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Fragile X Syndrome (FXS), the most common inherited form of human intellectual
disability (ID) associated with autistic-like behaviors, is characterized by dys-sensitivity
to sensory stimuli, especially vision. In the absence of Fragile Mental Retardation
Protein (FMRP), both retinal and cerebral structures of the visual pathway are impaired,
suggesting that perception and integration of visual stimuli are altered. However,
behavioral consequences of these defects remain unknown. In this study, we used male
Fmr1−/y mice to further define visual disturbances from a behavioral perspective by
focusing on three traits characterizing visual modality: perception of depth, contrasts
and movements. We performed specific tests (Optomotor Drum, Visual Cliff) to evaluate
these visual modalities, their evolution from youth to adulthood, and to assess their
involvement in a cognitive task. We show that Fmr1−/y mice exhibit alteration in
their visual skills, displaying impaired perspective perception, a drop in their ability
to understand a moving contrasted pattern, and a defect in contrasts discrimination.
Interestingly, Fmr1−/y phenotypes remain stable over time from adolescence to late
adulthood. Besides, we report that color and shape are meaningful for the achievement
of a cognitive test involving object recognition. Altogether, these results underline the
significance of visual behavior alterations in FXS conditions and relevance of assessing
visual skills in neuropsychiatric models before performing behavioral tasks, such as
cognitive assessments, that involve visual discrimination.

Keywords: Fragile X Syndrome, Fmr1-/y mice, FMRP, sensory sensitivity, visual abilities, depth perception, contrast
sensitivity

INTRODUCTION

Fragile X Syndrome (FXS) is the most common inherited form of human intellectual disability
(ID) affecting approximately 1 in 4,000 males (Penagarikano et al., 2007; Abrahams and
Geschwind, 2008; Hunter et al., 2014). This X-linked disorder is characterized by moderate
to severe mental retardation, autistic-like behavior, facial abnormalities and macroorchidism

Abbreviations: FXS, Fragile X Syndrome; ID, Intellectual Disability; ASD, Autism Spectrum Disorder; FMRP, Fragile
Mental Retardation Protein; FMR1, Fragile Mental Retardation 1; ERG, Electroretinogram; WT, Wild-type; NOR, Novel
Object Recognition; PI, Preference Index; HT, Head-tracking; ITI, Intertrial interval; RGB, Red Green Blue color value.
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(Penagarikano et al., 2007; Hagerman et al., 2017). FXS is
caused by the absence of Fragile X Mental Retardation Protein
(FMRP) due to transcriptional silencing of the Fragile X
Mental Retardation 1 (FMR1) gene. This FMRP defect leads
to numerous synaptic protein alterations (Liao et al., 2008;
Klemmer et al., 2011), neuronal dendrite spine immaturity and
brain synaptic impairments (Vanderklish and Edelman, 2005;
Liao et al., 2008) and thus to cognitive, communication, social
and behavioral impairments (Pietropaolo et al., 2011). Besides,
FXS patients also present abnormal sensory processing named
sensory hypersensitivity (Minshew et al., 1997; Baron-Cohen
et al., 2009), characterized by early life strong aversion for visual
social contact (over 90% of FXS children), tactile contact or
increased noise sensitivity (Lachiewicz et al., 1994; Merenstein
et al., 1996).

Among sensory impairments, vision seems particularly
affected in FXS patients. Some studies suggested that they
provide spatiotemporal visual processing alterations, such as
reduced contrast sensitivity for visual stimuli presented at high
temporal frequencies as well as altered visual sensitivity for
both static (texture difference) and moving stimuli (Kogan
et al., 2004b; Farzin et al., 2008). These deficits used to be
associated with brain neuronal impairments, in particular in
the primary visual cortex, the integrative part of visual system
(Kogan et al., 2004a; Farzin et al., 2011). However, we have
previously demonstrated that in physiological conditions FMRP
is also expressed in the retina, the first structure responsible
for light perception (Rossignol et al., 2014; Perche et al., 2018).
Subsequently, it has been demonstrated that FMRP is a crucial
protein involved in the retinal light sensory (Guimarães-Souza
et al., 2016; Wang et al., 2017). Accordingly, using the validated
murine FXS model employing Fmr1−/y mouse strain (Bakker
et al., 1994), we have shown that FMRP deficiency in the
retina generates significant abnormalities in proteins contents
and cellular alterations leading to defected signal transmission
between photoreceptor cells and the inner retina, measured by
the electroretinogram (ERG) technique (Rossignol et al., 2014;
Perche et al., 2018). Moreover, FMRP absence leads to several
deficits in visual subcircuits of the Superior Colliculus (SC;
Kay et al., 2018), a midbrain structure regulating eye and head
movements. Therefore, absence of FMRP seems to lead to a
global visual system defect starting from light perception by
the neural retina to visual information integration in cerebral
visual areas.

Furthermore, it has been shown that Fmr1−/y mouse strain
exhibits sensorial impairments, in addition to behavioral and
cognitive alterations similar to those observed in FXS patients
(Bakker et al., 1994; Nimchinsky et al., 2001; Yan et al., 2004;
Dolen et al., 2007; Spencer et al., 2011; Hebert et al., 2014;
Ghilan et al., 2018), concomitantly displaying auditory, olfactory
and tactile disorders (Larson et al., 2008; Arnett et al., 2014;
Rotschafer and Cramer, 2017). However, to our knowledge, the
visual skills of Fmr1−/y mice have not been investigated using
specific visual tests yet. Therefore, we here aimed to study visual
aspects of sensory disorders occurring in Fmr1−/y mouse strain,
especially knowing molecular, cellular and functional defects in
Fmr1−/y visual system. Of note, vision is an important sense

for mice, bringing crucial information for environmental and
social understanding (Hoy et al., 2016). Consequently, the visual
modality is particularly important when performing behavioral
tests in mice. For instance, learning and memorization tests,
but also sociability, repetitive behavior or anxiety tests must
involve visuospatial skills. It is, therefore, necessary to evaluate
the contribution of visual modality on the results obtained
during behavioral tests, especially since many of the reported
Fmr1−/y mouse strain behavioral phenotype were described in
test involving visual modality.

Our project aimed to better characterize visual disturbances
in Fmr1−/y mice from a behavioral point of view. We focused on
three traits that characterize visual modality: the perception of
contrasts, movements, and depth. Specific tests were carried out
in order to carry out specific tests to evaluate visual modalities
(Optomotor Drum, Visual Cliff), their evolution from youth to
adulthood, and to assess their involvement in a cognitive task.

MATERIALS AND METHODS

Animals
Fmr1−/y and their wild-type (WT) males littermates were
generated by breeding heterozygous Fmr1−/+ females from
C57BL/6J background with C57BL/6J males. Mice were weaned
at 21 days of age and co-housed with their same-sex littermates.
Genotype was determined as previously described (Bakker
et al., 1994). Food and water were provided ad libitum.
Animals were maintained under controlled temperature
(22◦C) and humidity (55%) conditions with a 12:12 h dim
light–dark cycle (50 lux, lights on at 7 a.m.). All experimental
protocols received full review and approval by the regional
animal care and use committee (Comité Régional d’Ethique à
l’Expérimentation Animale—CREEA—TSA-DM Therapie1100)
prior to conducting the experiments.

Experimental Design
Investigation of Fmr1−/y mice visual phenotype was focused
on two main aspects: the depth perception, using the Visual
Cliff test, and the contrast and motion understanding, using
the Optomotor Drum device. This examination was carried
out at three different ages, from adolescence to adulthood, to
describe this behavioral phenotype, but also its age of onset
and its potential evolution through ages in the absence of
FMRP. Therefore, male mice were tested at different ages
(1month, 3months and 6months old, respectively), representing
adolescence, maturity and the end of mature adulthood. Two
groups of animals were used for the Visual Cliff test (WT n = 25,
Fmr1−/y n = 22 for 3 months old, WT n = 20, Fmr1−/y n = 26 for
6 months old), and three groups for Optomotor Drum test (WT
n = 12, Fmr1−/y n = 18 for 1 month old, WT n = 15, Fmr1−/y
n = 13 for 3 months old and WT n = 14, Fmr1−/y n = 14 for
6 months old). In addition, we sharpened our understanding
of contrast discrimination using a contrast-shaded Optomotor
test (3 months old WT n = 48, Fmr1−/y n = 42). Each animal
performed only one contrast condition (lambda: WT n = 16,
Fmr1−/y n = 10; beta: WT n = 7, Fmr1−/y n = 6; gamma: WT
n = 10, Fmr1−/y n = 14; omega: WT n = 6, Fmr1−/y n = 7;
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psi: WT n = 9, Fmr1−/y n = 6). Eventually, the implication of
visual abilities in a cognitive task involving object recognition
was investigated. Three months old mice underwent the Novel
Object Recognition (NOR) test and a modified device (WT n = 9,
Fmr1−/y n = 13). These two last tests were performed only at one
age on the basis of previous results from two first tests.

