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Abstract

Earth’s gravity acts both as a mechanical stimalughe body and as a sensory stimulus to
the vestibular organ, which is transmitted into lingin. The vestibular system has been recently
highlighted as the cornerstone of the multisensamgex, of the dorsal hippocampus related to
spatial cognition. Consequently, we have hypotleesihat the vestibular sensory perception of
gravity by the otoliths might also play a crucialer during the first stages of development in both
sensorimotor and cognitive functions and the corsitsn and perception of the ‘self’ and related
functions of orientation and navigation. We haveestigated an original mouse model (Head
Tilted mice, B6Ei.GLNox3"¢YJ) suffering from a selective congenital absentevestibular
otolithic gravisensors. We report that mouse pudfesed from a delay in the acquisition of
sensorimotor reflexes, spatial olfactory guidamagh integration, and ultrasonic communication,
while maternal care remained normal. We demonsttae development has a critical period
dependent on the vestibular otolithic sensory peice of gravity, probably temporally between
the somesthetic and visual critical periods. The@pms expressed by the congenital otolithic-
deficient mice are similar to validated mouse msa#lautism and highlight the significance of

vestibular graviception in the pathophysiology e¥dlopment.

Keywords: otolith, early development, B6Ei.GL-Nox3het/J, gtawestibular system, autism



Highlights
» Earth’s gravity influences early cognitive-motorvdpment through vestibular
sensory graviception.
« Development has a critical period dependent onvdstibular sensory perception of
gravity, probably temporally between the somesthatid visual critical periods.
» Vestibular sensory perception of gravity might pkaycrucial role during the first
stages of development in both sensorimotor andittegriunctions and the construction
and perception of the ‘self’ and related functiohgrientation and navigation.
» Congenital otolithic-deficient mice exhibit similaaymptoms as validated mouse
models of autism and highlight the significancevestibular otolithic graviception in the

pathophysiology of development.
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1. I ntroduction

The vestibular organs located within the inner leare been explored during the last
decades as a sensory system essential for mangajaze and postural stabilization based on
encoding, in three dimensions, the body's posiand motion with respect to earth gravity
[1]. Numerous investigations have demonstrated ttreicial role at the brainstem level and
have led to the recognition of the vestibular oggaa ensuring the basic function of balance
[1]. However, the vestibular system is an ancessealsory organ originating from the
protochordates more than 500 million years ago [&hich then links the brain to
gravitational force well beyond the brainstem refteetworks. Therefore, this indicates that
Earth's gravity comprises two main components gctin any living species, namely, a
mechanical loading factor which affects the physigl and as a form of gravitational sensory
stimulation which affects the whole brain. Rematiathe extent of vestibular function was
discovered during the last decade, in particularcrucial involvement in many high-level
brain functions: i} spatial cognition (including self-perception, serof direction, verticality
perception, internal representation of gravityeotation, navigation and spatial memory, and
mental calculation) [3—10];iij social cognition [11]; andii() emotional regulation [12,13].
Recent studies have highlighted numerous directiradicect cortical projections of vestibular
inputs to numerous brain areas [14] including tperoular insular/retro-insular cortex and
surrounding regions [3,5,15-17]. These regions @aa@n absolute geocentric reference of
living species, up to humans, devoted to the clucia of gravity-related verticality perception
[18]. This idiothetic referential frame is supplemed by the overlap of egocentric and
allocentric frames provided by the somatosensory wisual systems, respectively, and
altogether represent the multisensory integrationcgsses [3,19]. All of these highly
complex cortical functions, based at least parthy tbe vestibular perception of Earth's

gravity, allow us to appreciate their importance floe individual in the construction and
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perception of the ‘self’, in its interaction withd surrounding world and with others. And yet,
adult patients suffering from vestibular deficis well as patients with stroke and epilepsy
occurring within the parieto-temporal junction asutrounded regions, report a large number
of cognitive (e.g., [20,21]) and neuro-psychiasiymptoms [12]. The vestibular projections
of vestibular gravitational information towards aseof consciousness, can result in feelings of
depersonalization, projection out of the body, Ess$ of spatial landmark [12]. As mentioned
above, all these motor and mental disorders wesestigated at adulthood and resulted in a
deterioration of a functional system. One can gasilvisage that early alteration of the
vestibular system (during pre- or post-natal dgwelent) could deeply affect the development
of individuals, particularly considering its prealtaturation [2,22].

