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Abstract

Hair cell (HC) loss by epithelial extrusion has been described to occur in the rodent vestibular system during chronic 3,3'-imi-
nodipropionitrile (IDPN) ototoxicity. This is preceded by dismantlement of the calyceal junction in the contact between type
I HC (HCI) and calyx afferent terminals. Here, we evaluated whether these phenomena have wider significance. First, we
studied rats receiving seven different doses of streptomycin, ranging from 100 to 800 mg/kg/day, for 3—8 weeks. Streptomycin
caused loss of vestibular function associated with partial loss of HCI and decreased expression of contactin-associated protein
(CASPR1), denoting calyceal junction dismantlement, in the calyces encasing the surviving HCI. Additional molecular and
ultrastructural data supported the conclusion that HC-calyx detachment precede HCI loss by extrusion. Animals allowed
to survive after the treatment showed functional recuperation and rebuilding of the calyceal junction. Second, we evaluated
human sensory epithelia obtained during therapeutic labyrinthectomies and trans-labyrinthine tumour excisions. Some sam-
ples showed abnormal CASPR1 label strongly suggestive of calyceal junction dismantlement. Therefore, reversible disman-
tlement of the vestibular calyceal junction may be a common response triggered by chronic stress, including ototoxic stress,
before HCI loss. This may partly explain clinical observations of reversion in function loss after aminoglycoside exposure.
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Introduction

Sensory encoding by the inner ear's vestibular system
depends on the transducing function of hair cells (HC). In
most mammals, permanent loss of equilibrium and gaze
control occurs as a result of HC loss considering that these
cells do not regenerate to a significant extent to restore
functionality. Nevertheless, significant recuperation in ves-
tibular function is recorded clinically in a variety of dis-
ease conditions. In some cases, such as benign paroxysmal
positional vertigo (von Brevern et al. 2015), recuperation
can be complete, suggesting that the condition is associ-
ated with pathogenic mechanisms that transiently impair
the system’s function, but do not cause HC loss. In other
disease conditions, such as Méniere’s disease (Lopez-
Escamez et al. 2015), recurrent crises are often associated
with incomplete recuperation and progressive worsening
of the vestibular function. In the case of exposure to oto-
toxic aminoglycoside antibiotics, irreversible loss of ves-
tibular function is a common outcome (Black et al. 2004),
but significant yet incomplete recuperation has also been
recorded (Black et al. 2001). In recent years, we have used
a sub-chronic ototoxicity model to identify reversible cel-
lular and molecular alterations in the vestibular epithelia
that associate with reversible loss of vestibular function
in rats (Sed6-Cabezon et al. 2015) and mice (Greguske
et al. 2019). These studies showed that the sub-chronic
ototoxic stress caused by the experimental compound
3,3'-iminodipropionitrile (IDPN) results in the dismantle-
ment of the calyceal junction between type I HCs (HCI)
and the calyx afferent terminals, as demonstrated by ultra-
structural characterization and observed loss of the junc-
tion proteins CASPR1 (contactin-associated protein) and
tenascin-C, as well as delocalization of the voltage-gated
potassium channel KCNQ4. Simultaneously, the vestibular
epithelium showed a loss of pre-synaptic and post-synaptic
proteins, indicative of synaptic uncoupling between the
HCs and their afferents. These changes that are associated
with the loss of vestibular function are revealed by visible
behavioural deficits. In this model, if the exposure was
halted at an early stage of the toxicity, both the epithelium
alterations and the behavioural dysfunction were largely
reversible. In contrast, if the exposure was maintained, the
functional loss persisted as a result of HC loss, which pre-
dominantly occurred by the extrusion of live cells from the
sensory epithelium into the endolymphatic cavity (Llorens
and Rodriguez-Farré, 1997; Seoane et al. 2001a, b; Sedd-
Cabezon et al. 2015; Greguske et al. 2019).

The rat and mouse sub-chronic IDPN models illustrate
a cellular pathway to HC demise that differs from apop-
tosis (Seoane et al. 2001a). As explained in the previous
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paragraph, it concludes with the extrusion of HCs after a
phase of sensory cell detachment and synaptic uncoupling
(Sedo-Cabezon et al. 2015; Greguske et al. 2019). The
fact that extrusion is the main form of HC demise in birds
and amphibians following a variety of insults (Hirose
et al. 1999; Rubel et al. 2013), suggests that its molecular
mechanisms may be highly conserved across vertebrates
and operate in response to diverse forms of damage. Sur-
prisingly, this phenomenon has received scarce attention
and information is lacking about its molecular mecha-
nisms and relevance to human health. One first question
worth addressing is whether these phenomena have a
role in mammalian aminoglycoside toxicity in vivo, as
this is the main cause of vestibular toxicity in humans.
Although most research on aminoglycoside-induced HC
loss has focused on apoptosis (Furness 2015), the litera-
ture also contains evidence that these drugs may cause
vestibular HC extrusion (Li et al. 1995; Nakagawa et al.
1997; Granados and Meza 2005). In the present work, we
studied whether dismantlement of the calyceal junction,
synaptic uncoupling, and HC extrusion occur in the rat
vestibular epithelium in response to one aminoglycoside
antibiotic, streptomycin. Previously, we found that the
mode of HC demise, whether extrusion, apoptosis, or
necrosis was determined by the intensity and duration of
the toxic stress. Thus, high acute doses of IDPN caused
HC necrosis, sub-acute exposure to medium doses caused
HC apoptosis and sub-chronic low dose exposure elicited
HC extrusion (Seoane et al. 2001a). These data indicate
that short exposure paradigms aimed at accelerating and
synchronizing HC demise (Taylor et al. 2008; Oesterle
et al. 2008; Benkafadar et al. 2021) may in fact favour
the apoptotic pathways above other possible pathways.
Accordingly, for the present study we investigated the
effects of sub-chronic aminoglycoside exposure. As a sec-
ond approach to evaluate the relevance of these phenom-
ena to human disease conditions, we explored their occur-
rence in the vestibular epithelia of a substantial number
of patients with vestibular schwannoma and a few with
other vestibular diseases that also require trans-labyrin-
thine tumour excision (meningioma and endolymphatic
sac tumour) or therapeutic labyrinthectomy (Méniére’s
disease). Vestibular schwannomas are tumours that grow
in the vestibular nerve and cause hearing and vestibular
function loss. Current evidence indicates that this loss
may in part be caused by the negative impact pro-inflam-
matory factors secreted by the tumour have on the sen-
sory epithelia (Dilwali et al. 2015). The data we obtained
demonstrate that calyceal junction dismantlement occurs
during chronic streptomycin toxicity in rats and provide
evidence that it occurs in human vestibular epithelia in
response to other types of stress.
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Materials and methods
Animals and treatments

Animals were used in accordance with Law 5/1995 and Act
214/1997 of the Generalitat de Catalunya and approved by
the University of Barcelona’s Ethics Committee on Animal
Experiments and the Commission on Animal Experimen-
tation of the Generalitat. Long-Evans rats were obtained
from Janvier Labs (Le-Genest-Saint-Isle, France) at post-
natal days 8—12. They were housed with lactating moth-
ers in standard Macrolon cages (215 %465 % 145 mm)
with wood shavings as bedding. At day 21, the rats were
weaned and housed in groups of four of the same sex.
Housing conditions included a 12:12 h light:dark cycle
(07:30-19:30 h), a 22 +2 °C room temperature and an
ad libitum access to standard pellet diets (TEKLAD 2014,
Harlan Laboratories, Sant Feliu de Codines, Spain).