Optomotor Drum Visual Test
Vision of contrast and motion was assessed with an Optomotor
Drum apparatus as previously described (Cowey and Franzini,
1979; Benkner et al., 2013; Kretschmer et al., 2013) with slight
modifications. The device is a large rotating circular drum (Ø
30 cm; height 50 cm; Figure 1A). Rotation (constant velocity
of 12◦/s) was controlled thanks to an electric motor allowing to
change the direction of rotation by reversing voltage polarity.
In the middle of the cylinder, an elevated stationary metallic
platform (20 cm above the drum bottom; diameter: 12 cm) was
used to place the tested mouse. The inner side of the drum was
covered with a vertical pattern composed of 2 cm-wide black
and white stripes, printed on removable paper panels fitting
with the cylinder. Homogenous luminance in the apparatus was
controlled by lux meter at the height of mouse eyes and was set at
10 lux.

When testing, mouse was placed on the central platform
(Figure 1A) and the drum remained motionless during the first
2 min. Then there was a clockwise turn for 2 min, followed by
a counterclockwise turn for 2 min. Reversion was immediate
to prevent mouse from habituation of the stimulus motion.
Recording was also performed when the drum was not moving
allowing to check that the mouse did not show spontaneous head
movements which may be confounded with head-tracking (HT)
movements recorded during test. Habituation to the apparatus
without stripes on the drum was performed 24 h before the test.
Apparatus was cleaned with 70% ethanol and water between each
mouse. All tests were carried out by a single operator blind to
mice genotypes.

Videos were recorded by an appropriate video software
(EthoVision XT, Noldus, Netherlands), and analyzed by an
operator using a video processing software (TheObserver,
Noldus, Netherlands). Number and total time duration of HT
were counted for each direction of rotation, as well as the latency
of the first HT. A single operator, blind to mice genotypes,
conducted all analysis.

Contrast-Shaded Optomotor Drum Test
We investigate Fmr1−/y mice contrast sensitivity in order to
sharpen our understanding of their vision of contrasts. Contrast
sensitivity is the property of vision that measures a local
difference in luminance necessary to detect a target. In fact,
luminance is the physical value linked to the visual sensation
of lightness emitted by a surface. It is defined as the power
of a visible light emitted in a surface spot and in a particular
direction, expressed by unit of area. Thus, in identical conditions
of luminosity, a very light surface would have a high luminance
whereas a perfectly black surface would have a null luminance.

To investigate mice behavioral responses toward various
contrasted conditions, we created an alternative test using the

concept of the Optomotor Drum. The same apparatus was used
in similar conditions as described previously.

The only difference was in the pattern provided to the
tested mouse. Herein, instead of a maximal contrasted pattern
(black and white pattern classically used), vertical stripes were
composed of a less contrasted pattern, creating shades of gray.
We chose to quantify the ‘‘gray level,’’ and so the contrast created,
using the Red Green Blue color value (RGB) color system.
Briefly, this system constructs all colors as a combination of Red,
Green and Blue, and allows to ‘‘express’’ them as three numbers,
with values from 0 to 255. Typically, white is (255;255;255)
and black is (0;0;0). In the RGB system, grays are expressed
with the three same figures in their details. So, the advantage
of using the RGB system is that grays are easily expressed.
Therefore, we utilized this color system to design a gray scale
(Figure 2A) and have chosen five shades of gray to composed
new contrast-shaded patterns. Each pattern was composed of
2 cm wide vertical stripes alternating one of the chosen grays
and black or white (Figure 2B). Therefore, in our conditions,
contrast may be defined as the luminance difference between
the two shades of gray used to compose a pattern, since a
dark gray has a weak luminance and a light gray has a high
luminance. This definition is similar to the one previously used
in a study of contrast sensitivity using Optomotor Drum where
the authors defined contrast as the difference in luminance
between peak and valley of a sine-wave pattern (Umino and
Solessio, 2013). We quantified the level of contrast of each
pattern by calculating the difference between RGB numbers of
the two colors of its stripes and the result was divided by 255
(e.g., if we used (x;x;x) and (y;y;y) with x < y, the contrast
was C = (y − x)/255). By convention, contrast was negative
when, as compared to the standard condition (lambda), black
was conserved and white had been darkened. Following these
rules, we composed four contrast-shaded patterns, named beta,
gamma, omega and psi (Figure 2C). Gray colors used were
printed in a controlled manner, allowing us to perfectly monitor
the contrast of the newly created pattern. These contrasted-
pattern tests were processed and analyzed exactly as the standard
Optomotor Drum test.

Visual Cliff Test
Depth perception was assessed by Visual Cliff test (Figure 1B)
as previously described (Fox, 1965; Glynn et al., 2003), with
slight modifications. The apparatus consisted of three plastic
boxes: two boxes (length: 20 cm; width: 40 cm; height: 40 cm)
were placed side by side on the floor. The first box had its
open side directed upward, and a checkboard pattern with black
and white squares (2 cm × 2 cm) was settled on its bottom
(at the ceiling of the box). The second box had its open side
directed downward, and the checkboard pattern was placed on
its top. The whole device was covered with a Plexiglas panel.
The third box, bottomless and roofless (length: 40 cm; width:
40 cm; height: 40 cm) was placed above. In this setting, the third
box represented an open field composed of two equal sections:
the section above the first box (length: 20 cm; width: 40 cm)
with a cliff of 40 cm discernable by the tested mouse between
the Plexiglas panel and the checkerboard-patterned bottom,
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FIGURE 1 | Apparatuses used to perform behavioral tests. (A) Optomotor Drum device allowing to provide tested mouse with a contrasted moving pattern, in order
to assess contrast perception and contrast discrimination. (B) Visual Cliff test assembly composed of a shallow end and a deep end, in order to assess depth
perception. (C) Novel Object Recognition (NOR) test. On the left, the different objects used as familiar and novel, and on the right the Open field provided with pairs
of objects to test the New Object Recognition.

called ‘‘deep end’’ (or ‘‘unsafe zone,’’ red zone on the figure),
and the section above the second box (length: 20 cm; width:
40 cm) called ‘‘shallow end’’ (or ‘‘safe zone,’’ green zone on the
figure; Figure 1B). Homogenous luminance in the apparatus was
controlled by lux meter at the height of mouse eyes and was set
at 10 lux.

During testing, a mouse was placed in the corner of the
shallow end section and was free to move all over the open
field for 300 s. Its behavior was recorded by a video camera
through appropriate video software (EthoVision XT10, Noldus,
Netherlands). Apparatus was cleaned with 70% ethanol and

water between each mouse. A single operator blind to mouse
genotypes conducted all assessment.

Videos were analyzed by video-tracking software (EthoVision
XT10, Noldus, Netherlands). For the analysis, the open field was
separated in two distinct zones: safe and unsafe zones.

Time spent in each zone was counted, and Preference Index
(PI) for the safe zone [PI = (Time in safe zone/(Total test
time) × 100)] was calculated for each mouse. Occurrences in
each zone, as well as the total number of crossings between the
two zones were also quantified. The total distance moved by the
mouse during the test was also recorded.
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FIGURE 2 | Creation of contrast-shaded patterns used for an adapted Optomotor Drum. (A) Gray scale created using the Red Green Blue color value (RGB) color
system, from black (0;0;0) to white (255;255;255). (B) Contrasted-shaded patterns newly created. (C) RGB details of grays used to compose them and contrast
value associated (see “Materials and Methods” section for details on contrast computation).

Novel Object Recognition Task (NOR)
The NOR task is a cognitive test about visual recognition
memory. It is based on mouse innate tendency to preferentially
explore novel stimuli, and allows to assess memory without
external motivation, rewards or punishment (Ennaceur and
Delacour, 1988) by measuring an index of stimulus recognition
(Baxter, 2010). Briefly, the standard task (NOR1) consisted
of three phases: habituation, familiarization, and choice
(Bhattacharya et al., 2012; King and Jope, 2013; Gomis-González
et al., 2016; Costa et al., 2018). The mouse was habituated to
an empty open-field (40∗40∗40 cm) for 10 min, 48 h and 24 h
before the task. This habituation (Phase 1) reduces mouse
anxiety linked to the confrontation to a novel environment.
The test day, the mouse was first given 3 min to rehabituate to
the empty arena, then a pair of identical objects (black plastic
cube; 3∗3∗3 cm) was placed in diagonally opposite corners
of the arena, approximately 5 cm from the walls of the box
to allow investigation of all sides of the objects (Figure 1C).
The mouse was then placed in the unoccupied corner facing
the wall and allowed to freely investigate the two objects for
5 min (Phase 2 or familiarization). During the Phase 3 (or
choice), objects were substituted by an identical object to the

previous ones and a novel object different in color and shape
(white plastic ball; Ø3 cm; Figure 1C). Both objects were
changed in order to exclude the contribution of the sense of
smell in the object recognition performed by the tested mouse.
Once again, the mouse was allowed to freely investigate the
two objects during 5 min. These two phases were separated
by a 3-min intertrial interval (ITI). The mouse was removed
from the open-field and placed in a single-housing cage next
to the arena for the duration of the ITI. We alternated the
location of the novel object, so that half of the mice saw the
novel object on their left and the other half saw it on their
right. After each session, the open-field and objects were wiped
with 70% ethanol to eliminate olfactory cues. All tests were
carried out at 20 lux luminance by a single operator blind to
mice genotypes.