The vestibular organ is mature at 4 months of pgagy in humans and functional from
birth [2,22]. Some authors have suggested indestddbomotor and postural development are
influenced by the effect of gravity [23—25], whigk reinforced by studies conducted in
hypergravity environments [26]. However, the respecroles of the mechanical and the
sensory components of gravity on the species studimain poorly defined [27]. The idea that
vestibular information has an influence on sensonoger development was recently raised by
Wiener et al. [28] from a few children’ data witbraplete and bilateral vestibular loss, who
showed a delay in motor milestones [28], and poddpgted strategies [29]. They could also
have some difficulties in high-level cognitive fuloms, peer interactions and communication,
as reported in some case forms of Autism SpectrisorBers (ASD) [30]. This has become
all the more meaningful since we know that theibe&ir system participates in self-perception
in the adult, in our body schema construction amdrelationship with the environment and
others, as mentioned above.

Recent studies have provided direct evidence tmatotoliths, which sense linear

acceleration, including linear gravitational accal®n, may contribute to spatial memory.
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First, it has been reported that otolith-deficiemte exhibit deficits in spatial memory tasks
[31-35]. Second, otolith deficiency has been regubrto result in a degradation of both
thalamic head direction cell and hippocampal plaed responses [36,37]. Third, in
epidemiological studies, cVEMP and oVEMP functiarhich provide an index of saccular
and utricular function, respectively, have been adestrated to be predictors of cognitive
dysfunction as a result of aging (see [38] for dew). Electrical stimulation of the otolith
receptors alone in guinea pigs and rats has akso tEported to evoke widespread responses
throughout the hippocampus, which is well knowrbéocritical for spatial memory [39,40].
The otoliths are not the only part of the vestibggstem which can sense gravity of course,
since the vertical canals can contribute to thaayéwver, they are a major contributor to the
vestibular sense of gravity (e.g., [41]).

Therefore, to further explore the effects of vadalb graviception on cognitive function and in
global self-construction, and to examine the eriste of a gravity-related vestibular
sensory window during early development, we hawwuated the behavioural consequences
of a selective otolith-deficient mouse model of HéRllted mice Hetf) [42], i.e. devoid of
vestibular graviception attributable to the otdithand we have looked for a potential
maternal care effect, and visuo-vestibular and stime¢ic-vestibular interactions. Our
hypothesis was that mice devoid of otoliths wouldvelop abnormally in terms of

sensorimotor and spatial memory function.
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2. M ethods

2.1.  General procedures:

Experiments were carried out in accordance withEhmpean Communities Council
Directive 86/6609/EEC as well as French legislatidfice were housed under constant
temperature (21+3C) and humidity (55+10%) conditions. Mice were kepider a 12:12 h
normal light: dark cycle (lights on at 8:00 AM, gressively increasing to 400 Lux) with food
and water availablad libitum General parameters like weight and welfare werpilarly
evaluated. The B6Ei.GL-Nox3het/J mice present aatrart on chromosome 17 inhibiting
NADPH oxidase 3 gene expression [43] and this leimddhe recessive condition (Het -/-), to
a specific and complete lack of saccular and uarcotoliths within the inner ear [42],
making the mice unable to detect gravity with thosgans. Two couples of homozygote mice
B6Ei.GL- Nox3het/{Jackson Laboratory) were cross-bred and the gpeaifyeach animal of
the colony was checked by polymerase chain readiR@R). All tests were individually
and randomly performed in Het -/- mice and 3@Het +/- mice serving as control in blind
conditions (CURB, Caen, France, animal ethical exgent received by the CENOXEMA
0412-01), the phenotype and genotype being detednlyy PCR investigation after the
evaluationsHet-/- mice were investigated from birth and compareddtetozygote normal
littermates let/+) serving as controls (n = 2Met-/- versus 36Het-/+). All mice were
tested in all of the tests described hereafter.sSEmsorimotor development of newborn pups
was tested from postnatal days (PND) 2 to 10 withaael of behavioural tasks (righting
reflex, cliff avoidance, negative geotaxis, whiskestimulation response and grasp reflex
tests) selected for their ability to measure ctassflex acquisition [44]. Because tliet
strain (type-/+) presented similar developmental milestones tosaairains free of genetic
manipulation C57BL§, we preferred to comparklet-/- (recessive NADPH oxidase 3

inhibition) with Het-/+ serving as control mice, avoiding development-eslagtrain effects
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and selectively focusing on the role of the sensojith component. The time frame of the
scheduled tests was similar for each animal anderh@ order to minimize the influence of
the experimenter's manipulations and possible tesdrference. If no differences were
detected in comparisons of male and female miceach test, data were collapsed across
sex. The technical details of each of the test itimm3$ (age, method, size of groups) are

detailed below.