A total of 98 rats (58 males, 40 females) were used in
two different administration protocols, one injection per
day and two injections per day. The first administration
protocol was designed on the grounds of the protocols by
Granados and Meza (2005) and Schirmer et al. (2007).
Animals were administered streptomycin sulphate salt
(Sigma-Aldrich, S6501), s.c., dissolved in PBS, starting
at postnatal 21, daily for 6 or 8§ weeks. To ensure dose
accuracy, injection volumes were 10 ml/kg at the begin-
ning, but were reduced to 2 ml/kg as the rats increased
body weights. Different injection sites in the dorsal skin
were used in an alternating sequence. In this first series
of experiments, rats were dosed with O (control vehi-
cle), 100, 300, 400 or 500 mg/kg - day of streptomycin
(referred to the free base), once a day, for 6 or 8 weeks.
Two experimental batches used only males, one of them
used only females, and the fourth one included an equal
number of males and females. Acute toxicity and lethality
is described in the results section below. A final experi-
ment used a second administration protocol, in which the
total daily dose was split into two injections given 8 h
apart. This dosing paradigm was designed to evaluate the
vestibular effects of larger daily doses and circumvent
the acute toxicity of streptomycin recorded in rats receiv-
ing the 500 mg/kg dose. Thus, rats received 0, 600, 700
or 800 mg/kg - day in two daily doses of 0, 300 mg/kg
(for 6 weeks), 350 mg/kg (for 4 weeks) or 400 mg/kg (for
3 weeks). No animals died in this experiment. The detail
of all groups of animals used is shown in Supplementary
Table S1.

During the period of treatment, the animals were
weighted and assessed for well-being daily. They were
also tested for vestibular function once a week. At the
end of the treatment period, some animals were allowed

to survive for up to 8—10 additional weeks to evaluate the
potential reversibility of the vestibular dysfunction and the
histopathological effects of streptomycin. Some control
animals were also allowed to survive the recovery period
to provide control body weight and vestibular function
data. The day after that of the last dose, or after the recov-
ery period, rats were euthanized by decapitation under
anaesthesia. The skull was sectioned in half and placed in
fixative solution under a fume hood for dissection of the
vestibular sensory epithelia. The epithelia from the first
ear were typically obtained within 5 min after decapita-
tion and used for scanning (SEM) and transmission (TEM)
electron microscopy. The epithelia from the second ear,
obtained within 15 min after decapitation, were used for
immunohistochemistry. Epithelia from some animals were
used for immunohistochemical analysis only. The numbers
of animals used in each histological analysis are indicated
in the figures and are summarized in Suppl. Table S2.

Human samples

Vestibular sensory epithelia were collected from patients
submitted to therapeutic labyrinthectomy or translabyrin-
thine tumour excision. The samples included in the study,
detailed in Suppl. Table S3, are from 2 cases of Méniere’s
Disease, 1 case of endolymphatic sac tumour, 4 cases of
meningioma, and 22 cases of vestibular schwannoma.
Patients were 18-70 years, and 52% were females. The tis-
sues were obtained after informed consent, as approved by
the Clinical Ethics Committee of the Hospital Germans
Trias i Pujol. The samples were immediately placed in 4%
formaldehyde with <2.5% methanol (BiopSafe) and sent
to the laboratory, usually in 24 h, although some samples
were delayed for up to 7 days (Suppl. Table S3). The tissues
were then rinsed in phosphate buffered saline (PBS, pH 7.2),
transferred into a cryoprotective solution (34.5% glycerol,
30% ethylene glycol, 20% PBS, 15.5% distilled water) and
stored at — 20 °C until further processing.

Assessment of vestibular function in rats

To evaluate vestibular function, we assessed the tail-lift
reflex as described (Martins-Lopes et al. 2019; Maroto et al.
2021a, c). Briefly, rats are held by the base of the tail and
quickly but gently lifted upwards to approximately 40 cm
above ground and immediately returned down. In healthy
rats, this triggers a trunk and limbs extension reflex in a
landing response. Loss of vestibular function results in loss
of the anti-gravity extension reflex, so the rat curls ventrally
(Hunt et al. 1987; Pellis et al. 1991; Llorens et al. 1993;
Maroto et al. 2021c). The reflex response of the animal is
recorded from the side with high-speed video (we use 240
frames per second with a GoPro 5 camera) and the records
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are used to obtain the minimum angle formed by the nose,
the back of the neck and the base of the tail during the tail-
lift manoeuvre (tail-lift angle, TLA), as described (Martins-
Lopes et al. 2019; Maroto et al. 2021a, c). The TLA has
been demonstrated to provide an objective measure of per-
manent or reversible vestibular loss (Martins-Lopes et al.
2019; Maroto et al. 2021a, c).

Electron microscopy

For SEM and TEM, rat vestibular epithelia were dissected
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2),
and fixed overnight in this solution. The epithelia were
then rinsed with cacodylate buffer, post-fixed for 1 hin 1%
osmium tetroxide in the same buffer, rinsed again and stored
in 70% ethanol at 4 °C until further processing. Afterwards,
the samples were dehydrated with increasing concentrations
of ethanol, up to 100%. For TEM analysis, the lateral crista
was embedded in Spurr resin. To select the level of interest,
semi-thin sections (1 pm) were stained with 1% toluidine
blue and examined in a light microscope. Ultrathin sections
were stained with uranyl acetate and lead citrate and were
observed with a JEOL 1010 microscope at 75-80 kV. For
SEM analysis of epithelial surfaces, the dehydrated speci-
mens were dried in a Polaron E3000 critical-point dryer
using liquid CO2, coated with carbon, and observed in a
JEOL JSM-7001F field emission SEM.

Immunohistochemistry

The following commercial primary antibodies were used:
mouse monoclonal anti-CASPR1 (clone K65/35, RRID:
AB_2083496, used at 1:400 dilution) and anti-PSD95 (clone
K28/43, RRID: AB_2292909, 1:100) from the UC Davis/
NIH NeuroMab Facility; mouse monoclonal anti-Ribeye/
CtBP2 (clone 16/CtBP2, BD Transduction Labs, RRID:
AB_399431, 1:100); rabbit anti-myosin VIla (25-6790,
Proteus Biosciences, RRID: AB_10015251; 1:400); guinea
pig anti-calretinin (214.104, Synaptic Systems, RRID:
AB_10635160, 1/500); goat anti-SPP1 (AF808, RD sys-
tems, RRID: AB_2194992, 1/200). We also used a rabbit
anti-KCNQ4 (PB-180, 1/1000) donated by Bechara Kachar
(National Institute on Deafness and Other Communication
Disorders, NIH; Beisel et al. 2005). To reveal the primary
antibodies, we used Day-Light-405, Alex-488, Alexa-555
and Alexa-647-conjugated secondary antibodies from Inv-
itrogen/Thermo Fisher. To image synaptic puncta, we used
isotype-specific secondary antibodies, i.e., anti-mouse-IgG1
to reveal the Ribeye/CtBP2 antibody and anti-mouse [gG2a
to reveal the PSD-95 antibody.

After dissection, the rat vestibular epithelia were fixed for
1 h at room temperature in 4% paraformaldehyde in PBS.
These samples were rinsed in PBS, transferred into the
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cryoprotective solution and stored at — 20 °C. To circumvent
potential bias from batch-to-batch differences in immunola-
belling, we processed in parallel specimens from each exper-
imental group. For immunolabelling, rat or human tissues
were washed with PBS to remove the cryoprotective solu-
tion, permeated in 4% Triton-X-100 in PBS for 1 h at room
temperature, and then blocked in 0.5% Triton-X-100 and
1% fish gelatine in PBS (Sigma-Aldrich, cat.# G7765) also
for 1 h at room temperature. They were then incubated with
the mixed primary antibodies in 0.1% Triton-X-100 and 1%
fish gelatine in PBS for 24 h at 4 °C, followed by incubation
with the secondary antibodies in the same conditions (Lysa-
kowski et al. 2011). The samples were thoroughly rinsed
with PBS following each incubation and gently rocked dur-
ing the incubations and washes. The immunolabelled human
epithelia were whole-mounted in Mowiol medium, whereas
the rat epithelia were sectioned before mounting in the same
medium. To obtain sections, the tissues were embedded in
a mixture of 0.49% gelatin, 30% bovine serum albumin, and
20% sucrose in PBS overnight at 4 °C. This same medium
was used to form a block by solidification with 2% glutar-
aldehyde, one sample placed oriented in its surface, and a
second block formed on top of it. Using a Leica VT1000S
vibrating microtome, sections of 40 pm were obtained from
this layered block with the specimen placed in between the
two halves. A detailed version of this protocol has been pub-
lished (Maroto et al. 2021b).