In order to investigate how color and shape impact the
recognition of novel object, we generated two slightly modified
versions of the NOR task, namedNOR2 (color-modified version)
and NOR3 (shape-modified version). The difference among the
three versions relies on the presented objects during the choice
phase: during the NOR2 the novel object differed from the
familiar by its color (white plastic cube; 3∗3∗3 cm) and during
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the NOR3 the novel object differed by its shape (black plastic ball;
Ø3 cm; Figure 1C).

This object recognition test was set up with black and white
objects in order to draw a parallel with the Optomotor Drum test.
The idea was to use a contrast between the two objects of the same
intensity that black and white stripes of the Optomotor Drum.
The texture characteristic of the object was deliberately retained
in order to modify only visual characteristics without interfering
with the tactile modality.

Videos were analyzed by video-tracking software (EthoVision
XT10, Noldus, Netherlands). Object exploration was scored
only when the mouse’s nose or front paws were in contact
with the object. Duration (time) and frequency (number of
visits) of object exploration during each phase were recorded,
and a discrimination index representing the difference of time
exploring each object between the familiarization phase and the
choice phase (expressed in percentage of the exploration time
during familiarization phase).

Statistical Analysis
All results are expressed as mean ± SEM. Data analysis
was performed using Statistica 13.3. For all statistical tests, a
confidence interval of 0.95 was initially chosen (i.e., α = 0.05).
For all data, we tested the distributions’ normality with the
Shapiro–Wilk’s test, and the homogeneity of variances with
Levene’s test when an analysis of variance (ANOVA) analyze
was required. For Visual Cliff and NOR tests, we used repeated-
measures ANOVA followed by post hoc Fisher’s LSD test when
a statistically significant main effect or interaction was detected
(p < 0.05). For the Visual Cliff test, main factors were zone (Fz),
genotype (Fg) and age (Fa). For NOR tests main factors were
object (Fo) and genotype (Fg). For Optomotor tests, statistical
analysis was conducted using two-way ANOVA with age (Fa),
genotype (Fg), or a three-way ANOVA with age (Fa), genotype
(Fg) and minute (Fm) as main factors. For contrast-shaded
Optomotor, we used a repeated-measures ANOVA followed by
post hoc Fisher’s LSD test with contrast condition (Fc) and
genotype (Fg) as main factors. For all tests, when non-parametric
tests were required, a Kruskal–Wallis test was realized followed
by Wilcoxon’s test with a p correction. In figures, significant
differences between groups are noted by ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001; ∗∗∗∗p < 0.0001 for genotype comparisons, and by
#p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 for intra-
groups comparisons.

RESULTS

Contrast Perception Impairment in
Fmr1-/y Mice
Motion and contrast understanding of Fmr1−/y mice were
investigated thanks to the Optomotor Drum. This apparatus
is based on a natural reflex: a mouse with visual abilities
efficient enough to detect a contrasted motion passing through
its visual field would have the reflex to follow this stimulus with
its head, at least for a brief moment (Mitchiner et al., 1976;
Schmucker et al., 2005; Kretschmer et al., 2015). This instinctive

movement, called the optomotor response and illustrated in
practice by a HT, reflects the ability to detect and understand
a contrasted motion occurring in the visual field, and so is
not due to cognitive and computational abilities. This test rests
on the optokinetic nystagmus reflex occurring when a visual
target moves across the visual field (Mitchiner et al., 1976),
reflecting the animal perception of a moving stimulus. Since
for rodents the optomotor response is well correlated to the
optokinetic reflex (Kretschmer et al., 2017), the Optomotor
Drum test has been described to be a robust test to investigate
vision of contrasts abilities in mice, allowing data collection
without invasive procedure (Thaung et al., 2002). Therefore, this
test performed without any motion limitation allows to gain
information on the visual abilities without training, exacerbated
anxiety, and overall without involvement of mouse cognitive
abilities, and has been demonstrated to be a very robust test to
discriminate rodents with normal vision from those with visual
alterations (Lawrence et al., 2000; Schmucker et al., 2005; Akimov
and Rentería, 2012; Umino and Solessio, 2013).

This test was carried out on 1-3- and 6-month-old mice.
All mice were able to perform HT, and the operator did not
observe any difference in the way HT were performed between
genotypes. Parameters recorded were the number of HT and
the total time spent in HT, from which were calculated the
mean duration of a HT (Figure 3). For all these parameters,
statistical analysis did not revealed any interaction between
age and genotype (duration Fa,g(2,80) = 0.221, p = 0.802;
number Fa,g(2,80) = 0.022, p = 0.978; mean duration WT
χ2
(2) = 0.295, p = 0.863; Fmr1−/y χ2

(2) = 2.93, p = 0.230).
However, a genotype effect on both total time spent in
HT (Fg(1,80) = 37.53, p < 0.0001) and the number of HT
(Fg(1,80) = 90.84, p < 0.0001) was highlighted. Indeed, Fmr1−/y
mice spent significantly less total time in HT as compared
to their WT littermates (1 month: p = 0.0001; 3 months:
p = 0.002; 6 months: p = 0.0008; Figure 3A), resulting from a
significant decrease in number of HT (1 month: p < 0.0001;
3 months: p < 0.0001; 6 months: p < 0.0001; Figure 3B).
Fmr1−/y mice provided a 40% decreased response as compared
to WT ones (Figures 3A,B). Importantly, there was no genotype
effect on the mean duration of an HT. Indeed, no significant
difference was obtained for this parameter between WT and
Fmr1−/y mice (1 month: p = 0.433; 3 months: p = 0.140;
6 months: p = 0.908; Figure 3C), highlighting that variation
observed in the total time spent in HT was directly linked to
the number of HT, and not to a variation in the duration of
each HT. This underlines that the ability to perform a correct
HT was not altered in Fmr1−/y mice and that their head and
neck motion did not hinder their task performance. Moreover,
similar results were obtained when considering each rotation
direction (clockwise and counterclockwise), whatever the age
(Supplementary Figure S1).

Ultimately, it is important to highlight that decreased total
duration and number of HT observed in Fmr1−/y mice were
similar across all three tested ages, approximately 35%, from 1 to
6 months old.

We recorded the latency to the first HT provided by each
mouse, meaning the time between the first HT movement
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FIGURE 3 | Optomotor Drum test. Motion and contrast perception of Fmr1−/y mice were investigated thanks to the Optomotor Drum. Histograms represent (A)
total time spent in head-tracking (HT), (B) total number of HT, (C) mean duration of one HT and (D) latency to the first HT. Curve represents (E) time spent in HT
minute by minute. All data were represent at each age tested (1 month: wild-type (WT) n = 12; Fmr1−/y n = 18; 3 months: WT n = 15; Fmr1−/y n = 13; 6 months: WT
n = 14; Fmr1−/y n = 14). All parameters were scored in seconds, and were expressed in % of results obtained with the WT group at the corresponding age (WT
littermates). Data represent mean ± SEM. Significant differences between WT and Fmr1−/y are noted by ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.

and the start of the drum rotation. Statistical analysis did
not reveal any significant difference between results at 1,
3 and 6 months, whatever the genotype (WT χ2

(2) = 0.806,
p = 0.668; Fmr1−/y χ2

(2) = 1.083, p = 0.582). One-month-old
Fmr1−/y mice showed a significant (p = 0.015) increase in
latency to the first HT in regards to WT. Results remained
stable from one age to another (Figure 3D), with a significant
difference between WT and Fmr1−/y mice in their latency to
first HT (3 months: p = 0.016; 6 months: p = 0.013). These
results underline the lower ability of Fmr1−/y mice in contrast
perception. Moreover, we quantified the time spent in HT at
each minute of the test (Figure 3E). In accordance with previous
results, statistical analysis showed a genotype effect on this
parameter (Fg(1,80) = 0.699, p < 0.0001) without any interaction
between age and genotype (Fa,g(2,80) = 0.299, p = 0.742).
Moreover, no effect of the minute of the test was noticed
(Fm(3,80) = 2.31, p = 0.076) without any significant interaction
between genotype and the minute of the test (Fg,m(3,80) = 0.777,
p = 0.507). These results indicate that for all three tested
ages WT and Fmr1−/y mice spent similar time in HT at each
minute of the test. These data show that the response to
this test remained stable throughout the whole test duration,
whatever the genotype. Thus, the overall decreased response
of Fmr1−/y mice was not due to shorter HT, or to a decrease
occurring during the test. Fmr1−/y mice had a similar mean

duration of HT than WT, and their response remained stable
during the 4 min of the test, whatever the rotation direction of
the drum.