2.2.  Sensorimotor developmental milestones tests

Young mice were individually monitored daily duritige pre-weaning period for the
appearance of developmental landmarks. Each daheotesting sessions, the pups were
weighed (to the nearest 0.01g), the global devetoyiiwas observed (head support, pelvis and
shoulder support, onset of motion, limb coordinatig, but not quantified, in order to detect
and exclude animals with potential malformatiornise Bge for the eyes’ opening was noted for
each pup. The pups were tested from 2 to 10 pediays (PND) as detailed below and weight
gain was considered as a sign of growth of the papsndirectly as an indication of appropriate
maternal feeding. The development of new-born mves quantified from a panel of five
behavioural tasks (righting reflex test, cliff drapersion test, negative geotaxis test, whisker
stimulation response evaluation, forelimb graspftex test) based on the work of Fox [44]
and chosen to evaluate the motor and cognitiveldereent in rodents, especially focused on
the cerebellum, sensory systems and vestibulaemsystaturation. These tests measure the
typical motor development of the pup involving badihting mechanisms and balance, notably
through the perception of verticality and body eetwon, body orientation, and individual

orientation as a result of vestibular informatiategration.

The righting reflexis a primitive reflex of the pups which allows thémrestore a

normal orientation of the body i.e., the four limtns the ground, when a pup is on its back.
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This reflex was evaluated by placing the young reous its back and by measuring the time
required by the animal to turn over to return toaamal position with all four limbs on the
ground. This task evaluates upright position andticadity perception from vestibular

information.

The negative geotaxis tastbased on the natural aversion of mice to hage tiead

and forelimbs in a ventral position compared topk#is and hindlimbs and the observation

of a righting reflex to restore them to a safe posi In this test, the mouse was placed on a
sloping surface/inclined plane at 45° in an uprigbsition with its head tilted down and the

time required by the animal to turn around, crapltlie slope and come back to an up-right
head position, was noted.

The cliff drop aversion tesepresents a reflex to avoid a dangerous situaticliding

an empty space and falling. To measure this refteexpup was placed on the edge of a cliff
(i.e., a turned-over cage) with the tip of its fords and nose over this edge and the time
required by the animal to turn and crawl away friw cliff drop in order to escape the void,
was measured.

The whiskers’ placing response teshsists of bilaterally stimulating the pup’s fabg,

placing a solid object (a paintbrush was choses)harcontact with vibrissae and measuring
the reaction of the mouse, i.e., a raising of thadhand an extension of the forelimbs in order
to grasp the object. The duration to succeed ih é2&t was measured (60s max, success =1,

failure = 0).

The forelimb stick grasping reflegonsists of bilaterally stimulating the pup’s

forelimbs,by approaching and putting a solid objectoothpick was chosen here) in contact
with the palmar face of the forelimbs and measutinggreaction of the mouse, i.e., the ability
of pups to grasp the object. The duration to sutdrecach test was measured (60s max,

success =1, failure = 0).
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2.3.  Ultrasonic vocalization (USV)
During the neonatal stage, the ability of pupsdspond to maternal separation and

isolation by the temporary emission_of ultrasoracalizations (USVs), constitutes a survival

instinct and an indicator of normal developmen{[4Be recording and quantification of USV
emitted by pups following maternal separation amdd cstress is useful to investigate
neurodevelopmental disorders in rodents [46]. leseearlier USVs dfletpups (n = 10 litters,

n = 63 pups) were recorded at baseline using SONKTKR2.4.0 (Metris B.V., Netherlands)

at PNDs 2, 4, 6, 8 and 10 during a 5-min sessiataai-littermate separation. On each day of
testing, each pup was removed from the home cagjplaned into an empty plastic container
(length 25 cm, width 8 cm, height 10 cm) locateside a sound-attenuating and temperature-
controlled box, and assessed for USVs during arbgassion. At the end of the recording
session, each pup was replaced in the home calgelam and littermates. The average success
to generate USV emissions, the average of the nuailoalls per min, the average duration of

calls (ms) and the average frequency of the claliz), were measured and analysed.

24. Homeretrieval test (PND 9)

This test was adapted from the Homing test repdaye8cattoni et al. [47] and is based
on the natural tendency of blind pups to returthesafety of their nest due to olfactory cues,
i.e., when motor development allows short distareeelling. On PND 9, individual pups were
transferred to a Plexiglas cage (36 cm x22.5 cnlisvi® cm high). Wood shavings removed
from the home cage were evenly spread on onedhitte surface of the cage and cotton wool
from the nest was dispersed on this dirty litt& ¢in x 22.5 cm, nest area). The rest of the cage
was covered with clean bedding (two thirds of thge; 24 cm x 22.5 cm, clean neutral area).

The pup was placed in the middle of the surfackePlexiglas cage, i.e., in the clean neutral
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area at 18 cm from the cage edge, facing the amtd®hin. Homing performance was scored
according to 4 criteria: (a) latency to reach theaacontaining nest litter; (b) time spent in the
area containing nesting litter; (c) percentage wfcess reaching the nest area; and (d) the
average latency to start to move. Furthermorelab@motor activity of the pups was assessed

by qualitative observation.