Confocal microscopy observation and analysis

Tissue sections were observed in a Zeiss LSM880 spectral
confocal microscope. In animal studies, image acquisition
settings were maintained across samples from each immu-
nolabelling batch. To obtain HC counts, Z-stacks of optical
sections were obtained each 0.5 pm spanning 25 pm with
a 63 x objective. Then, we obtained 8 sequential images
(3 pm thick each) by the maximum intensity projection of
6 consecutive images from the original stack. The Imagel
software (National Institute of Mental Health, Bethesda,
Maryland, USA) was used for quantitative image analyses.
Epithelia of animals injected once a day with streptomycin
were labelled with anti-MYO7A, anti-CASPR1, and anti-
calretinin antibodies. HCI were defined as MYO7A + cells
surrounded by a calyceal CASPR1 +label, even in cases,
where this label appeared thin and fragmented, or cells
with an unambiguous HCI shape with a long and narrow
neck. HCII were defined as cells labelled with both the anti-
MYO7A and anti-calretinin antibodies. MYO7A + cells not
identified as HCI or HCII (3—-6%) were excluded from the
analysis. For each animal and epithelial zone, a represent-
ative count of HCI and HCII was obtained by averaging
counts from images 1, 4 and 7 from the series of 8 sequential
images generated from a representative histological section.
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The histological sections used for counting were obtained
from similar locations in all animals. To evaluate the loss
of CASPRI label in the calyces, the amount of fluorescence
in the corresponding colour channel was measures in indi-
vidual calyces using a 100 pm? region of interest on a sin-
gle optical section. For each animal, epithelium and zone,
the average amount of fluorescence was obtained from all
HCs available for analysis up to 40 cells. Data were nor-
malized as percentage of the mean fluorescent intensity of
control samples in the same batch of immunohistochemical
processing and confocal imaging. Then, statistical analyses
were performed to compare among groups of animals. To
compare the distribution of KCNQ4 in the inner and outer
membranes of the calyx, we assessed the profile of fluo-
rescence intensity along a line drawn across the calyx as
described (Sousa et al. 2009; Sed6-Cabezon et al. 2015).
Peak fluorescence values were obtained for the inner and
outer membrane of all calyces included in one representative
section of the epithelium, and average values were obtained
per animal. To count synaptic puncta, we imaged the tissues
at 0.3 pm intervals to obtain Z-stacks of 2.7 pm. Only HC
with their nuclei extending top to bottom of the stack were
used for counting, so the counts obtained were from a thick
slice from the middle region of the cell, not the whole cell.
We counted presynaptic Ribeye/CtBP2 puncta, postsynaptic
PSD95 puncta, and pairs of Ribeye and PSD95 puncta that
overlapped or were closely apposed (co-localization). For
each animal, average counts were obtained from a minimum
of 30 HC.

Human samples were observed as whole mounts. The
tissues were completely examined with 40 X and 63 X objec-
tives. Representative Z-stacks, encompassing the entire
thickness of the sensory epithelium, were obtained from
both striola and peripheral regions. The full stacks were
thoroughly studied to determine the presence of pathological
features. This included colour channel splitting and merg-
ing, observation at several different contrast and brightness
adjustments, 3D reconstructions, maximum intensity pro-
jection of stacks or sub-stacks and orthogonal projections.
Images in Fig. 8 were prepared for illustration purposes only.

Data analysis

Data show mean =+ standard error of the mean except where
indicated. Body weight and behavioural data were analysed
with repeated-measures MANOVA (Wilks’ criterion) with
the day as the within-subject factor. Day-by-day analysis
was performed after significant day-by treatment interac-
tions were recorded. Other data were analysed by appro-
priate ANOVA designs and Duncan’s post-hoc test, or by
Student’s ¢ test. The IBM SPSS Statistics 25 program pack-
age was used.

Results

Effects of streptomycin sulphate on body weight
and overall health

To study the sub-chronic toxicity of streptomycin on the
vestibular system, we administered male and female rats
with one daily dose of streptomycin sulphate (0, 100, 300,
400 or 500 mg/kg x day—groups CTRL, STR-100, STR-
300, STR-400, STR-500) for up to 6 or 8 weeks, starting
at day 21 of age. Other groups of rats were administered
with two daily doses of 0, 300, 350 or 400 mg/kg—groups
CTRL, STR-300x2, STR-350x2, STR-400x2). Rats admin-
istered with streptomycin showed an acute sedative effect
starting within a few minutes after each daily dose, and
was most evident in the group receiving the highest dose
(STR-500): the animal stayed quiet with decreased respon-
siveness and with an overtly low muscle tone. This effect
usually lasted 15-20 min but sometimes lasted for up to
2 h after injection. During this sedation period, two rats
died in the STR-500 group on days 5 and 36, likely from
respiratory arrest. In addition, two rats died for unknown
reasons after days 20 and 37 in the STR-300 and STR-500
groups, respectively. No animals died when larger daily
doses were administered via two daily injections. Recuper-
ation from this sedative effect was complete and surviving
animals showed normal behaviour except in regards to the
evidences of vestibular dysfunction explained below. As
shown in Suppl. Fig. S1, streptomycin animals showed an
increase in body weight at a smaller rate than that shown
by control rats. This resulted in significant differences in
streptomycin versus control body weights after 5 or more
weeks of one daily dose, and by 2 weeks in the groups
receiving two daily doses.

Loss and recuperation of vestibular function
after sub-chronic streptomycin exposure

Sub-chronic exposure to streptomycin sulphate caused a
dose-dependent loss of vestibular function, as indicated
by the rat’s abnormalities in spontaneous motor behav-
iour. Vestibular deficient animals showed ataxia, sponta-
neous circling, and head bobbing. The loss of function
was assessed using high-speed video records of the tail-lift
reflex as described (Martins-Lopes et al. 2019; Maroto
et al. 2021a, ¢). A similar dose-dependent effect occurred
in male and female animals (Suppl. Fig. S2), and therefore,
animals of both sexes were pooled for all further analy-
ses. The decrease in tail-lift angles, indicative of loss of
vestibular function, was not significant in the STR-100
group, and smaller in the STR-300 and STR-400 groups
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compared to the STR-500 group (Suppl. Fig. S3), so fur-
ther analysis on the one daily dose paradigm focused on
the 500 mg/kg X day dose level. As shown in Fig. 1A, a
progressive reduction in tail-lift angles was recorded in
the STR-500 rats. Repeated-measures MANOVA of the
tail-lift data from days O (pre-test) to 42 resulted in sig-
nificant day (F[6, 28] =15.38, p <0.001), treatment (F[1,
33]=18.0, p<0.001), and day X treatment interaction
(F[6,28]=9.766, p <0.001) effects, with significant differ-
ences between CTRL and STR-500 mean values recorded

A 180

160
w 140
120
100

80
60 A
40 A

Tail-lift Angle (2, X+SE

-0~ CTRL (n=14)

—A—STR-500 {n=21)

0 T T r T T T
0 7 14 21 28 35 42

Day of Exposure

C 10
160

T 140
120
100
80
60 -
40 -

Tail-lift Angle (2, X+SE

—O-CTRL (n=2)
—A—STR-500 (n=3)
0 T T L] T T

Recovery

35 49 63 77 91 105

Day (Exposure days: 1to 42)

Fig.1 Effects of sub-chronic streptomycin on the tail-lift reflex of
rats. Data are mean+SE minimum angles formed by the nose, the
back of the neck, and the base of the tail during the reflex behaviour
elicited by a tail-lift manoeuvre. Loss of vestibular function causes
loss of the anti-gravity trunk extension reflex, which results in ventral
curling and thus in smaller angles. A Effects of one injection per day
at 0 (CTRL, vehicle control) or 500 mg/kg (STR-500) of streptomy-
cin for 6 weeks, starting at 21 days of age. *p <0.05, different from
control group after significant day by treatment interaction effect in
repeated-measures MANOVA. B Effects of two injections per day
at 0 (CTRL, vehicle control), 300 (STR-300x2), 350 (STR-350x2),
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at 4-6 weeks of exposure. Extension of the administration
up to 8 weeks caused only a modest additional effect on
vestibular function (Suppl. Fig. S4A).