Fmr1−/y mice spent less time in HT than WT ones, due to a
reduced number of HT. This decrease was not due to disinterest
or a lack of attention span that occurred when mice performed
an HT, and throughout the whole test duration. As illustrated by
their clearly raised latency to the first HT, Fmr1−/y mice showed
difficulties in the detection of the contrasted stimulus.

Globally, the lower response of Fmr1−/y mice to the
Optomotor Drum test highlighted defects in vision of contrast
and motion, from youth to adulthood, in a stable way through
the ages.

Contrast Discrimination Alterations in
Fmr1-/y Mice
In order to sharpen our understanding of the defects in
vision of contrasts of Fmr1−/y mice, we reused the Optomotor
Drum to investigate their behavioral response toward various
contrasted conditions. The standard test showed that mouse
responses remained stable from 1 to 6 months old, whatever
the genotype. Therefore, seeking for a refinement of animals
used, the Contrast-shaded Optomotor Drum test was performed
only at one age (3 months) for all conditions tested. As for the
standard test, parameters recorded were the time spent inHT and
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the number of HT, from which the mean duration of a single HT
was deduced.

First, it has to be noted that whatever the genotype mice
responded to all contrast conditions tested. These conditions did
not allow to determine a threshold beyond which contrast would
be too weak to be perceived (Figure 4).

Then, irrespectively of the genotype, the observed response
depended on the contrast used. Indeed, statistical analysis
showed an effect of contrast condition (Fc(4,81) = 10.15,
p< 0.0001), but also a genotype effect (Fg(1,81) = 11.49, p = 0.001)
on the total time spent in HT (Figure 4A). The evolution of
time spent in HT, in regards to contrasts, differed between
genotypes. Indeed, at C = −0.31 WT mice spent significantly
more time in HT than at C = −0.13 (p = 0.003), reaching a
similar duration to the one performed at C = 1 (p = 0.653). In
contrast, at C = −0.31 Fmr1−/y mice spent a similar amount
of time in HT to the one performed at C = −0.13 (p = 0.874)
and a very low amount of time compared to the one recorded in
standard condition (p = 0.098). Consequently, even if the time
spent in HT was similar between both genotypes at C = −0.13
(p = 0.772), it became significantly different as contrast reached
−0.31 (p = 0.003) and remained different when C = 1 (p = 0.008),
as previously described with the standard Optomotor Drum.
Thus, from C = −0.13 to C = 1, the time spent in HT increased
whatever the genotype, but following different patterns for each
genotype. Interestingly, mice did not provide these evolutions
when contrast varied from 0.13 to 1. Compared to standard
condition, WT mice spent a similar time in HT at C = 0.31
(p = 0.577) and at C = 0.13 (p = 0.569). Thus, WT mice
did not decrease their time spent in HT when contrast was
reduced. On the contrary, Fmr1−/y mice spent more time in
HT at C = 0.31 than at 1 (p = 0.089), but not at C = 0.13
(p = 0.931). Thus, Fmr1−/y mice increased their time spent in
HT and remained stable when contrast was reduced from 1 to
0.13. Consequently, the difference in the time that mice spent in
HT between WT and Fmr1−/y was not significant anymore at
C = 0.31 (p = 0.409) nor at 0.13 (p = 0.341).

In accordance with results obtained with the standard test,
whatever the genotype, the time spent in HT was correlated to
the number of HT (Figure 4B). Results regarding the number
of HT followed identical trends than those described for total
duration spent in HT. Indeed, statistical analysis highlighted an
impact of contrast (Fc(4,81) = 20.98, p < 0.0001) and of genotype
(Fg(1,81) = 24.15, p < 0.0001) on number of HT performed
by mice. Whatever the genotype number of HT varied with
the contrast tested, and the evolution of the number of HT
as a function of the contrast differed between genotypes. At a
contrast of −0.31 WT mice performed more HT than at −0.13
(p = 0.0019), reaching a score similar to the one performed
at C = 1 (p = 0.123), whereas, Fmr1−/y mice performed a
number of HT similar to the one at −0.13 (p = 0.255) and
lower from the standard condition score (p = 0.161). Therefore,
even if the number of HT was similar between genotypes at
C =−0.13 (p = 0.223), it became different as the contrast reached
−0.31 (p = 0.003) and remained different in standard condition
(p< 0.0001). Thus, when the contrast increased from−0.13 to 1,
the number of HT increased for both genotypes, but at different

FIGURE 4 | Contrast-shaded Optomotor Drum test. Contrast discrimination
alterations of Fmr1−/y mice were investigated thanks to the Optomotor Drum,
with various contrasted conditions. Curve representing (A) total time spent in
HT and (B) total number of HT, hence (C) the mean duration of one HT, at
each contrast condition (lambda: WT n = 16, Fmr1−/y n = 10; beta: WT n = 7,
Fmr1−/y n = 6; gamma: WT n = 10, Fmr1−/y n = 14; omega: WT n = 6,
Fmr1−/y n = 7; psi: WT n = 9, Fmr1−/y n = 6). Total durations and mean
durations scored in seconds. Total durations and number expressed in % of
result of WT mice in lambda condition (standard condition). Data represent
mean ± SEM. Significant differences between WT and Fmr1−/y are noted by
∗p < 0.05; ∗∗p < 0.01; ∗∗∗∗p < 0.0001. Significant differences between
contrast conditions within genotype are noted by #p < 0.05; ##p < 0.01;
####p < 0.0001. Absence of significant difference between groups is
noted by ns.
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rates for each genotype. As for the time spent in HT, evolutions
of the number of HT were different when contrast varied from
0.13 to 1. In regards to standard condition, WT mice performed
a similar number of HT at C = 0.31 (p = 0.375) and at C = 0.13
(p = 0.100). Then WT mice did not decrease their number of
HT when contrast was reduced. On the contrary, Fmr1−/y mice
performed a higher number of HT at C = 0.31 than at C = 1
(p = 0.060) but not at C = 0.13 (p = 0.361). Thus, Fmr1−/y
mice increased their number of HT and then remained stable
when contrast decreased from 1 to 0.13. Based on these results,
the mean duration of a HT was calculated. It remained similar
between genotypes whatever the contrast condition (Figure 4C);
thus, results previously obtained were not due to a difference in
the duration of an HT between genotypes.

It is interesting to highlight that, irrespective of the genotype,
for two patterns with an identical gap in the RGB scale, mice
did not provided the same responses. Those depended on
whether the contrasted pattern was in light or in dark shades of
gray. However, WT and Fmr1−/y mice did not provide similar
evolution through contrasts, leading to significant differences
of response for several contrasts tested. Together, these results
show that mice have difficulties distinguishing a sharp contrast
in a dark condition. However, as soon as the contrast was
somewhat increased WT mice reached their maximal score
in contrast detection, whereas Fmr1−/y mice did not enhance
their response. Fmr1−/y mice required a far more increased
contrast to enhance their contrast detection ability and leave
their basal response. Therefore, Fmr1−/y mice display impaired
discrimination of contrasts. Results highlighted a shifting in
Fmr1−/y mice response to increased contrast, with a rise in
response postponed on the contrast scale, meaning that Fmr1−/y
mice have a lower sensitivity to contrast.

Depth Perception Deficiency in Fmr1-/y

Mice
We assessed depth perception in Fmr1−/y mice by subjecting
them to the Visual Cliff test, which has been shown to be
effective in distinguishing between animals with normal and
poor visual abilities (Fox, 1965). Main parameters recorded were
the total occurrences and time spent by mice in each zone (safe,
unsafe), but also distance moved. Three and 6-months-old mice
underwent this test.