2.5. Maternal care and parental behaviour

Maternal behaviour requires continuous observatibthe dam during the first post-
natal period. The behaviour of the dam before eash and during the progress of the
experiments was monitored as well, but not quadijfin order to detect potential defects
inducing biases in the experiments. Pups are eelsemulnerable to predator attack and cold
temperature and one of the many roles of the damassure that pups are in a safe condition,
i.e., inside the nest. The retrieval assay geneeatenstinctive maternal behaviour and provides
a measure of the ability of the dam to find pupsvetboutside the nest. Two tests were
performed here in order to evaluate maternal basimcts: the all pup retrieval test (2 sessions)
and the one pup retrieval test (5 sessions) in gathps of dams (n = 5 daHet -/-versus 5
damHet-/+).

The all pup retrieval assay (PND 4 & PND Wwas performed at PND 4 and PND 6 in

female mice and the littermate’s home cage durid§-ain period. To perform the test, the

dam was briefly separated from its pups for 30 arder to generate stress and removed from
its home cage while the pups were removed frormést and placed together in the opposite
corner of their cage, always at the same distaioee the nest. The dam was then reintroduced
into her cage facing the wall and in the empty n€ke behaviour of the dam was observed
during a 10-min period and the latency to retrithefirst pup and to take it back to the nest

was measured.
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The one pup retrieval assay (PND 2 to i§s performed each day of the testing

sessions in female mice and the littermate’s hoage auring a 3-min period of induced
stress. To perform the test, the dam was left & Htbme cage with her pups while the
experimenter removed one pup, randomly chosemdmest and placed it in the opposite
corner of the cage, always at the same distanoetfie nest. The latency to retrieve the isolated
pup and to take it back to the nest was measuteeldam had 3 min to perform the test and if
the dam failed to place the pup inside the nest #fe 3 min session test, the pup was placed

inside the nest by the experimenter and the testowasidered as a failure.

2.6. Statistical analysis

All statistical analyses were carried out using gwtware R 3.3.1 [48]. First,
continuous, numeric responses were analysed usiegrlmixed models [49] and the R
package nlme [50]. Second, binary response vagakére analysed using generalized linear
mixed effects models [51] and the R package Im&4 [bhird, ordinal responses or numerical
responses with only few possible values were apdlysing cumulative link mixed models
[52] and the R package ordinal [53]. In the casenafi-normally distributed data, Mann-
Whitney U tests were used, except for longitudaeth where a non-parametric analysis was
implemented in the R package nparLD [54]. Frequetatg were analysed using a Chi-squared

test [54]. The level of statistical significance &l analysis was set at(0.05.
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3. Results

3.1.  General developmental observations
The observation of the age of eye opening in pugemevealed no significant genotype
effect (Fig. 1 p-value > 0.05, nswhile the age of eye opening was about 14 daystin Het-
/- andHet-/+ groups i.e., within the time window described i titerature for C57BL6 mice.
No differences were detected between males andldsméherefore, data were

collapsed across seg-Yalue > 0.05).

3.2.  Sensory and motor skills devel opment assessment

Weight measurements in the pup mice (n#H27-/-vs n=36Het-/+) revealed no group
effect: the body weight (Fig. 2A) was similar beeméiet-/- andHet-/+ control pups (Mann-
Whitney test, p-value > 0.05, ns), showing evidesfogood physiological growth provided by
appropriate maternal feeding. The performance o€rfor the grasping reflex was also similar
in bothHet-/-mice and controls (data not shown, 100% succesadlfanimals).

The progression of the global developmental scoadciglated from all rated tasks:
righting reflex, cliff drop aversion test, negatigeotaxis test and whisker stimulation
response), requiring vestibulo-somesthetic andbedlee integration, was lower in otolith-
deficient mice KHet-/-) compared to controHet-/+) mice (Fig. 2B);Het-/+ mice showed a
positive age trend (0.242 = 0.023yvalue < 0.001), whereas the age trendHet-/- was
significantly weaker (0.099 + 0.030p-value < 0.001) from PND2 to PND10, with a
difference between PND6 and PND10 (PND6-PND8alue < 0.001; PND10p-value <
0.01)

The developmental tests requiring perception ofybodentation in space (righting
reflex, cliff drop aversion and negative geotarsttFig. 2C, 2D and 2E, respectively) revealed

a poorer performance ihlet-/- compared toHet-/+ mice (righting reflex and cliff drop
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aversion testp-value< 0.001; negative geotaxis teptyalue< 0.01). In the righting reflex
(Fig. 2C), both groups improved day after deet:/+, 0.597 + 0.081p-value< 0.001,Het-/-