By administering streptomycin in two daily injections,
larger doses could be given to the animals and circum-
vent the risk of death associated with the acute sedative
effects of the drug. As shown in Fig. 1B, all the STR-
300x2, STR-350x2, and STR-400x2 groups showed faster
and deeper loss of vestibular function than the STR-500
group (Fig. 1A). MANOVA of the tail-lift data from the

B 1s0
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20 | —©-CTRL(n=8/6) -B-5TR-300x2 (n=8/7) D

0 —A—STR-350x2 (n=8/7) —0—STR-400x2 (n=8)

0 7 14 21 28 35 42
Day of Exposure

Tail-Lift Angle (2, X

D 180

160

X+SE)
[
=9
o

120
100

oo
o

)]
o

—0—27N - STR-350x2
—&—28D - STR-400x2

Tail-lift Angle (2

N B
o o
1 1

Recovery

0 7 14 21 28 35 42
Day (Exposure days: 1 to 21)

o

or 400 (STR-400x2) mg/kg of streptomycin for 6, 6, 4, or 3 weeks,
respectively, starting at 21 days of age. The numbers of animals were
reduced to 6 in the CTRL group after day 28, and to 7 in the STR-
300x2 and STR-350x2 groups after day 21. a, b, c, d: Groups with
different letters are significantly different (p <0.05), Duncan’s test
after significant ANOVA on that day. C Recuperation of the tail-lift
reflex after the end of exposure in rats administered once a day with
500 mg/kg (STR-500) of streptomycin for 6 weeks. D Loss and recu-
peration of the tail-lift reflex in two individual rats administered twice
a day with 350 (STR-350) or 400 mg/kg (STR-400) of streptomycin
for 3 weeks, followed by 3 weeks of recovery (colour figure online)
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two daily injections experiment up to day 21 resulted in sig-
nificant day (F[3, 26]=191.1, p<0.001), treatment (F[3,
28]=45.89, p<0.001), and day X treatment interaction
(F[9, 63.41=20.92, p <0.001) effects. The effect was dose-
dependent, and larger doses caused a faster progression of
the decline in vestibular function.

To evaluate the potential for functional recuperation,
some animals were allowed to survive after the end of the
sub-chronic streptomycin exposure. As shown in Fig. 1C,
rats exposed to 500 mg/kg day of streptomycin for 6 weeks
regained normal tail-lift angles during the recovery period.
Functional recuperation was also observed in the STR-500
rats exposed for 8 weeks (Suppl. Fig. S4B). The individual
values of animals allowed to recover after 3 weeks of two

daily doses of streptomycin also showed a clear recuperation
of the tail-lift reflex (Fig. 1D).

Sub-chronic streptomycin exposure caused partial
loss of HCs in the vestibular sensory epithelia

To evaluate the major effects of streptomycin on the ves-
tibule, we observed surface preparations of the sensory
epithelia using scanning electron microscopy (SEM). As
reported in previous studies (Llorens et al. 1993; Seoane
et al. 2001a; Sed6-Cabezoén et al. 2015), SEM observa-
tion of control epithelia (n=16) (Fig. 2A; Suppl. Fig. S5A,
B) revealed morphological features matching literature
descriptions of healthy untreated rats with high densities

Fig.2 Effects of sub-chronic streptomycin on the vestibular sensory
epithelium of the rat as observed in surface preparations of saccules
examined by SEM. A Control saccule, showing a high and uniform
density of stereocilia bundles throughout the macula. B Effect of
one injection per day of 500 mg/kg of streptomycin (STR-500) for
8 weeks. A reduced density of stereocilia bundles is noticeable at this
low magnification. The boxed area is shown at higher magnification
in panel C. C Higher magnification of the saccule shown in panel

B. Note the areas where the lack of stereocilia bundles is evident
(arrows). D, E High magnification views of a saccule from an STR-
500 rat at 6 weeks of treatment. Note the contacts between the apical
edges of supporting cells, marked by a high density of microvellosi-
ties, denoting the lack of stereocilia bundles (star), and the bundles
showing stereocilia fusion and HC protrusion into the luminal cavity
(arrows). Scale bars: 100 pm in A, B; 20 pm in C; 2 pm in D; 5 pm
inE

@ Springer



Archives of Toxicology

of stereocilia bundles. Epithelia from STR-300 animals
(6 weeks of exposure, n=3) showed similar features to
control epithelia, except for indications of a few missing
hair bundles or occasional bundles with fused stereocilia
(data not shown). For animals administered with larger doses
of streptomycin once a day, the SEM observations revealed
scant to moderate loss of stereocilia bundles. Similar find-
ings were obtained in STR-500 rats with small difference
observed between animals exposed for 6 (n=6) or 8§ (n=7)
weeks, and in STR-400 rats exposed for 8§ weeks (n=2).
Hair bundle loss was roughly similar in cristae (Suppl. Fig.
S5C), utricles (Suppl. Fig. S5D), and saccules (Fig. 2B, C),
with no evidence of an overt difference in susceptibility
among receptors. In all cases, the loss of stereocilia bun-
dles was partial and many bundles were still present in the
sensory receptors of the worst cases (Suppl. Fig. SSE, F). In
these SEM observations, images indicating ongoing damage
were scarce. Nevertheless, some evidence for fused stereo-
cilia and HC protrusion were found (Fig. 2D, E). Animals
given two daily injections of streptomycin displayed a larger
loss of stereocilia bundles than the animals administered for
once a day (Suppl. Fig. S6). Evidence for ongoing damage
was scarce in some epithelia, but clear in other samples,
including images of epithelial scars, bundle fusion, and cell
protrusion towards the endolymphatic cavity (Suppl. Fig.
S6). The average extent of hair bundle loss was similar in
STR-300x2 rats treated for 6 weeks (n=7), STR-350x2 rats
treated for 4 weeks (n=6), and STR-400x2 rats treated for
3 weeks (n=6).

To determine the loss of HCs revealed by the decreased
densities of hair bundles observed by SEM in STR-500 rats,
we obtained type | HC (HCI) and type I HC (HCII) counts
from the vestibular epithelia of the other ear of the same
animals. To this end, we immunostained the epithelia with
antibodies against myosin-7a (MYO7A), CASPR1, and the
calcium-binding protein calretinin, revealed by fluorescent
secondary antibodies. In the confocal microscopy images,
HCI were identified as MYO7A + cells (a pan-HC marker,
Hasson et al. 1997) surrounded by a CASPR1 + calyx (Sousa
et al. 2009; Lysakowski et al. 2011; Sed6-Cabezoén et al.
2015), even if weak or fragmented, or with an unambigu-
ous HCI shape with a long and narrow neck. As an esti-
mate of HCII, we counted cells with double MYO7A and
calretinin label (Dechesne et al. 1991). The data obtained,
presented in Fig. 3A—C, reveal a significant decrease in HCI
counts in the central region of the crista, in both the centre
and periphery of the utricle and in the periphery of the sac-
cule. ANOVA results were: central crista, F[3, 27]=11.95,
p <0.001; peripheral crista, F[3, 24]=2.76, p=0.064; cen-
tral utricle, F[3, 25]=17.36, p <0.001; peripheral utricle,
F[3,26]=23.51, p<0.001; central saccule, F[3, 20]=1.68,
p =0.20—N.S.; peripheral saccule, F[3, 22]=9.08,
p=0.001. The most affected receptor was the utricle with
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a 52-67% decrease in HCI counts in STR-500 animals, fol-
lowed by the crista, where a 30-40% loss was recorded. In
both the crista and the utricle, similar effects were recorded
in animals exposed for 6 weeks and animals exposed for
8 weeks. In the saccule, the loss was smaller than in the
crista and utricle receptors, and greater at 8 weeks than at
6 weeks of treatment. HCI counts remained reduced in ani-
mals allowed to recover after the end of the exposure period,
indicating an insignificant capacity for regeneration. In con-
trast to HCI, no significant differences were obtained among
treatment groups in HCII counts (all p values > 0.1).

As explained above, the SEM observations indicated a
loss of HC after two daily injections of streptomycin greater
than that recorded after one daily injection. To estimate
HC loss according to cell type, we immunostained crista
receptors with antibodies against secreted phosphoprotein
1 (SPP1)/osteopontin, CASPR1, and calretinin. HCI were
identified by the SPP1 label (Burns et al. 2015; McInturff
et al. 2018; Maroto et al. 2021b), while the main population
of HCII was identified by the calretinin + label. As shown
in Fig. 3D, E, the number of HCI was greatly reduced after
two daily injections of streptomycin (F[4, 26]=77.64;
p <0.001), while the number of HCII was unchanged (F[4,
26]=1.48, p=0.24). The loss of HCI was similar in the
three groups of rats treated with streptomycin (STR-300x2,
STR-350x2, STR-400x2), and no recuperation in HCI counts
was recorded in the recovery group.