Time and Occurencies
First, age had no impact on occurrences and time in zones or
on the PI for the safe zone. Indeed, no significant interaction
between zone, genotype and age was noticed (time in zones
Fz,a,g(1,90) = 0.28, p = 0.94; PI, Fa,g(1,90) = 0.002, p = 0.96; occurence
Fz,a,g(1,90) = 0.28, p = 0.59). Each genotype provided similar
behavioral profiles in regard to occurrences and time spent in
zones, and so for PI, whatever the age (Figures 6A–C). Moreover,
a zone effect (Fz(1,90) = 67.47, p < 0.0001) was observed on
the total time spent in each zone (Figure 5A), with more time
spent in the safe zone than in the unsafe zone whatever the
genotype (3 months: WT p < 0.0001; KO p = 0.004; 6 months:
WT p< 0.0001; KO p = 0.041). However, a significant interaction
between zone and genotype (Fg,z(1,90) = 12.04, p = 0.0008) was

noticed. Indeed, as compared to WT mice, Fmr1−/y mice spent
significantly more time in the unsafe zone (3 months: p = 0.014;
6 months: p = 0.017) and less time in the safe zone (3 months:
p = 0.014; 6 months: p = 0.019; Figure 5A). Based on these
results, a PI for the safe zone was calculated for each mouse. A
genotype effect (Fg(1,90) = 12.02, p = 0.0008) was observed on PI
since Fmr1−/y mice had a significantly lower PI than WT mice
(3 months: p = 0.013; 6 months: p = 0.018). This index suggests
that Fmr1−/y mice showed a decreased preference for the safe
zone compared to WT (Figure 5B). Regarding occurrences in
each zone, a genotype effect (Fg(1,90) = 8.07, p = 0.005) appeared
on entry frequency in safe and unsafe zones (Figure 5C). Indeed,
as compared to WT mice, Fmr1−/y mice performed a higher
number of occurrences in the safe zone (3 months: p = 0.120;
6 months: p = 0.097) as in the unsafe zone (3 months: p = 0.030;
6 months old: p = 0.102). Moreover, the zone had no effect on the
number of occurrences (Fz(1,90) = 1.69, p = 0.196). The number
of entries in each zone were similar between safe and unsafe
zones for WT mice (3 months: p = 0.174; 6 months: p = 0.655)
as for Fmr1−/y mice (3 months: p = 0.771; 6 months: p = 0.592;
Figure 5C), explaining why the interaction between genotype
and zone was not statistically significant (Fg,z(1,90) = 0.242,
p = 0.623). Thus, genotype imbalance observed in times spent
in each zone is not due to the number of visits in each zone,
as illustrated by the heat map recorded for each genotype
(Figure 5D).

Herein, Fmr1−/y mice showed an altered behavior in the
Visual Cliff characterized by an increased time in unsafe zone
without increase in the number of entries in this zone. It is worth
noting that whatever the genotype, mice spent more time in the
safe zone than in the unsafe zone. Consequently, our results did
not show a loss of the preference for the safe zone, but only a
decrease in the preference for the safe zone. This imbalance in
the presence in each zone led to a clear decrease of the PI for the
safe zone of Fmr1−/y mice.

Locomotion
Regarding locomotion features (Figure 6), a genotype effect
(Fg(1,90) = 19.40, p < 0.0001) was observed on the total distance
covered during the test without any significant interaction
between genotype and age (Fg,a(1,90) = 0.315, p = 0.576). Indeed,
3-month-old Fmr1−/y mice demonstrated a significantly higher
distance traveled in regards to WT ones (p = 0.007), and
6-month-old mice presented a similar profile, with Fmr1−/y
mice covering a significantly higher distance than WT ones
(p = 0.0007; Figure 6A). Furthermore, the distance moved
in each zone of the apparatus was quantified (Figure 6B). A
zone effect (Fz(1,90) = 80.20, p < 0.0001) was noticed, but
there was no significant interaction between genotype and
zone (Fg,z(1,90) = 3.79, p = 0.054), nor between zone and age
(Fa,z(1,90) = 0.097, p = 0.756). These results illustrate that mice
covered a significantly shorter distance in a deep zone than in
a shallow zone, whatever the genotype and age (3 months: WT
p < 0.0001; Fmr1−/y p = 0.003; 6 months: WT p < 0.0001;
Fmr1−/y p< 0.0001; Figure 6B). A genotype effect was observed
(Fg(1,90) = 17.90, p < 0.0001) on the distance covered in the
shallow end as well as in the deep end but statistical analysis
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FIGURE 5 | Visual Cliff test. Depth perception in Fmr1−/y mice was assessed with the Visual Cliff test. Histograms represent (A) total time spent in each zone
(shallow-end/deep-end), hence (B) the Preference Index (PI) for the shallow end was calculated, and (C) number of occurrences, at both ages tested (3 months: WT
n = 25; Fmr1−/y n = 22; 6 months: WT n = 20; Fmr1−/y n = 26). (D) Illustration by a pseudo-colored heat map representing time spent at each position related to the
place preference of WT and Fmr1−/y mice. Total durations scored in seconds; index expressed in Arbitrary Unit (AU). Data represent mean ± SEM. Significant
differences between WT and Fmr1−/y are noted by ∗p < 0.05. Significant differences between zones within genotype are noted by #p < 0.05; ##p < 0.01;
####p < 0.0001. Absence of significant difference between groups is noted by ns.

FIGURE 6 | Locomotion parameters in the Visual Cliff test. Locomotion was assessed thanks to total distances moved during the Visual Cliff test in (A) the whole
arena, (B) safe and unsafe zones at both ages tested, and thanks to (C) the number of transitions between deep and shallow ends (3 months: WT n = 25; Fmr1−/y

n = 22; 6 months: WT n = 20; Fmr1−/y n = 26). Distance scored in centimetre. Data represent mean ± SEM. Significant differences between WT and Fmr1−/y are
noted by ∗∗p < 0.01; ∗∗∗p < 0.001. Significant differences between zones within genotype are noted by ##p < 0.01; ####p < 0.0001. Absence of significant
difference between groups is noted by ns.
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did not show a significant interaction between age and genotype
(Fa,g(1,90) = 0.342, p = 0.5604). Indeed, 3-month-old Fmr1−/y
mice walked a higher distance than WT ones in safe zone
(p = 0.253) as in unsafe zone (p = 0.001), and a similar profile
was observed at 6 months old, with Fmr1−/y mice traveling a
significant higher distance than WT mice in the shallow end
(p = 0.009) as in the deep end (p = 0.001; Figure 6B).

Ultimately, the total number of crossings between safe and
unsafe zones performed by testedmice was recorded (Figure 6C).
A genotype effect (Fg(1,90) = 19.53, p < 0.0001) was obtained
without any significant interaction between age and genotype
(Fg,a(1,90) = 0.282, p = 0.596), illustrating that Fmr1−/y mice
performed a significantly greater number of crossings between
shallow and deep ends thanWTmice at both ages (3 months old:
p = 0.007; 6 months old: p = 0.0007).

Together, these results on locomotion were in line with the
well-known hyperactive behavior of Fmr1−/y mice as described
in the literature (Kramvis et al., 2013; Mines, 2013; Sørensen
et al., 2015) in regards the distance moved in the arena. Fmr1−/y
mice covered a significantly longer distance than WT mice, in
the shallow end as well as in the deep end. Therefore, as the
hyperactivity occurred homogeneously in every zones of the
arena, mouse locomotion did not explain the results we obtained
in time and frequencies in zones. Even if Fmr1−/y mice covered a
longer total distance than WT ones during the test, this increase
occurred in safe as in unsafe zone. Imbalance in the time spent in
zones cannot be attributed to locomotion activity.

Thus, the imbalanced PI for the shallow end is not linked
to locomotion phenotype in the Fmr1−/y mice. The impaired
response to the Visual Cliff test suggested that Fmr1−/y mice had
difficulties in depth perception, at 3 and 6 months old.

Involvement of Visual Modalities Impaired
in Fmr1-/y Mice in a Cognitive Task
Visual memory recognition was evaluated thanks to the NOR
task, in its standard version and in two modified tasks. This
test rests on rodents’ innate exploratory behavior when they are
exposed to a novel and a familiar objects, and allows to assess
memory without external motivation, rewards or punishment
(Ennaceur and Delacour, 1988) by measuring an index of
stimulus recognition (Baxter, 2010). Previous visual tests showed
that mouse responses remained stable from 1 to 6 months
old, whatever the genotype. Therefore, seeking for a refinement
of animals used, NOR tests were performed only at one age
(3 months old mice). For each phase, the number of nose
contact with each object and the time spent exploring each object
presented were recorded, hence a discrimination index for each
object was calculated.

For the three versions of the test, the two identical objects
presented in the familiarization phase were two black plastic
cubes. During this phase, durations spent with objects were not
impacted by the object (NOR1 Fo(1,20) = 0.877, p = 0.360; NOR2
Fo(1,20) = 1.26, p = 0.274; NOR3 Fo(1,20) = 2.01, p = 0.170)
and did not undergo interaction of the genotype (NOR1
Fg,o(1,20) = 0.004, p = 0.826; NOR2 Fg,o(1,20) = 1.187, p = 0.288;
NOR3 Fg,o(1,20) = 0.025, p = 0.873; Figure 7A). Indeed, WT
and Fmr1−/y mice did not spend more time with one object

than with the other. These results were coherent with the
number of visits which were not impacted by the object (NOR1
Fo(1,20) = 0.914, p = 0.350; NOR2 Fo(1,20) = 3.75, p = 0.067;
NOR3 Fo(1,20) = 0.241, p = 0.628) nor by the genotype (NOR1
Fg,o(1,20) = 0.065, p = 0.800; NOR2 Fg,o(1,20) = 0.139, p = 0.713;
NOR3 Fg,o(1,20) = 0.029, p = 0.866; Figure 7B). These results
suggested that there was no bias caused by a preference for
an object due to its location. Moreover, no difference in global
exploration was noticed between WT and Fmr1−/y mice since
both genotypes spent the same total time exploring objects
(NOR1 Fg(1,20) = 0.74, p = 0.40; NOR2 Fg(1,20) = 3.01, p = 0.099;
NOR3 Fg(1,20) = 0.64, p = 0.63).