, 1.402 + 0.422p-value < 0.001), with a significant genotype effeg-Value < 0.01). A
pseudo post-hoc analysis carried out at each aga @hi-squared test revealed a significant
difference from PND4 to PND6 (unadjustg@evalue < 0.05). Analysis of the cliff drop
aversion test (Fig. 2D) revealed poorer performandbe Het-/- group compared tblet-/+:
Het-/+ mice showed a positive age trend (0.4043 £ 0.p3&lue< 0.01), while the age trend
in Het-/- mice showed a significantly negative progressionlg73 + 0.150p-value< 0.001).
The pseudo post-hoc analysis carried out at eaehvam a Chi-square test revealed a
significant difference from PND6 to PND10 (PNDG6,adjustedp-value < 0.05; PND8-
PND10 unadjusteg-value< 0.01 vs PND8-PND10 adjustgeevalue< 0.05).

The negative geotaxis test analysis (Fig.2E) rexepborer performance in tlet-/-
compared to thélet-/+ group: TheHet-/+ group showed a positive age trend (0.834 = 0.133,
p-value< 0.001) while the age trend Hhet-/- mice showed a significantly weaker progression
(0.386 + 0.156p-value< 0.01). A pseudo post-hoc analysis carried outagheage via a
Chi-square test revealed that the difference wagmked from PND6 to PND10 (adjusted
value< 0.001). Interestinglyet-/- mice presented a greater response to whisker stiionl
during the early stages of development comparedotdrols p-value < 0.05, Fig. 2F),
particularly at an early stage at PND2 (pseudo-post unadjusteg-value< 0.05) and at
PNDG, but this difference was only marginally suped by statistical analyses at age PND6

(p-value< 0.05).

3.3.  Spatial orientation with olfactory guidance
Spatial orientation with olfactory guidance in pupssted by observing the strong

natural tendency of the immature and blind pugrtd fts way back to the nest, was impaired



in Het-/pups.Het-/- pups took significantly longer to reach the nesadfLatency to reach the
nest”, Mann-Whitney test, § 0.01, Fig. 3A and spent less time in the nest area than controls

270 (Mann-Whitney testp-value < 0.01, Fig. 3B) at PND9. The otolith-deficientet-/- pups

showed a lower percentage of success reachingetearea compared Het-/+ mice (Ch?-
tests for equality of proportionp;value< 0.01, Fig. 3C), while the latency period before the
first movement reaction in pups remained similabath groups (Mann-Whitney tegtyvalue

> 0.05 ns, Fig.3D). Two aberrant values were excluded feoralysis in the Home retrieval

275 test performed at PND9 (n=2%et-/- versus 36-et-/+).

3.4. Ultrasonic vocalizations (USV)
The ultrasonic vocalizations were alteredHet-/- mice. The change in probability of
success in USV emission ldet-/- pups was different compared to controls: whilet-/+
280 mice showed a negative age trend (-0.269 * 0.pA&lue< 0.05), the age trend iHet-/-
mice showed a significantly different positive pregsion (0.28 £+ 0.144-value< 0.001, Fig.
4A). This led to lower values for the average sasder the USV emissions bfet-/- mice at
PND2 f-value< 0.05) and higher values at PNDI®value< 0.01) compared to controls.
However, the number of vocalizations emitted pem,mestricted to animals emitting USVs,
285 was impaired irHet-/- mice (p-value< 0.05, Fig. 4B), while both the average duratioealfs
and the average frequency of calls showed a staligt significant age effectpfvalue <
0.001; Fig. 4C) in both groups, but no significgehotype effectptvalue > 0.05, ns, Fig. 5d)

from PND2 to 10.

290 3.5. Maternal care and parental behaviour
The estimation of care fdiet-/-and control dams towards their pups was similab(n=

damHet-/- versus n=5 darhrlet-/+). The first test (one pup retrieval test) analysigealed no
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significant genotype effect at each day when teewas performed, of the ability of dams to

find and to put the isolated pup in the nest whihlittermates (p-valug 0.05; Fig. 5A and 5B).
The results obtained in the second test (all pepseval test) analysis revealed no

genotype effect of the ability of dams to find a@odout the isolated pup in the nest with the

littermates at PND6 and 8 (p-value > 0.05; Fig.&A 6B).