Calyceal junction dismantlement, afferent
fragmentation, and synaptic loss after sub-chronic
streptomycin exposure

In addition to HCI loss, rats exposed to sub-chronic strepto-
mycin displayed alterations in the remaining HCIs and their
afferents. In rats exposed to streptomycin once a day (STR-
500), a reversible loss of CASPR1 fluorescence occurred in
the calyces contacting the surviving HCIs (Fig. 5). To assess
this effect, we measured the amount of CASPR1 fluores-
cence associated with the remaining individual calyces. The
loss and recuperation of the CASPR1 label was found across
the three epithelia and in both central/striolar and peripheral
zones. All ANOVA comparisons resulted in significant dif-
ferences (all F[3, 19 to 27]> 5.3, all p’s <0.006). As shown
in Fig. 4, the confocal microscope images also revealed a
reversible decrease in MYO7A fluorescence intensity in the
HCs of the STR-500 animals. This effect was quantified in
a subset of samples and significant group differences were
found (F[2, 11]1=5.0, p=0.029). The post-hoc analysis con-
firmed that the label (in arbitrary units) was reduced from
9583+ 1290 (X+ SE, n=5) in CTRL animals to 6232 + 781
(n=4) in STR-500 (8 weeks) animals (p <0.05, Duncan’s
test), and regained normal level (10,522 + 621, n=5) after
recovery. In animals given two injections a day, the intensity



Archives of Toxicology

A

STR-400x2

CASPR1
B  Hci(CASPR1) i C  Hall (calretinin+) E ». QCTRL (n-8)
OCTRL (n=9/10) OCTRL (n=9/10) a2 @STR-300%2 (6 wk) (n=7)
20 74 B STR-500 (6 wk)(n=4/6) 15 - _ ~
. = @ STR-500 (6 wk)(n=4/6) 3 B STR-350x2 (4 wk) (n=6)
m n.s B STR-500 (8 wk)(n=5/7) _ WSTR-500 (8 wk)(n=5/7) @ 20 1 . _
¢ IH T OSTR-500 (R)(n=6/8) [ n.s. v B STR-400x2 (3 wk) (n=6)
x 15 Q@ ket n.s .1 STR-500 (R)(n=6/8) & OSTRY (R) (n=4)
K| = o 15 1
o @ 2
o = ]
Y= o Y b
2 . Swq||bb, s
@ ° 2
a @ £
£ £ 2 5
2 £
=2
0 .
C.Cri. P.Cri. S.Utr. P.Utr. S.Sac. P.Sac. C.Cri. P.Cri. S.Utr. P.Utr. S.Sac. P.Sac. HCI(SPP1+)  HClI(calre+)

Fig. 3 Effect of sub-chronic streptomycin on the numbers of HCI and
HCII in the vestibular epithelia of the rat. A—C Effect of 500 mg/kg
of streptomycin, once a day, for 6 or 8 weeks, as recorded at the end
of the exposure period or at the end of a recovery period of 8 weeks
after treatment. Vestibular cristae, utricles and saccules were immu-
nolabelled with anti-MYO7A (red, to label all HCs), anti-CASPR1
(green, to identify HCI) and anti-calretinin (blue, to label HCII) anti-
bodies, and examined by confocal microscopy. The central/striola and
peripheral regions of the epithelia were evaluated separately. A Rep-
resentative images from the peripheral utricle of a vehicle control rat,
a rat treated with streptomycin for 8 weeks (STR-500 8 weeks), and a
recovery (STR-500 R) rat. HCI were defined by MYO7A+ cells with
adjacent CASPRI1 label, even if thin or fragmented, and no calterinin
label (arrows). Note the fragmentation of the CASPR1 label in the
STR-500 (8wk) rat. Scale bar: 20 pm. B, C Counts of HCI (B) and
HCII (C) cells. Data are mean number of cells+ SE per section. For
each animal and epithelial zone, numbers were obtained by averag-
ing counts from 8 confocal stacks from a representative histological

of CASPR1 immunoreactivity in the calyces contacting sur-
viving HCI was also reduced by streptomycin (Suppl. Fig.
S7).

We also evaluated whether sub-chronic streptomycin
altered the distribution of the potassium channel, KCNQ4,
in the calyx membrane, as identified in CASP1-KO mice
(Sousa et al. 2009) and in rats exposed to sub-chronic IDPN
(Sed6-Cabezon et al. 2015). The data, shown in Fig. 5A,
B, indicated that CASPRI1 loss is associated with KCNQ4
redistribution in the calyces of the STR-500 rats. In control
rats, the KCNQ4 label is found almost exclusively in the
inner membrane, that is, in the calyceal junction area, and is
absent in the outer membrane of the calyx. After streptomy-
cin treatment, the immunofluorescence was reduced in the
inner membrane, whereas significant labelling appeared in
the outer membrane of the calyx. Therefore, KCNQ4 was
abnormally distributed after streptomycin. ANOVA analy-
ses of the amount of fluorescence in the inner and outer

section. D, E Effect of 300 (STR-300x2), 350 (STR-350x2) or 400
(STR-400x2) mg/kg of streptomycin, twice a day, for 6, 4, or 3 weeks.
The recovery (R) group includes animals allowed 3 weeks of recov-
ery after receiving STR-350x2 or STR-400x2 for 3 or 4 weeks. Ves-
tibular cristae were labelled with anti-SPP1 (blue, to label HCI),
anti-CASPRI1 (green) and anti-calretinin (red) antibodies. HCI were
defined as SPP1+cells and HCII were cells with calretinin label. D
Partial view of representative sections of control and streptomycin
cristae. Scale bar: 20 pm. E. Relative numbers of HCI and HCII in
the crista sections. Data are mean number of cells+ SE per transver-
sal section, including central and peripheral regions. In B, C, E, the
number of replicas in the figure legends indicate minimum/maximum
number of animals counted per epithelium and zone in the treatment
group. a, b, ¢, ab: Groups not sharing a letter are different (p <0.05),
Duncan’s multiple-comparisons test after significant (p <0.05) one-
way ANOVA. (n.s.) non-significant (p>0.05) group differences in
the ANOVA analysis (colour figure online)

membranes were significant (F[3, 14]=12.1, p<0.001, and
F[3, 14]=49.9, p <0.001, respectively). Post-hoc analyses
confirmed that streptomycin caused KCNQ4 redistribution,
and that this effect was no longer present in the recovery
animals.

Sub-chronic streptomycin also caused a reduction in the
number of synaptic puncta as revealed by labelling with
antibodies against ribeye/CtBP2, the core protein of the
presynaptic ribbon, and against the post-synaptic scaffold
protein PSD-95 (post-synaptic density 95). The mean num-
ber of puncta counts per cell in 2.7 pm thick sections of
HCs was significantly reduced in STR-500 animals exposed
for 6 weeks compared to CTRL animals (Fig. 5C, D). T test
comparisons resulted in p <0.001, p=0.018, and p=0.001
for ribeye, PSD-95, and co-localization (as defined in the
methods section) values, respectively.

The effect of sub-chronic streptomycin on the calyceal
junction was also studied at the ultrastructural level by TEM
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Fig.4 Effects of sub-chronic A
streptomycin on the expression
of CASPRI in the central/striola
(C/S) and peripheral (P) regions
of the vestibular crista, utricle
and saccule of the rat. The
samples were labelled with anti-
MYOT7A (red), anti-CASPR1
(green) and anti-calretinin
(blue) antibodies. A Representa-
tive images from mid-crista
sections from a CTRL rat (a—d),
a rat treated with 500 mg/kg of
streptomycin, once a day, for

6 weeks (e-h), and a rat allowed
a recovery period of 10 weeks
after the streptomycin treatment
(i-1). Note the loss and frag-
mentation of the CASPRI1 label
caused by streptomycin and

its recuperation after recovery.
The intensity of MYO7A label
also decreased and recovered.