After a 3 min ITI, one of the two cubes was replaced by
a new object, and the other cube was replaced by a duplicate
cube. For the standard version of the test (NOR1), this object
(a white plastic ball) differed by its shape and color. During
the choice phase, statistical analysis revealed an impact of
the object on the time spent in exploration (Fo(1,20) = 6.875,
p = 0.016) and on the number of visits (Fo(1,20) = 5.858,
p = 0.025). Indeed, WT mice spent significantly more time
in contact with the new object (p = 0.027), and tended to
visit the new object more (p = 0.058), whereas Fmr1−/y mice
did not present difference in their exploration of the two
objects (time: p = 0.232; number: p = 0.183; Figure 8A). We
obtained results similar to the literature (Bhattacharya et al.,
2012; King and Jope, 2013; Gomis-González et al., 2016; Costa
et al., 2018), with WT mice spending more time exploring the
new object and Fmr1−/y mice spending as much time sniffing
the familiar object and the new one during the choice phase,
although the total time of exploration of objects was similar
between both genotypes. The frequency of approach to objects
corroborated this result, since WT mice more often visited the
new object than the familiar one, whereas Fmr1−/y mice explored
them similarly. This phenomenon is also represented by the
discrimination index which corresponds to the difference of time
spent exploring objects between the familiarization phase and the
choice phase. Indeed, the discrimination index indicates that the
time spent by WT mice sniffing the new object was significantly
greater than the time spent in contact with the object replaced
during the familiarization phase, even if WT mice explored the
unchanged cube in the same proportion. Thus, WT mice have
a significantly higher index for the new object vs. the familiar
object (p = 0.052), whereas this index is similar for the new object
and the familiar for Fmr1−/y mice (p = 0.519; Figure 8A), the
total time of objects exploration during this phase was similar
between genotypes (Fg(1,20) = 0.675, p = 0.420).

For the NOR2 task, the new object was a white plastic cube so
that only the color would discriminate the familiar object from
the new object. Once again statistical analysis revealed an impact
of the object on the time spent in exploration (Fo(1,20) = 10.97,
p = 0.003) and on the number of visits (Fo(1,20) = 6.01, p = 0.023).
WT mice were able to distinguish the two objects, as illustrated
by a higher exploration time of the new object (p = 0.008)
and a larger number of nose-contact (p = 0.011; Figure 8B).
Consequently, WT mice have a significantly higher index for
the new object vs. the familiar object (p = 0.004). In contrast,
Fmr1−/y mice explored the two objects equally (time p = 0.1133;
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FIGURE 7 | Familiarization phase of the NOR. Fmr1−/y behavior in a cognitive task involving visual modality was evaluated in the standard version of the NOR
(NOR1) and two various versions (NOR2 and NOR3). Histograms represent (A) time spent in nose contact with each object and (B) number of visits of each object
for each genotype (WT n = 9, Fmr1−/y n = 13), during the familiarization phase. Durations scored in seconds. Data represent mean ± SEM.

FIGURE 8 | Choice phase of the NOR. Histograms represent time spent in nose contact with each object and number of visits, hence a discrimination index for
each object, for (A) NOR1, (B) NOR2 and (C) NOR3, for each genotype (WT n = 9, Fmr1−/y n = 13), during the choice phase. Durations scored in seconds;
discrimination index expressed in AU. Data represent mean ± SEM. Significant differences between WT and Fmr1−/y are noted by ∗p < 0.05; ∗∗p < 0.01. Absence
of significant difference between groups is noted by ns.
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number p = 0.617), similar to the one performed during the
familiarization phase. Consequently, discrimination index of the
two objects was similar for Fmr1−/y mice (p = 0.329).

For the NOR3 task, the new object was a black ball so that
it differed from the familiar object in its shape but not by color.
Once again statistical analysis revealed an impact of the object on
the time spent in exploration (Fo(1,20) = 11.77, p = 0.002) and on
the number of visits (Fo(1,20) = 8.32, p = 0.009). WT mice have a
preference for the new object since they spent more time sniffing
it (p = 0.002) and camemore often into contact with it (p = 0.001).
The discrimination index indicates that WT mice tended to
spend more time in contact with the new object during this
choice phase (p = 0.075). Fmr1−/y mice explored the two objects
in a similar way (time p = 0.240; number p = 1.000), similar to
the one performed during the familiarization phase, as illustrated
by the discrimination index (p = 0.914; Figure 8C). Interestingly,
the discrimination index showed that Fmr1−/y spend less time
exploring the two objects compared to the familiarization phase.

Furthermore, discrimination index of the three versions were
statistically different for WTmice (χ2

(2) = 6.88, p = 0.031) but not
for Fmr1−/y mice (χ2

(2) = 2.92, p = 0.112). More precisely, WT
mice exhibited a difference of discrimination index only between
the second and the third versions (NOR2–3: p = 0.038), and not
between other versions (NOR1–2: p = 0.213; NOR1–3: p = 0.085).
This may indicate that color impacts performance more in the
NOR test than shape. Besides, it is important to underline that,
for each genotype, there was no statistical difference between
total durations spent in exploration during choice phases of the
3 versions of the test (WT: χ2

(2) = 1.42, p = 0.489; Fmr1−/y:
χ2
(2) = 1.29, p = 0.231).
Regarding locomotion features, statistical analysis did not

underline any difference between genotypes, whatever the
phase, for NOR1 (familiarization Fg(1,20) = 1.591, p = 0.221;
choice Fg(1,20) = 0.125, p = 0.727), NOR2 (familiarization
Fg(1,20) = 0.010, p = 0.920; choice Fg(1,20) = 0.0004, p = 0.983)
and NOR3 (familiarization Fg(1,20) = 0.928, p = 0.346; choice
Fg(1,20) = 0.020, p = 0.886; Supplementary Figure S2). However,
the hyperactivity phenotype of Fmr1−/y mice was observed
during the first day of habituation phase (Fg(1,20) = 6.37,
p = 0.020), where Fmr1−/y traveled a higher distance than WT.
This difference disappeared in the course of the second day of
habituation to the open-field.

Altogether, these results indicate that whatever the parameter
modified, color or shape, WT mice were able to distinguish the
replaced object, unlike Fmr1−/y mice which were not able to
discriminate the two objects in any version of the test.

DISCUSSION

Evaluation of visual function and its effect on visually guided
behavior is of high importance to better understand and
characterize pathologies associated with visual integration and
perception defects. In the FXS, absence of FMRP has been
associated to visual system defect in patients, characterized by
spatiotemporal visual processing alterations (Kogan et al., 2004b;
Farzin et al., 2008) as in its murine model at the retinal level

(Rossignol et al., 2014; Perche et al., 2018). However, impact
on the visual behavior had never been investigated. Our project
aimed to better characterize visual disturbances in Fmr1−/y mice
from a behavioral perspective.