4. Discussion

The absence of difference in body weight kinetiesMeenHet-/- and Het-/+ control
pups revealed parallel evidence of good physioldgyoowth provided by appropriate maternal
feeding. The lowest level of archaic sensorimo#dlex, devoid of vestibular influence (the
primitive grasping reflex), was similar in bottet-/- mice and controls, suggesting that a
congenital lack of otoliths did not influence basensorimotor loop implementation during
gestation. In our study, the progression of thédaglalevelopmental score requiring vestibulo-
somesthetic and cerebellar integration was deadeaseotolith-deficient mice Het-/-)
compared to controHet-/+) mice.Het-/+ mice showed a positive age trend whereas the age
trend inHet-/- mice was significantly weaker during the early postal developmental period
from PND2 to PND10. The maximum difference betw@&D6 and PND10 confirmed the
existence of a sensitive developmental period f@awvity information. Some studies with
animal models of a modified gravity environmentroborate such an hypothesis (see [55] for
a review). However, these latter studies where gaaits were transiently exposed to altered
gravity conditions (hyper- or microgravity) reveadltimporary impairment and quick recovery
when they were replaced in 1g normal conditionse (58] for a review). The developmental
tests requiring perception of body orientationpace (righting reflex, cliff drop aversion and
negative geotaxis test) revealed poorer performamétet-/- compared tdHet-/+ mice. The

results of theHet-/- mice, offering a sustainable inhibition of the westar perception of



320

325

330

335

340

gravity by the otoliths while preserving its diraoechanical stimulus, suggest that a large
part of the delay in sensorimotor development lated to the vestibular gravisensors, as
previously reported in studies performed in micemiftly or hypergravity conditions (see [55]
for a review). Obviously, the vertical canals alsake a contribution to the perception of
gravity (e.g., [41]); however, our results suggiss is not sufficient to compensate for the
loss of the otolithic component of graviception.

We are confident that the behavioural effects alesem this study are a consequence
of developmentvithout functional otoliths rather than simply efting the effects of the loss
of otoliths in general. First, the heterozygdilteed mice did not exhibit the behavioural
abnormalities of the homozygousted mice during the equivalent developmental period.
Although selective otolith lesions have never beehieved in experimental behavioural
studies in adult animals due to the surgical diffic of lesioning them alone, without
affecting the semi-circular canals, a large literathas demonstrated that complete vestibular
lesions result in spatial memory deficits in adwlts but without the other sensorimotor
changes observed here (see [10] for a review. ety likely that the lack of otolith function
in the tilted mice was responsible for the developmental semsbor function and spatial
memory deficits observed in this study. However,caanot selectively lesion the otoliths in
either adult mice nor young and new-born nice oheoto compare them witiiited mice due
to the surgical limitations or limitations of cheral injections; and even if we could do this
the comparison would not be valid becausetitterl mice do not have surgical lesions of the
otoliths. Essentially, it is impossible to comp#re genetic cause of the loss of the otoliths in
tilted mice to any adult, unless the mice survived irdalhood; however, this would not
control for the developmental effects of the gendéfect.

Spatial orientation with olfactory guidance in pupss impaired itHet-/9pups atPND

9, suggesting a vestibular otolithic contributionsipatial orientation. This also suggests that
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the otolithic inputs are involved early in motiofapning to reach a goal. Interestingly, we
previously reported lasting spatial navigation apdtial memory impairments Het-/- mice
and mice with otolith deficiency in adulthood [38]3Therefore, one can speculate that the
spatial disorientation observed at PND 9 is not pensated by either the visual (allocentric
frame) system or the somesthetic system (egocdrdrite) at the adult stage, reinforcing the
hypothesis that developmental sensory disorderkieinfe long-term spatial cognitive
abilities. We may suggest that at the adult stafjeration might also be due to disorders in
building cognitive maps.
The existence of sensory-related critical peridasughout development, i.e. time windows
of higher vulnerability to environmental changess Ipreviously been demonstrated with
visual system ontogenesis [56]. Early visual degiron influences the types of spatial
representation and strategies of navigation (respstrategy versus spatial strategy) [57]. Here,
we showed that development in mice has an earlgosgncomponent dependent on the
vestibular perception of Earth’s gravity, probabbmbined with its mechanical component.
Similarly, vestibulo-deficient infants suffer frommotor impairments [28]
characterized by delayed walking, higher risk dlirffg, and long-term postural instability),
varying with age and walking-dependency. Additibyadpatial cognitive processes could be
affected, with difficulty in detecting one’s own mement in space and in estimating
distance of motion, probably through path integratimpairment [28]. However, this
deficiency remains to be investigated during clolah Our present observations in mice
highlight the possible gravisensory role of vedtbypathology during human development.
The ultrasonic communication to respond to matesephration was altered liet-/-
mice, since the number of emissions was decreasadreased. Unlike control mice, maternal
separation and a cold stimulus did not always c&lf®é emissions at PND2 iHet-/- mice,

but their higher rate of response at PND10 revealegimporal shift in the optimal response