B Quantitative analysis of the
CASPR1 fluorescence. Data are
normalised arbitrary fluores-
cence amount per cell +SE. For

Control

CASPR1

Streptomycin

Recovery

Overlay.

each animal, epithelium and B _ OCTRL
zone, the average amount of 2,0 CASPR1 @ STR-500 (6 wk)
fluorescence was obtained from o B STR-500 (8 wk)
all HCs available for analysis ".ﬁ a OSTR-500 (R)
up to 40 cells. Numbers below x 157
the bars indicate number of ani- bt a
< i . c a a a a a a
mals included per group. a, b: o a
Groups not sharing a letter are s 1,0 1 a a
different (p < 0.05), Duncan’s e b b
multiple-comparisons test after 3 b b b b bb b
significant (p <0.05) one-way v 0,5 A b b b
ANOVA (colour figure online)
0,0 h T T T T T
1057 8 10678 10476 10677 9356 9557
CristaC CristaP UtricleS UtricleP SacculeS SacculeP

observation of samples from control rats (4 lateral crista,
2 saccules, 1 utricle), STR-500 rats exposed for 6 (5 lat-
eral crista) or 8 (4 lateral crista) weeks, and STR-300x2 rats
exposed for 6 weeks (3 saccules and 1 utricle). In control
specimens, calyceal junctions were prominent with virtually
no disruptions in the two basal thirds of contact between
HCT and its afferent calyx (Fig. 6A, C). This junction con-
sists of highly electron-dense pre- and post-synaptic mem-
branes, a highly regular inter-membrane distance, and an
electron-dense extracellular space. In contrast, many calyces
in the streptomycin rats showed from fragmented to only
partial to absent junctions (Fig. 6B, D-F). In these units, the
membrane density was similar to that of regular membranes
and the area displayed a more-variable inter-membrane dis-
tance, as well as a reduced extracellular electron density.
In addition, fragmented calyces were also identified in the
samples from the treated animals, and these showed absence
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of the calyceal junction (Fig. 6E, F). No fragmented calyces
were observed in the control epithelia.

Hair cell extrusion after sub-chronic streptomycin
exposure

The occurrence of HC extrusion was evaluated by immu-
nofluorescent analysis in samples from animals exposed to
streptomycin twice a day. The MYO7A and CASPR1 anti-
bodies were combined with an anti-radixin antibody to label
the apical microvilli of the supporting cells and thus outline
the surface of the epithelium. Images indicating HC extru-
sion were not obtained in most sections of the crista (n=4
CTRL, 7 STR-300x2, 4 STR-350x2, and 4 STR-400x2) and
saccule (n=2 CTRL, 7 STR-300x2, 5 STR-350x2, and 6
STR-400x2). However, as illustrated in Fig. 7A, protrud-
ing/extruding HCs were a common finding in most utricle
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A

CASPR1
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Fig.5 Effects of sub-chronic streptomycin on the expression of syn-
aptic proteins in the HCI and calyx afferents of the rat. A Redistribu-
tion of KCNQ4 in the inner and outer membranes of the calyx ter-
minals afferent to HCI. Vestibular crista from control (al-a3) and
streptomycin (a4-a6) animals are shown after labelling with anti-
CASPRI1 (green) and anti-KCNQ4 (red) antibodies. Note the precise
colocalization of CASPR1 and KCNQ4 in the control epithelium.
After streptomycin, KCNQ4 mislocalisation concurs with CASPR1
loss. The asterisk indicates a calyx with a control-like co-localisa-
tion of CASPR1 and KCNQ#4 in the inner membrane of the calyx.
The arrowhead points to a calyx with CASPRI1 loss and reduced co-
localisation, with the KCNQ4 antibody labelling a greater area than
the CASPRI1 antibody. The arrow points to the outer membrane of
a calyx displaying greatly reduced CASPRI1 label in the inner mem-
brane and redistribution of KCNQ4 throughout both the inner (i and
i") and outer (o and 0o’) membranes. B Quantitative analysis of the dis-
tribution of KCNQ4 label in the inner and outer face of the calyces in
crista from control rats (CTRL), rats treated with 500 mg/kg of strep-
tomycin (STR-500), once a day, for 6 or 8 weeks, and rats allowed a
recovery period of 8—10 weeks after the streptomycin treatment. Note

sections from animals exposed to STR-300x2 for 6 weeks
(n="7) or STR-350x2 for 4 weeks (n=5), although not in
utricles from animals receiving STR-400x2 for 3 weeks
(n=6). Control utricles (n=2) also showed no HC extru-
sion. In the STR-300x2 and STR-350x2 utricles, the occur-
rence was around 1-3 protruding/extruding HC per section
(130-190 pm long, 25 pm thick).
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that control and recovery animals do not display KCNQ4 in the outer
face membrane. Data are mean arbitrary fluorescence units+ SE.
The number of replicas indicate the number of animals included in
the analysis per group. a, b Groups not sharing a letter are differ-
ent (p<0.05), Duncan’s multiple-comparisons test after significant
(p<0.05) one-way ANOVA. C Labelling of pre-synaptic (Ribeye,
red) and post-synaptic (PSD-95, green) proteins on HCs (MYO7A,
white) in vestibular crista. In subpanel c¢l, the MYO7A label is
included to show HC bodies in a control crista. Subpanel ¢2 shows
the same image without the MYO7A label but including lines delin-
eating the limits of two HCs and arrows pointing to examples of pairs
of ribeye and PSD-95 puncta. D Effects of sub-chronic streptomycin
on the numbers of synaptic puncta per 2.7 pm-tick optical sections
of HCs. Data are mean number of pre-synaptic and post-synaptic
puncta, as well as pre- and post-synaptic pairs (co-localization), + SE,
from control rats (CTRL) and rats treated with 500 mg/kg of strepto-
mycin (STR-500), once a day, for 6 weeks. The number of replicas
indicate the number of animals included in the analysis per group.
*p<0.05, and ***p <0.001, CTRL versus STR-500, Student’s T test
(colour figure online)

To corroborate that the extruding MYO7A + profiles
found in the immunofluorescent analyses corresponded to
living HCs, we examined two utricles by TEM. As shown
in Fig. 7B, C, the extruding HC showed displacement of
the whole cell towards the lumen of the utricle. The ultras-
tructural features of the cytoplasm, organelles, and nucleus
indicated continued activity of the cell.
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«Fig. 6 Effects of sub-chronic streptomycin on the calyceal junction
and calyx integrity as observed by TEM. A Control crista. The cal-
yceal junction is revealed by the high electron density of the appos-
ing membranes (long arrows) of HCI and inner side of the calyx (c),
higher than that found in the outer side of the calyx (arrowheads). B
Crista of a rat exposed to 500 mg/kg of streptomycin, once a day, for
6 weeks. In most of the area where the calyceal junction should be
found, the apposing membranes show a low electron density (short
arrows), similar to that in the outer face of the calyx (arrowhead). C
Higher magnification of the calyceal junction (long arrow) and the
outer side of the calyx (arrowhead) in a control saccule. D Higher
magnification from a crista of a rat exposed to 500 mg/kg of strep-
tomycin, once a day, for 6 weeks. Note the short segment of calyceal
junction (long arrow) that remains together with areas devoid of it
(short arrow) and the similarity between the latter and the membranes
in the outer side of the calyx (arrowheads). E Calyceal junction dis-
mantlement and calyx fragmentation in a HCI showing evidence
of ongoing extrusion, from a utricle of a rat exposed to 300 mg/kg
of streptomycin, twice a day, for 6 weeks. Note the absence of cal-
yceal junction (short arrows), the fragmentation of the calyx (c, green
shadow), and the direct contact between supporting cells and the
HCI (stars). The purple shadow highlights one supporting cell (sc). F
Higher magnification of the boxed area in panel E. Note the similar-
ity of the membranes between the place where the calyceal junction is
missing (short arrows) and the outer side of the calyx (arrowheads).
Note also the direct contact between a supporting cell (sc) and the
HCI (star). Scale Bars: A, B, E, 2 pm; C, D, F, 1 pm (colour figure
online)