Contrast perception is a fundamental parameter for
functional vision, involved in many tasks and crucial for
other visual abilities, such as texture vision (Ginsburg, 2003;
Ichihara et al., 2007). In facts, the vision of contrast requires
properly measuring a local difference in luminance to detect a
target. Contrast perception requires a gain control mechanism
occurring in neurons of the early visual system, including
retina, lateral geniculate nucleus and V1 cortex (Rathbun et al.,
2016). To assess FMRP impact on the vision of contrasts, we
implemented the Optomotor Drum test in its standard version
(Cowey and Franzini, 1979; Schmucker et al., 2005). Herein,
behavioral responses were distinct between WT and Fmr1−/y
mice. Both genotypes were able to provide a HT in front of the
contrasted stimulus, but Fmr1−/y mice presented a drop in their
response as compared to WT. It is crucial to underline that in
this reflex-based test the decrease observed in Fmr1−/y mice
response might not be due to disinterest or lack of attention,
as observed in other behavioral tests (Moon et al., 2006; Casten
et al., 2011; Krueger et al., 2011; Kramvis et al., 2013). Indeed, as
illustrated by the increased latency to the first HT, Fmr1−/y mice
showed difficulties in the detection of the target, but when once
achieved they followed it in the same way than WT one without
variation of HT quality. Therefore, this behavior highlights a
clear alteration in Fmr1−/y mice abilities to perceive a contrasted
stimulus. Interestingly, optomotor response can be affected by
alterations of various structures of the visual system. Retina
has a clear impact on optokinetic response since Optomotor
Drum response is very different between rodents with normal
or degenerated retinas (Lawrence et al., 2000; Thaung et al.,
2002; Schmucker et al., 2005). Furthermore, the eyes of animals
with different retinal states, degenerated or treated, provide
different responses to the test (Thomas et al., 2004), clearly
indicating that a satisfying retinal perception and transmission,
independently to integrative performance, is a crucial parameter
for contrast perception. Interestingly, the Ins2Akita/+ mouse
model of diabetes with significant retinal alterations, particularly
aberrant morphology of ganglion cells neurons characterized
by enlarged somas, swollen dendrites and dendritic blebbing,
presented an abnormal response to optomotor tasks which
can be linked to these retinal neuronal injuries (Akimov and
Rentería, 2012). Besides, defects in retinal starburst amacrine
cells critically affect the optokinetic response in mice (Yoshida
et al., 2001). As Fmr1−/y mice exhibit those retinal neuronal
defects, and provide electrophysiological evidences (Bmax and n
parameters) that their retinas have an altered contrast sensitivity
(Rossignol et al., 2014; Perche et al., 2018), these data likely create
a link between the retinal absence of FMRP and Fmr1−/y defects
in their perception of contrast and motion. Moreover, even if
little is known regarding which cerebral structure mediates the
optokinetic head tracking in rodents, the SC, which is known
to initiate head and eye movement in orienting behaviors
(Wurtz and Albano, 1980), may be involved in the optokinetic
response. Thus, cellular and functional impairments in the
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SC of Fmr1−/y mice must be also involved in their altered
optomotor performance. These observations reinforce the link
we hypothesize between the absence of FMRP and contrast and
motion perception.

Contrast sensitivity is a crucial property of vision that
measures a local difference in luminance necessary to detect a
target. In our contrast-shaded Optomotor Drum, contrast may
be defined as the luminance difference between the two shades
of gray used to compose a pattern, since a dark gray has a
weak luminance and a light gray has a high luminance. This
definition is similar to the one previously used in study of
contrast sensitivity usingOptomotor Drum, defining the contrast
as the difference in luminance between peak and valley of a
sine-wave pattern (Umino and Solessio, 2013). Here, we show
that whatever the genotype mice have difficulties to distinguish
a sharp contrast in dark conditions. However, as soon as
the contrast was somewhat increased WT mice reached their
maximal score in contrast detection, whereas Fmr1−/y mice did
not enhance their response. In this sense, Fmr1−/y mice showed
a lower sensitivity to contrast, since they demanded a far more
increased contrast to enhance their contrast detection ability.
A more important leap in contrast is necessary for Fmr1−/y
to enhance their response towards contrasts. To go further, we
can affirm that, in these conditions, we have highlighted an
abnormality in the threshold beyond which mice leave their basal
response since this threshold is shifted to a higher contrast for
Fmr1−/y mice compared to WT mice. Fmr1−/y mice have a
higher contrasted-threshold thanWT to convert a weak response
in their maximal response. Surprisingly, the Fmr1−/y response
increase when the contrast was reduced in bright conditions
when we could expect it to decrease or stay stable. Even though
we remain unable to explain precisely this phenomenon, we
can hypothesize that it comes from the difference in visual
abilities of rodents between dark and light conditions. As
mice are nocturnal mammals, processes that drive their visual
abilities are different, depending on the lightness. Herein, this
particular result may highlight that, in the Fmr1−/y mouse,
the visual pathway driving discrimination of bright contrasts
is less impacted by the absence of FMRP than visual pathway
driving discrimination of dark contrasts. This may explain that
performance in a bright contrast condition is better than in
middle contrast condition. Therefore, we showed, for the first
time, a clear hyposensitivity to contrast in the Fmr1−/y mice.
Moreover, as mentioned above, mice are nocturnal mammals,
and so the perception of contrasts in obscurity is an important
element for their survival. As Fmr1−/y mice showed defects
in perception of contrasts in dark conditions, these mice are
more likely to present difficulties in their adaptation to their
surrounding environment. This hypo-sensitivity to contrast in
dark conditions can be coherently linked to electrophysiological
alteration highlighted in the Fmr1−/y retina (Rossignol et al.,
2014). ERG study in scotopic conditions revealed that Fmr1−/y
retinas need a higher luminance difference, between the study
flash and the background, to initiate a signal transmission in
the inner retina, as showed by the Fmr1−/yy delayed b-wave
sensitivity curves. Thus, the contrast needed by the retina to
initiate a signal transmission is higher in Fmr1−/y mice than in

WT. Furthermore, we cannot exclude a brain involvement in
such phenotype since a response to contrast is also modulated
by the cerebral area of the geniculo-cortical pathway with
neurons exhibiting their own gain response to contrast stimulus
(Rathbun et al., 2016). Since Fmr1−/y mice display molecular
and cellular alterations in this pathway, as previously reported,
a brain involvement in this contrast sensitivity alteration is
highly probable. Once again, these observations reinforce our
hypothesis of the link between the absence of FMRP and contrast
perception alteration.

Depth perception is an important component of vision
enabling three-dimensional visualization of the surrounding
environment. It is based on the two-dimensional representation
in the retina and requires monocular and binocular inputs
(Lashley and Russell, 1934; Walk et al., 1957; DeAngelis et al.,
1998). It is also important to note that by determining the depth
perception, we evaluate the functional integrity of the retino-
geniculo-cortical pathway meaning all the visual axis from the
light perception by the retina to the cerebral integration by
visual cortex (Fox, 1965; Mazziotti et al., 2017). To understand
the role of FMRP on such visual depth perception, the Visual
Cliff test was used. As described previously (Baroncelli et al.,
2013), wide-type (WT) mice presented an innate tendency to
avoid the deep side of the apparatus. However, Fmr1−/yy mice
displayed a clear decrease of the PI for the safe zone, that cannot
be attributed to locomotion activity. Therefore, Fmr1−/y mice
behavior in the Visual Cliff test highlighted a defect in their
depth perception. This might affect the hypo-anxiety phenotype
obtained with tasks assessing the emotional state of mice, such
as the elevated plus maze test as Fmr1−/y mice are less able
to perceive the depth and, thus, may be less anxious of their
environment (Heulens et al., 2012; Chen et al., 2013; Hebert
et al., 2014). Interestingly, our results did not show a loss of
the preference for the safe zone, but only a decrease in the
preference for the safe zone. Thus, Fmr1−/y mice are not totally
unable to perceive the depth but have a clear impairment in their
abilities to distinguish it. We can hypothesize that this phenotype
penetrance is linked to the retino-geniculo-cortical pathway state
in absence of FMRP. Indeed, it has been clearly demonstrated
that modification of this pathway by targeting the retina or the
visual brain areas modulate depth perception (Mazziotti et al.,
2017; Tzameret et al., 2019). From a molecular standpoint, the
decreased efficiency of the retino-geniculo-cortical pathway in
Fmr1−/y mice must be linked to the impairments of neuron-
specific functions such as glutamate/GABA pathways or synaptic
transmissions (Davidovic et al., 2011; Doll et al., 2017) due to
well described protein deregulation in FXS conditions, such as
PSD95, mGlur5, or SNARE complex expression defects (Zhu
et al., 2011; Westmark, 2013; Tang et al., 2015; Aloisi et al., 2017).
Interestingly, in the Rbfox1 knockout animals characterized by
impairments of the visual neuronal circuits due to SNARE
complex protein alteration, a similar depth perception defect
was observed (Gu et al., 2018). This observation reinforces our
data on the direct link between the absence of FMRP and visual
depth perception.

For the first time, Fmr1−/y mice were investigated with visual
specific behavioral tests. These tests brought into light deficits

Frontiers in Behavioral Neuroscience | www.frontiersin.org 14 October 2019 | Volume 13 | Article 228

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Felgerolle et al. Visual Behavior Impairments in FXS

in visual abilities, characterized by an altered perception of
perspectives and lower abilities in understanding motion and
contrast. Besides, this study highlighted the stability of Fmr1−/y
mice visual behavioral phenotype over time, particularly from
adolescence to late adulthood, similarly to molecular and cellular
impairments observed in various visual structures of Fmr1−/y
mice (Nimchinsky et al., 2001; Perche et al., 2018). Exact origins
of defects are difficult to pinpoint since downregulation of Fmr1
takes place in the retina but also in several brain structures
that receive and process visual information. We demonstrated
that Fmr1−/y mice display clear disturbances that are in their
way when perceiving their surrounding environment, even in
their usual comfort condition of dim light. Therefore, this
pioneering investigation raised the question of the involvement
of visual abilities when performing other tasks, and in particular
behavioral tests used to assess cognitive skills in mice, and how
visual disorders may affect performance.