rate in this test, highlighting a potential delay the establishment of mother-pup
communication. The delay in USV emissiondHet-/- mice compared to controls may be the
370 result of: () a mechanical inability to produce USVs at anyeade; (i) a different level of
sensitivity to thermal variationsjii) a different stress response and management due to
maternal separation; &) an underlying cause of a social communication defied emotional
reactivity.Het-/- pups seemed to exhibit a delay in the emissiorth, wa changes in the profile
of USVs. Although the exact role of the USVs tengpily emitted by isolated pups is still
375 debated (social communication, instinctive behavioupup nest homing, or physiological
response to homeothermic stress) [58,59], the natidul of isolated emissions due to genetic
manipulation and/or environmental conditions isiatiex of delayed development [45,60].
Moreover, maternal care, known to play a criticdérin the development of pups, cannot be
involved in USV impairments in the present studycsi the behaviour dflet-/- and control
380 dams towards their pups was similar throughoutdamrol tests.

All of the developmental disorders reported herel@t-/- mice have been documented
in validated mouse models of autism spectrum dessrASD), i.e. sensorimotor development,
spatial orientation, and social communication impaints [60—62]. Interestinglyjet-/- mice
presented a greater response to whisker stimuldtiomg the early stages of development,

385 demonstrating a hypersensitivity to somesthetrawgation, which is one of the key symptoms
in the early diagnosis of ASD in children with salailisability [63—65]. Children with ASD or
attention-hyperactivity disorders present body egtion impairments, alteration of spatial
orientation (particularly body orientation and bosigheme construction), a delay in motor
development, and impaired behavioural motor responsometimes supplemented by

390 emotional and social disturbances [66—70], inclgdiome clinical signs that are not consistent
with gravity-related vestibular symptoms. Takenetbgr, these similarities suggest that the

gravity-related sensory vestibular component mighay a substantial role in the
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pathophysiology of ASD during an early stage ofalepment. This idea is not new [71,72];
however, the lack of systematic data on vestibtdaction in patients with ASD make it

impossible to draw firm conclusions at this time.

5. Conclusion

Our work highlights the notion that development &asitical period which is dependent
on the vestibular sensory graviception in mice. bra@n-gravity interaction on Earth has thus
two crucial components: one mechanical and ther g@esory. The symptoms expressed by
the congenital otolithic-deficient mice are simitar validated mouse models of autism and
highlight the significance of vestibular graviceptiin the pathophysiology of development.
On the other side, our data reinforce the role #mel relevance of the protocols of
psychomotricity involving vestibular stimulationo@nitive-motor consequences in vestibulo-
deficient infants remain to be investigated with gerspective of a better screening, diagnosis

and treatment.
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Legends

Figure 1. Sensorimotor development evaluation and weight gain of pup mice from PND2

to PND10 (n=27 Het-/- versus 36Het-/+). No differences were detected between male and
female, therefore data were collapsed acrossgseal(e > 0.05)a, The weight gain of pups
from PND2 to PND10 served as controls for physimlalgdevelopment. The follow-up of
weight in pup mice revealed no group effect: thagivegain was similar in both groups
arguing, in parallel, for good growth and approfgriaaternal feeding (Mann-Whitney tgst,
value > 0.05, ns, data +/- serh).The global score of development (calculated fedhmated
tasks) showed a lower level of sensorimotor devekqt in otolith-deficient miceHet-/-)
compared to contrdfiet-/+ mice:Het-/+ showed a positive age trend (0.242 + 0.023%lue
<0.001, ***), whereas the age trendHdét-/-showed a significantly weaker progression (0.099
675 + 0.0307p-value< 0.001, ***) from PND2 to PND10 with a maximum ckflence
between PND6 and PND10 (PND6-PN[RP8value< 0.001, ***, PND10,p-value< 0.01, **).
The Het-/+ group present similar developmental milestones glodal scores compared to
mice strains free of genetic manipulation (C57BL%),we preferred to compare mice of the
same strain, i.e.Het-/- and Het-/+ controls. Results revealed that the sensorimotor
development inHet-/- mice is delayed and poorer comparedHet-/+ mice and normal
development described in the literatuceln the righting reflex, both groups improved day
after day Het-/+, 0.597 + 0.081p-value< 0.001, *** Het-/-, 1.402 + 0.422p-value< 0.001,
***), but a genotype effect was observgavalue< 0.001, ***). A pseudo post-hoc analysis
carried out at each age via a Chi- squared testatett that the difference observed was
significant from PND4 to PND6 (unadjustpevalue< 0.05, *).d, Analysis of the cliff drop
aversion test revealed poorer performance inHbe/- group compared télet-/+. Het-/+

mice show a positive age trend (0.4043 £ 0.x88alue< 0.01, **), while the age trend in



635

640

645

650

Het-/- mice showed a significantly negative progressidhl673 + 0.150p-value< 0.001,
***). An additional group effect was observeg-yalue < 0.05, *). A pseudo post-hoc
analysis carried out at each age via a Chi-squsterévealed that the difference observed
was significant from PND6 to PND10 (PND6, unadjdspevalue< 0.05, *; PND8-PND10
unadjustedp-value< 0.01, ** vs PND8-PND10 adjustg@value< 0.05, *).e, The negative
geotaxis test analysis showed a poorer performandbe Het-/- compared to thdHet-/+
group: TheHet-/+ group showed a positive age trend (0.834 = 0.133&lue < 0.001, ***)
while the age trend itdet-/- showed a significantly weaker progression (0.386156,p-
value< 0.01, **). A pseudo post-hoc analysis carried autach age via a Chi-squared test
revealed that the difference observed was sigmfideom PND6 to PND10 (adjustegt
value< 0.001, ***). f, ConverselyHet-/- mice results for the response to whisker stimutatio
were higher overall compared to control mice (ggpeteffect p-value< 0.05, *), particularly

at an early stage at PND2 (pseudo post-hoc, unadjasalue< 0.05, *) and at PND6, but

this difference was not validated by statisticalgses at age PND@-{alue = 0.054).

Figure 2. The Home Retrieval test performed at PND9. No differences were detected
between males and females; therefore data werapsell across sep-yalue > 0.05n=25
Het-/- versus 3@Het-/+). Two aberrant values were excluded in this tgstheHet-/- group
needed significantly more time to reach the nesh amompared to thidet-/+ control group
(“Latency to reach the nest”, Mann-Whitney tgst, 0.01, **, data +/- sem}p, The time spent
in the nest area was significantly lower in Het-/-group compared to théet-/+ control group

(Mann-Whitney testp < 0.01, **, data +/- semy, The otolith-deficienHet-/- pups showed a

lower percentage of success reaching the nestcarapared tddet-/+ mice (Ch?-tests for

equality of proportionsp < 0.01, **, data +/- semy, Conversely, the latency before the first
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movement reaction of pups (Mann-Whitney tpst,0.05, ns, data +/- sem) was similar in both

groups Het-/-, Het-/4).

Figure 3. Ultrasonic vocalizations (USVs) in pup mice on PND2, PND4, PND6, PNDS,
and PND10. No differences were detected between males andlés, therefore data were
collapsed across sepvalue< 0.05,n=27 Het-/- vs 36Het-/+). a. The percentage of animals
emitting USVs and thus the probability of succesthe test irHet-/- pups was lower at PND2
(p-value< 0.05) and higher at PND1@-yalue< 0.01) compared to controls: whitéet-/+
showed a negative age trend (-0.269 = 0.phlue< 0.05), the age trend Het-/- showed a
significantly different positive progression (0.28.144,p-value< 0.001).b. The number of
vocalizations emitted per min restricted to anineatstting USVs, were impaired Het-/-mice
(p-value< 0.05).c, The average duration of calls (ms) showed a stalbt significant age
effect (p-value< 0.001) in both groups, with no genotype effgevélue > 0.05, ns) at PND2,
PND4, PND6, PND8, and PND10 during a five-min sassifter a short maternal separation.
d, The average frequency of calls (KHz) showed asitedilly significant age effecpfvalue<
0.001) in both groups, with no genotype effeet/élue > 0.05, ns) at PND2, PND4, PND6,

PND8, and PND10 during a five-min session.

Figure 4. The One Pup Retrieval test performed at PND2, PND4, PND6, PNDS8, and
PND10. 10 females were tested £ 5 damHet-/- versus 5 daniet-/+). a, The latency to
retrieve the separated pup was statistically smnilddet-/- andHet-/+ groups between PND2
and PND10 (Nonparametric Analysis of Longitudinat® p-value > 0.05, ns, data +/- sem).
b, No significant group effect on latency to put tiedrieved pup into the home nest was
observed in the test (Nonparametric Analysis ofditudinal Datap-value > 0.05, ns, data +/-

sem).



680 Eigureb. TheAll PupsRetrieval test performed at PND4 and PND6. 10 females were tested
(n = 5 damHet-/- vs 5 damHet-/+). a, The latency to retrieving the separated pups was
statistically similar irHet-/- andHet-/+ groups at PND4 and PND6 (Nonparametric Analysis
of Longitudinal Datap-value > 0.05, ns, data +/- sefn)No significant group effect for latency
to put the retrieved pups into the home nest waemed at PND4 and PNDG6 in this test

685 (Nonparametric Analysis of Longitudinal Dafavalue > 0.05ns, data +/- sem).
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The All Pups Retrieval test
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