Occurrence of calyceal junction dismantlement
in human vestibular epithelia

To evaluate whether calyceal junction dismantlement also
occurs in human vestibular epithelia under stress, we studied
samples from patients submitted to therapeutic labyrinthec-
tomy or translabyrinthine tumour excision. The vestibular
epithelia were immunolabeled with anti-CASPR1 antibod-
ies combined with a variety of other antibodies, and a total
of 29 samples yielded useful information. MYO7A, cal-
retinin, and CASPR1 labels matched the labelling features
described above in rat samples. In addition, when tested
together (n=9), CASPRI1 and the extracellular matrix pro-
tein tenascin-C were found to localise together in the cal-
yceal junction area, as described previously in rodent sam-
ples (Lysakowski et al. 2011; Sed6-Cabezoén et al. 2015;
Greguske et al. 2019). In contrast, the observed label of HCI
by SPP1 was unreliable in the tested conditions. Among
the 29 epithelia, HC densities varied from high, similar to
that observed in samples from control rats, to almost null.
Reduced HC density could result from both the patient’s
age and vestibular pathology; the evaluation of this pathol-
ogy was beyond the scope of the present study. Regarding
the calyceal junctions, 18 samples were evaluated to have
intact or mostly intact CASPR1-labelled calyces. These
included 2/2 cases of Méniere’s disease (Fig. 8A), 4/4 cases
of meningioma (Fig. 8B, C), 1/1 case of an endolymphatic
sac tumour, and 11/22 cases of vestibular schwannoma.
Two other samples displayed very few HCs with only one

CASPRI1 + or none, hampering the achievement of any con-
clusion on calyceal junctions. However, 9 of the samples,
all of them from vestibular schwannoma patients, provided
images suggesting that an active process of calyceal junction
dismantlement was taking place. This included calyces with
patched CASPR1 labelling (Fig. 8D-F) or lack of CASPR1
in calyx-only units (Fig. 8G). The patched feature of the
label in some calyces was confirmed in 3D reconstructions
(Suppl. Fig. S8). The number of days the samples were in
fixative does not explain this effect, as it was observed in
tissues fixed for 1 day (n=5), 4 days (n=1), 7 days (n=1),
and unrecorded (but less than 8) days (n=2).

Discussion

Previous work from our laboratory in rats and mice has dem-
onstrated that sub-chronic IDPN exposure causes vestibular
HC extrusion and that the extrusion is preceded by reversible
calyceal junction dismantlement and synaptic uncoupling
(Seoane et al. 2001a; Sed6-Cabezon et al. 2015; Greguske
et al. 2019). These phenomena have received little research
attention despite its potential relevance. HC extrusion is the
main form of HC demise in birds and amphibians (Hirose
et al. 1999; Rubel et al. 2013) and has been sporadically
observed in mammalian vestibular epithelia (Li et al. 1995;
Nakagawa et al. 1997; Granados and Meza 2005). In the
present work, we first aimed at establishing a new rat model
of sub-chronic aminoglycoside toxicity to determine whether
HC detachment and extrusion occur in ototoxic conditions
of clinical relevance. The data obtained demonstrate that the
calyceal junction reversibly dismantles during subchronic
streptomycin exposure in association with reversible vestibu-
lar dysfunction. Synaptic uncoupling and HC extrusion were
also recorded in these rats. In addition, we also collected
evidence indicating that calyceal junction dismantlement
may take place in the human vestibular system.

HC degeneration is effectively achieved by direct expo-
sure to aminoglycoside antibiotics as done by trans-tympanic
administration or in in vitro studies (Kohonen and Tarkkanen
1969; Anniko et al. 1982). However, the use of more natural
in vivo approaches to induce inner ear toxicity in laboratory
animals with aminoglycosides has been a challenging issue,
as acute systemic intoxication may not cause ototoxic effects
until the dose is large enough to trigger animal death (Wu
et al. 2001; Murillo-Cuesta et al. 2010). Nevertheless, sev-
eral studies have succeeded in establishing dosing regimes
that elicit ototoxic effects with limited lethality and systemic
toxicity. Yet, many of these studies favour cochlear versus
vestibular toxicity (Sullivan et al. 1987) or are designed
to accelerate the progression of the damage (Taylor et al.
2008; Oesterle et al. 2008). In the present study, we suc-
cessfully caused slowly progressing vestibular toxicity with
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Fig.7 Evidence of HC extrusion in utricles of rats exposed to sub-
chronic streptomycin as observed by immunofluorescence and TEM.
The images are from rats administered twice a day with 350 mg/kg
of streptomycin for 4 weeks, or with 300 mg/kg for 6 weeks. A Utri-
cles immunolabelled with antibodies against MYO7A (red), CASPR1
(green) and radixin (blue). The radixin label of stereocilia and micro-
villi outlines the surface of the epithelium. Arrowheads point to HCs
protruding (a, b), extruding (c, d, e) or completely extruded (f) into
the luminal cavity of the utricle. B, C TEM images of HCs in a pro-

streptomycin in young rats. By means of one daily injec-
tion, significant loss of vestibular function occurred after
4 weeks of the highest tolerated dose, while the use of two
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trusion stage corresponding to that shown in panels a, b, respectively,
of part A. Stereocilia (arrows) and striated organelles (arrowheads)
identify the extruding cells as HCs. In B, note the position of the
nucleus of the HC inside the epithelium, and the remnant of a calyx
terminal (green shadow) that identifies the HC as a HCI. In C, note
the position of the nucleus of the HC (unidentified type), half way
into the luminal cavity of the utricle. Scale Bars: A 20 pm; B, C 2 pm
(colour figure online)

injections per day accelerated this loss in a dose-depend-
ent manner, allowing for the study of ototoxicity emerging
after 2-3 weeks of treatment. Interestingly, the effects were
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Fig.8 Evaluation of the calyceal junction in whole-mount vestibular
epithelia from patients of vestibular diseases, as revealed by CASPR1
immunolabel (green, light blue when co-localizing with calretinin
blue label). In the main panels, HC bodies are labelled with an anti-
MYO7A antibody (red). Calretinin is shown in blue in main panels
C-F, and in purple in the inset in C. A Epithelium from a patient of
Meéniere’s disease showing no pathological features. Note the ele-
vated density of HCs and the continuous distribution of the CASPR1
label throughout the calyceal junction area of each HCI. B Epithe-
lium from a meningioma patient, showing also no overt pathology. C
Epithelium from a meningioma patient. Note the low density of HCs
and the normally continuous CASPR1 label in calyces of both cal-
retinin+ calyx-only terminals (arrowhead) and calretinin-dimorphic
terminals (short arrow). The inset displays the same two calyces; a
thinner stack is shown to highlight the uninterrupted CASPR1 label
and its placement in the inner membrane of the calretinin+ calyx
of the calyx-only terminal. D Utricle periphery from a vestibular

similar in both sexes and low variability was recorded within
groups. Thus, as similarly reported for cochlear kanamycin
toxicity in rats and mice (Wu et al. 2001; Jiang et al. 2006),
exposure of Long—Evans rats to one or two daily doses of
streptomycin reliably causes vestibular toxicity. Comparing
the two models, it appears that the one daily dose regimen
reaches a limit in its effect, while the two-dose regimen
seems to provide a more flexible model to study dose- and
time-dependent effects.

schwannoma patient. Around different HCI, the calyceal CASPR1
label is found in both normal continuous distribution (arrowhead)
and in faint and broken distribution (long arrows). E Striola region
of the same utricle in D. Although some calyceal junctions display a
roughly normal continuous distribution of the CASPRI1 label (arrow-
heads), most display faint, broken or largely absent label (arrows).
F Higher magnification image from the same patient in D, E. Two
calyces formed by calyx-only terminals are highlighted, one with
continuous CASPR1 label (arrowhead) and the other with a patched
distribution of this label (long arrow). G Epithelium from a dif-
ferent vestibular schwannoma patient displaying normal CASPRI
distribution in calyces from dimorphic terminals (arrowhead) and a
double calyx of a calretinin+calyx-only terminal displaying a par-
tial CASPR1 label in one HC (short arrow) and no CASPRI1 in the
other HC (long arrow). Image thickness: A 12 pm; B 10 pm; C main
9.5 pm, inset 5 pm; D 1.6 pm; E 2.6 pm; F 5 pm; G 6 pm. Scale
Bars: A, C, D, E 25 pm; B 50 pm; F, G 5 pm (colour figure online)

Streptomycin exposure in rats caused the loss of HCs,
deeper after two daily doses than after one dose, as revealed
by the SEM studies and quantified in immunofluorescence
studies. Separate counts of HCI and HCII revealed that HC
loss concentrated on the HCI, while HCII were spared in
both injection paradigms. To identify HCI we used two
different markers, CASPR1 and SPP1. CASPRI1 is not
expressed by HCIs but is found in the membrane of the
calyx afferent contacting the HCI (Sousa et al. 2009; Lysa-
kowski et al. 2011; Sed6-Cabezon et al. 2015). Although
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streptomycin caused a specific loss of CASPR1, traces of
CASPRI1 label in contact with cell profiles positive for
Myo7a+ and negative for calretinin (see Fig. 3A) allowed
a reliable identification of HCI in the one dose samples. In
addition, except for a minor recuperation in HCI numbers
in the periphery of utricles and cristae, no increase in HCI
numbers was found in the samples of the recovery animals,
in which a good recuperation in CASPR1 expression had
occurred. In addition, the loss of HCI was confirmed using a
positive HCI marker, SPP1 (MclInturff et al. 2018), to evalu-
ate the samples from the two daily injections experiment. To
identify HCII, we also used a positive marker, calretinin, and
found that the number of HCII per image was not reduced in
any of the two exposure paradigms. Because of the method
used, we cannot completely exclude that a small loss of HCII
was masked by tissue shrinkage, but in any case the lack of
differences in HCII numbers per image contrasts with the
significant loss of HCI. While a greater sensitivity of HCI
with respect to HCII in regards to ototoxic insult is widely
recognized, not many studies are available in providing a
quantitative assessment of this difference in vivo (Lopez
et al. 1997; Nakayama et al. 1996; Hirvonen et al. 2005;
Maroto et al. 2021a).

The data collected add to the existing evidence that HC
extrusion is a significant form of HC demise induced by ami-
noglycosides in the mammalian vestibular system in vivo,
as reported in the vestibular epithelia of rodents exposed
to other aminoglycosides using relatively long exposure
paradigms (Li et al. 1995; Granados and Meza 2005). In
addition, the present data demonstrate that calyceal junc-
tion dismantlement and synaptic uncoupling occur after
streptomycin, as previously demonstrated for sub-chronic
IDPN (Sedo6-Cabezon et al. 2015; Greguske et al. 2019).
The streptomycin effect includes CASPR1 down-regula-
tion, redistribution of KCNQ4, loss of electron density in
the calyceal junction area, and a reduction in the number of
synaptic puncta per cell. As observed in the IDPN model,
these effects are associated with the loss of vestibular func-
tion, and significant recuperation was also recorded for the
behavioural, CASPR1, and KCNQ4 effects in rats when
allowed a recovery period after the exposure. However, sig-
nificant differences between the two models were noticed.
In the rat IDPN model (Seoane et al. 2001a; Sed6-Cabezén
et al. 2015), a complete dismantlement of the calyceal junc-
tions, with extensive loss of CASPR1 and redistribution of
KCNQ#4 occurs before HC loss starts. Extending the time of
IDPN exposure triggers a massive event of HC extrusion,
and the occurrence of extruding cells over several weeks
indicates that the extrusion of each HC takes place over
several days. IDPN thus provides a highly synchronic and
slowly progressing model of sequential HC detachment and
extrusion. In contrast, in the streptomycin rats, extruding HC
were only found occasionally, the loss of CASPR1 and the
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redistribution of KCNQ4 were smaller, and a significant loss
of HCs had occurred already before complete dismantlement
of the calyceal junctions. These observations indicate that, in
comparison with those of IDPN, the effects of streptomycin
are less synchronic, and that the extrusion of each HC takes
place in a shorter time, probably a few hours. Although not
specifically addressed in the present experiments, the TEM
studies did not give evidence for an extensive occurrence of
apoptotic HC death. The simplest explanation of the pre-
sent observations is that HC detachment and extrusion are
triggered at the individual cell level, and that cells are not
synchronized after streptomycin treatment as they are after
IDPN. This conclusion is supported by our previous dem-
onstration that calyceal junction dismantlement is triggered
individually in a calyx-to-calyx basis also after IDPN (Sed6-
Cabezoén et al. 2015).

Behavioural and CASPR1 data presented here demon-
strate repair capacity and functional recuperation of the
rat vestibular epithelium after sub-chronic streptomycin
exposure. Although only a limited number of animals were
allowed to survive, their recuperation was indubitable.
Functional recuperation may be a consequence of behav-
ioural compensation or reflect recuperation from alterations
not detected by histological analyses, such as hypothetical
changes in endolymph composition or inactivation of the
transduction channels. Conversely, our data excluded the
possibility that HC regeneration accounted for this recupera-
tion, because HCI counts remained decreased at the end of
the recovery period. Rather, its association with the reversal
in CASPRI labelling, as measured on a cell-by-cell basis,
suggests that the functional recuperation may result, at least
in part, from repair phenomena in the HC and the contact
between HCs and their afferents. The present observation of
a recuperation in CASPR1 labelling contradicts the persis-
tence of calyceal pathology observed in chinchillas exposed
to gentamicin by direct perilymphatic infusion (Sultemeier
and Hoffman 2017). Differences in species, aminoglyco-
sides, and exposure model may account for the difference
between the present data and those by Sultemeier and Hoft-
man (2017).

To explore the possible relevance of the calyceal junction
dismantlement to human pathology, we examined a series of
human samples for histological evidence of such dismantle-
ment. The interpretation of the human observations is weak-
ened by the lack of control samples, and the variability in
pathological conditions and surgery-generated damages.
Nevertheless, many samples included a uniform CASPR1
label in all observable calyces, while some other samples
offered multiple images of patched or largely missing label
for this protein. Although the possibility that this abnormal-
ity was generated during collection of the sample cannot be
completely excluded, the data strongly suggest that calyceal
junction dismantlement may indeed occur in the human
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vestibule under stressful conditions. Although all the cases
in which CASPR1 loss was recorded were from vestibular
schwannoma surgeries, the number of samples from other
pathologies was so low that it cannot be discarded that simi-
lar observations could emerge if more cases were examined.
Current evidence indicates that vestibular schwannomas
may damage the sensory epithelia of the inner ear through
tumour-secreted factors, including tumour necrosis factor
alpha (TNFa) (Dilwali et al. 2015). A recent study has dem-
onstrated the potential of this pro-inflammatory cytokine to
cause cochlear synaptic uncoupling in vivo (Katsumi et al.
2020). It is thus possible that inflammatory signals such as
TNFa are able to trigger the dismantlement of the calyceal
junction, synaptic uncoupling, and eventual HC extrusion in
the vestibular epithelium.

Future work may address some of the limitations of this
initiating study and use it to expand our understanding of
vestibular pathophysiology. For instance, determining the
blood and inner ear concentrations of streptomycin (and
its potential ototoxic metabolites, e.g., Granados and Meza
2005) in this exposure model may enlighten the role of
inner ear accumulation in systemic aminoglycoside toxicity.
Recent data supports that cochlear retention is a key factor
in cisplatin ototoxicity (Breglio et al. 2017), and some data
is available supporting a similar conclusion for the cochlear
and vestibular toxicity of gentamicin (Imamura and Adams
2003). More works is also needed to replicate and expand
the human observations, excluding any potential confound-
ing factor and relating the pathological findings to the clini-
cal data of patients. This is particularly important due to
the lack of tissues from humans not suffering any inner ear
disease.

In conclusion, the present study evaluated whether events
leading to HC extrusion in the vestibular sensory epithelia of
rodents exposed to sub-chronic IDPN (Seoane et al. 2001a;
Sedo6-Cabezon et al. 2015; Greguske et al. 2019) may have a
wider significance. The data collected demonstrate that dis-
mantlement of the calyceal junction and synaptic uncoupling
are widespread phenomena in rats exposed to sub-chronic
streptomycin regimes that cause HC loss through, at least
in part, the extrusion pathway. We also collected data sug-
gesting that calyceal junction dismantlement may occur
in human vestibular epithelia in response to inflammatory
stress. Elucidating the molecular pathways triggering these
cellular phenomena may unveil new targets to control dam-
age progression in this sensory epithelium.
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