For a long time, many behavioral scientists argued that
laboratory mice were nearly blind, or at least did not use
vision in behavioral tasks (Baker, 2013). Recently, some studies
have shown that vision is important in mice, as exampled
by the accurate capture of prey carried out not only through
defensive behaviors (Hoy et al., 2016). Furthermore, many
visual-spatial behavioral tasks require the ability to detect and
distinguish several clues placed in the experiment room in order
to establish a mental map of the room. Thus, an impaired
vision can affect mice performance in many behavioral tasks.
Cognitive traits of Fmr1−/y mice had been investigated with
behavioral tasks involving vision of objects or clues. Since our
study shows that these mice display abnormalities in visual
perception, we investigated the link between visual perception
and the achievement of a cognitive task commonly used in
laboratories, the NOR test. However, since Fmr1−/y mice present
an impaired recognition memory, as widely described in the
literature (Ventura et al., 2004; Pardo et al., 2017; Yan et al., 2018;
Yau et al., 2018), the study of the involvement of vision in this
type of test can only be based on the behavior of WT mice.

We performed the NOR in its standard version (NOR1), in
which the novel object presented in phase 3 differed from the
familiar by its shape and its color (but has the same texture),
and then in a modified task, in which the new object differed
only by its color or its shape, in order to establish whether
these characteristics could contribute to the recognition of the
presented object. With the standard version, we obtained results
similar to the literature (Bhattacharya et al., 2012; King and Jope,
2013; Gomis-González et al., 2016; Costa et al., 2018), with WT
mice showing a preference for the novel object. Furthermore, it
appears that whatever the modified feature (color or shape) WT
mice were able to distinguish the familiar object from the new
one, in the same way that in the NOR1. These results inWTmice
indicate that discrimination of two objects is impacted by both
color and shape. Furthermore, the comparison of discrimination
indexes allowed us to highlight that color seemed a predominant
characteristic in the process of visual recognition. Therefore,
results we obtained with the two modified versions of the test
showed that, beyond to the cognitive aspect, this test involves
visual abilities.

In this type of behavioral task, an interaction between
the cognitive disorders and visual impairment may exist.
Herein, Fmr1−/y mice present difficulties in distinguishing an
unknown object from a familiar object in all versions of the
test, as described in the literature with the standard NOR
(Bhattacharya et al., 2012; King and Jope, 2013; Gomis-González
et al., 2016; Costa et al., 2018). The previously demonstrated
visual impairments in Fmr1−/y mice may partly explain this
phenotype. Since cognitive defects of the Fmr1−/y mouse strain
is well-described and knowing that these mice present visual
impairments, we cannot ignore that visual alterations must
affect their NOR performance. Previously, some misleading
cognitive studies have been questioned because they did not
sufficiently take into account visual disturbances. As an example,
the abnormal behavioral response of a mouse model with
Huntington’s Disease (R6/2) to Morris water maze and Visual
Cliff tests had been linked to cognitive impairments known
in this pathology (Lione et al., 1999). Nevertheless, eventually
researchers discovered that the mutation in mice also leads
in to a retinal degenerative anomaly (Ragauskas et al., 2014),
and thus affected their behavioral responses. This study clearly
demonstrated that it is crucial to first investigate mice visual
abilities before performing such behavioral tasks. Therefore, our
results underline that it becomes important to consider visual
modality disorders when performing various behavioral tests, not
only regarding the Fmr1−/y mouse strain but more broadly for
many rodent models of neuropsychiatric pathologies.

Neurosensorial abnormalities are a strong phenotype of the
FXS conditions. Indeed, odorant sensitivity (Schilit Nitenson
et al., 2015) and nociceptive responses after a local acute
inflammation (Price et al., 2007; Busquets-Garcia et al., 2013)
are significantly lower in the FXS model whereas an excessive
excitability of auditory processing (Garcia-Pino et al., 2017)
and an exaggerated response to whisker stimulation (He et al.,
2017) were observed. Regarding vision, few data were reported
and they were associated to cognitive mechanism such as the
Fmr1−/y delayed learning on visual discrimination tasks (Goel
et al., 2018). Herein, we clearly highlighted specific visual acuity
skills defect. It’s interesting to note that an electrophysiological
study of Fmr1−/y mice retina had shown an hypersensitivity to
visual stimuli, in the sense that they provided an exacerbated
transmission in the inner retina, together with an altered
sensitivity toward contrasts (Rossignol et al., 2014; Perche et al.,
2018). Our behavioral results, rather, provided a hyposensitivity
to visual stimuli, since Fmr1−/y mice were less sensitive to
perspective, motion and contrast than WT littermates.

Interestingly, this visual phenotype observed in Fmr1−/y mice
is reminiscent of visual abnormalities described in FXS patients.
Indeed, from childhood patients exhibit pervasive impairments
in motion perception (Kogan et al., 2004b), together with deficits
in the detection of moving contrasted stimuli (Farzin et al., 2008).
Significant impairments have been observed in FXS patients
while undergoing visual tests involving dynamics contrasted-
or-textured stimuli and are in agreement with the phenotype
described herein using the Optomotor Drum test. Furthermore,
our present study described a deficit in perspective perception in
the absence of FMRP, but to date, no data is available regarding
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the specific investigation of this visual trait in FXS patients. Yet,
considering our present results, it would be pertinent to address
how FXS patients perceive depth and perspective. This skill,
together with contrast and motion perceptions, comprised visual
abilities which are crucial to development and in performing
common tasks, such as locomotion control, gait, orientation
and obstacles position planning (Jahn et al., 2001; Rietdyk
and Rhea, 2006; Hallemans et al., 2009, 2010). Thus, altered
visual skills in FXS patients could contribute to their delayed
sensori-motor features (Baranek et al., 2005) and to their
impairments in neuropsychological tasks that require drawing
skills and fine psychomotor coordination (Crowe and Hay, 1990;
Freund and Reiss, 1991; Cornish et al., 1999). Although these
tasks are multifactorial and performance is affected by many
causes, visual-motor abilities are a common feature and largely
affect patients’ performance when altered. More importantly,
the deficit showed by FXS patients in tasks assessing emotion
recognition on faces may reflect information processing and
memory deficits rather than dysfunction in emotion-recognition
(Turk and Cornish, 1998). Various studies related deficits in
scanning path and gaze when patients analyzed a face, with a
reduced attention given to the eyes (Dalton et al., 2008; Shaw
and Porter, 2013) rather than an absence of recognition or
reaction toward an emotion. Decoding facial characteristics, and
even more an emotion, is a complex task beginning with the
perception of sharp and discrete clues, as slight shadows, folding,
and modifications in facial texture. Our study highlighting
deficits in contrast, motion and perspective perception in the
absence of FMRP, together with previous investigation of visual
skills in patients, theorizes that alteration in facial analyses is
due to an unclear and unstable perception of face zones and of
delicate contrasted and textures clues displayed by an emotion
on a face.

In conclusion, our study filled the gap in the sensory
investigation of Fmr1−/y mice, and reinforces the idea we
previously put forward (Perche et al., 2018): Fmr1−/y mice
exhibit a complex sensorial spectrum which should be called
‘‘dys-sensitivity.’’ Interestingly, this visual phenotype observed
in Fmr1−/y mice is similar of visual abnormalities described
in FXS patients (Kogan et al., 2004a; Farzin et al., 2008). Our
results strengthen clinicians’ theories assuming that sensory
anomalies in FXS, or in other neuropsychiatric disorders as
Autism Spectrum Disorder (ASD), lead to an incapacity for
patients to understand and interact with their environment,

explaining behavioral abnormalities. Moreover, our study
underlines the significance of visual behavior alterations in
FXS conditions and how relevant it is to assess visual skills
in neuropsychiatric models before performing behavioral tasks,
such as cognitive assessments.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

All experimental protocols received full review and approval by
the regional animal care and use committee (Comité Régional
d’Ethique à l’Expérimentation Animale—CREEA—TSA-DM
Therapie1100) prior to conducting the experiments.

AUTHOR CONTRIBUTIONS

CF, BH andOP conceived and designed the experiments. CF, BH,
GM-D and KP-M performed the behavioral experiments. CF and
BH analyzed the data. CF, BH and OP wrote the manuscript. CF,
BH, MA, AM, J-CB, JP, SB and OP edited the manuscript. All
authors read and approved the final manuscript.

FUNDING

The research was supported by CHR of Orléans, CNRS of
Orléans, University of Orléans and regional Centre-Val de Loire
grant (FRAXSENS 2017-2020). The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.

ACKNOWLEDGMENTS

We thank Key-Obs for the Optomotor Drum rent.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.
2019.00228/full#supplementary-material

REFERENCES

Abrahams, B. S., and Geschwind, D. H. (2008). Advances in autism genetics:
on the threshold of a new neurobiology. Nat. Rev. Genet. 9, 341–355.
doi: 10.1038/nrg2346

Akimov, N. P., and Rentería, R. C. (2012). Spatial frequency threshold and contrast
sensitivity of an optomotor behavior are impaired in the Ins2Akita mouse
model of diabetes. Behav. