angles) and Fig. 4 (all 

HC counts). On each panel, the vertical dashed lines indicate the limits of normal angles (120 degrees, defined by the Control group) and angles in complete absence of 

vestibular function (70 degrees, defined by the IDPN10 0 0 group). These limit values classified rats into three groups with high, medium and low angles. The p value in each 

panel indicates statistical significance among these three groups of rats, after exclusion of the IDPN10 0 0 animals. Double-headed arrows denote significance ( p < 0.05) of 

the post-hoc pair-wise comparisons. 
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eptibility progresses in a crista > utricle > saccule order and 

rom the central zones to the periphery of the receptors. How- 

ver, surprisingly few studies have provided quantitative assess- 

ent of these differences ( Lopez et al., 1997 ; Nakayama et al., 

996 ; Hirvonen et al., 2005 ). In the present study, the data clearly 

emonstrated the higher susceptibility of HCI compared to HCII to 

DPN ototoxicity, and the relative resistance of the saccule to this 

ffect. In contrast, we found no clear differences in susceptibility 

o the ototoxic damage between the crista and the utricle or be- 

ween the central and peripheral regions. In any case, the greater 

esistance of HCII and the saccule to ototoxic damage observed 

ere likely relates to the differential susceptibility known to oc- 

ur in the auditory system. Thus, in the cochlea, inner HCs are 
10 
ore resistant than outer HCs to aminoglycoside and cisplatin tox- 

city, and the susceptibility decreases progressively from the basal 

o the apical ends, resulting in the characteristic clinical deficits 

n frequency discrimination and high frequency hearing. The pre- 

ise basis of these differences is not established but is believed 

o result from intrinsic biochemical and physiological differences 

mong HCs ( Lee et al., 2013 ; Fettiplace and Nam, 2019 ). 

Increasing the doses of the toxic compound administered to the 

nimal expectedly resulted in more extensive damage and deeper 

unctional loss. The data allowed choosing limit values for nor- 

al responses, as defined by the behavior of control rats. In addi- 

ion, comparison of histological and behavioral data allowed defin- 

ng the responses corresponding to absence of vestibular input, 
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Fig. 8. Relationship between HCI loss and air-righting time increase after exposure to a variety of doses of the ototoxic compound, IDPN, as a function of the zone (cen- 

tral/striola vs periphery) and end-organ (utricle, crista and saccule). Individual data shown here correspond to those shown as group means in Fig. 2 E-F (times) and Fig. 4 (HCI 

counts). On each panel, the vertical dashed lines indicate the limits of normal times (170 ms, defined by the Control group) and times in complete absence of vestibular 

function (350 ms, defined by the IDPN10 0 0 group). These limit values classified rats into three groups with low, medium and high times. The p value in each panel indicates 

statistical significance among these three groups of rats, after exclusion of the IDPN10 0 0 animals. Double-headed arrows denote significance ( p < 0.05) of the post-hoc 

pair-wise comparisons. 
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ecause the IDPN10 0 0 animals had virtually no HCs remaining. 

 striking outcome of the study was the low proportion of ani- 

als that showed responses intermediate between those of nor- 

al and absent vestibular input. This sharp transition between nor- 

al and totally abnormal responses was more marked in the tail- 

ift than in the air-righting reflexes, but in both cases undermined 

he power of the statistical analyses. For both reflexes, many an- 

mals showed a response identical to that of IDPN10 0 0 rats, that 

s, one denoting a total absence of vestibular function, while still 

howing a large proportion of HCs in the vestibular epithelia. For 

nstance, data clouds in Figure 6 reveal that tail-lift angles drop 

t lower doses than the doses at which HCII numbers start to 

ecrease. One possible explanation of this observation would be 

hat these remaining HCs are not functional. Evidence for non- 
11 
unctional surviving HCs has been found in an intra-tympanic gen- 

amicin chinchilla model ( Hirvonen et al., 2005 ). It is thus possi- 

le that many or all of the surviving HCs detected by immunoflu- 

rescence in this study are non-functional for sensory transduc- 

ion or synaptic transmission. While this hypothesis remains to 

e evaluated in future studies, some data are available suggest- 

ng that surviving cells are indeed functional. First, the relationship 

etween cell counts and reflex abnormalities were different for 

he two reflexes, indicating that at least some remaining function 

erves to one but not the other reflex. Second, although a small 

roportion of HCs surviving acute IDPN show stereocilia damage, 

ost show control-like stereocilia ( Llorens et al., 1993 ; Llorens and 

emêmes, 1994 ; Boadas-Vaello et al., 2017 ), and stereociliary dam- 

ge or preservation associates respectively with permanent or re- 
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Fig. 9. Relationship between HCII loss and air-righting time increase after exposure to a variety of doses of the ototoxic compound, IDPN, as a function of the zone 

(central/striola vs periphery) and end-organ (utricle, crista and saccule). Individual data shown here correspond to those shown as group means in Fig. 2 E-F (times) and 

Fig. 4 (HCII counts). On each panel, the vertical dashed lines indicate the limits of normal times (170 ms, defined by the Control group) and times in complete absence of 

vestibular function (350 ms, defined by the IDPN10 0 0 group). These limit values classified rats into three groups with low, medium and high times. The p value in each 

panel indicates statistical significance among these three groups of rats, after exclusion of the IDPN10 0 0 animals. Double-headed arrows denote significance ( p < 0.05) of 

the post-hoc pair-wise comparisons. 
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ersible loss of function after chronic IDPN ( Sedó-Cabezón et al., 

015 ). Third, the normal distribution of Caspr1 label in the ca- 

yceal junctions, when these were present, also suggested a nor- 

al function, as suggested by the recovery in vestibular function 

ssociated with recovery of control-like Caspr1 label after chronic 

DPN exposure ( Sedó-Cabezón et al., 2015 ). Finally, maintenance of 

ontrol-like numbers of synaptic puncta in the surviving HCII cells 

 Fig. 11 ) also supported the hypothesis that these cells may remain 

unctional. 

One alternative explanation would be that the surviving HCs re- 

ain functional but that these reflexes largely depend on a partic- 

lar subset of vestibular HCs. This subset of cells would be lost 

t a particular toxicity level, and this would cause a fast drop in 
12 
he reflex. Under this hypothesis, the present data provide initial 

lues to the cellular basis of the reflexes. For instance, the com- 

arison of data in figs. 5 and 6 strongly suggests that HCI have a 

reater role than HCII in shaping the tail-lift reflex, as the loss of 

his reflex seems to occur before the loss of HCII begins. Also, data 

n Fig. 8 suggest that HCI in the crista and utricle probably have 

ot a major role in the air-righting reflex. Thus, only modest in- 

reases in air-righting times were recorded in animals showing a 

eep-to-complete loss of these cells, and times still showed dose- 

ependent increases after their complete loss. In relation to this 

oint, we must also indicate that the times to right were interfered 

y the contact with the foam pad in the rats severely deficient in 

estibular function. However, this does not invalidate the observa- 
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Fig. 10. Relationship between all HC loss and air-righting time increase after exposure to a variety of doses of the ototoxic compound, IDPN, as a function of the zone 

(central/striola vs periphery) and end-organ (utricle, crista and saccule). Individual data shown here correspond to those shown as group means in Fig. 2 E-F (times) and 

Fig. 4 (all HC counts). On each panel, vertical dashed lines indicate the limits of normal times (170 ms, defined by the Control group) and times in complete absence of 

vestibular function (350 ms, defined by the IDPN10 0 0 group). These limit values classified rats into three groups with low, medium and high times. The p value in each 

panel indicates statistical significance among these three groups of rats, after exclusion of the IDPN10 0 0 animals. Double-headed arrows denote significance ( p < 0.05) of 

the post-hoc pair-wise comparisons. 
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ion of nearly normal air-righting in animals bearing a deep HCI 

oss in the crista and utricle. 

The precise role of HCI and HCII in vestibular function has not 

een completely established yet. However, most evidence supports 

he notion that the HCI/calyx units are fast adapting receptors spe- 

ializing in transduction of high frequency stimuli, as needed to 

enerate reflexes that drive fast compensatory actions required to 

espond to loss of balance ( Eatock, 2018 ). The present study sup- 

orts the strategy of studying the impact of partial vestibular le- 

ions on behavior to establish hypotheses on the ultimate phys- 

ological roles of hair cell types and vestibular sub-systems. Fu- 

ure studies using this approach may benefit from the increasing 

nowledge of cell and afferent subtypes subdivided by zones as de- 
13 
ned by the expression of unique proteins ( McInturff et al., 2018 ; 

offman et al., 2018 ), as well as from the use of more complex ap-

roaches, such as genetic manipulations ( Ono et al., 2020 ), and the 

ntegration of afferent recording ( Hirvonen et al., 2005 ). 

Another aspect in need of future research is the extrapola- 

ion to other species, most notably the mouse. In view of the 

nown combinations of common features and species-specific 

ifferences in vestibular histology and physiology ( Boyle et al., 

992 ; Curthoys et al., 2017 ; Desai et al., 2005a , b ; Eatock, 2018 ;

oldberg, 20 0 0 ), it would be premature to assume that the re- 

ationship between reflex loss and HC loss will be in the mouse 

ike in the rat. For instance, ventral curling during tail-lift has been 

eported in many vestibular-deficient mice, but our observations 
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Fig. 11. Counts of pre-synaptic (Ribeye + ) puncta and post-synaptic (PSD95 + ) 

puncta in HCII of control rats (n = 5) and rats with graded vestibular lesions 

(n = 17), selected to cover the spectrum of values of tail-lift angles and air-righting 

times. Bar graphs show X ±SE values for control and treated rats, irrespective of 

the IDPN dose. Middle and bottom panels show the relationship between the be- 

havioral and synaptic data. Blue dots: control rats; red dots: treated rats. Vertical 

dashed lines show limits defined by control and IDPN10 0 0 rats in tail-lift angles 

(120 and 70 degrees, respectively, middle panels) and in air-righting times (170 and 

350 ms, respectively, bottom panels). N.S.: No significant differences were found in 

median puncta counts among animals in the three groups defined by the two limit 

values in angles or times. 
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fter vestibular toxicity in rats ( Llorens et al., 1993 ; Llorens and 

odríguez-Farré., 1997 ; Martins-Lopes et al., 2019 ; this study) and 

ice ( Soler-Martin et al., 2007 ; Saldaña-Ruíz et al., 2013 ; Boadas- 

aello et al., 2017 ; Greguske et al., 2019 ) suggest that the abnormal

ail-lift response more easily and robustly develops in the former 

han the latter species. 

. Conclusion 

The present study compared the loss of vestibular HCs with 

he loss of anti-gravity reflex responses in rats following graded 

totoxicity. While both the tail-lift reflex and the air-righting re- 

ex were affected in a dose-dependent manner, the former was 

lightly more sensitive than the latter to the toxic damage, sug- 

esting that these two reflexes depend on non-identical popula- 

ions of HCs. Loss of the tail-lift reflex better associated with loss 

f HCI, suggesting that this reflex may predominantly depend on 

CI function. Additional studies are needed to corroborate this hy- 

othesis, including an evaluation of the functional competence of 

he surviving cells in the partially damaged vestibular epithelia. 
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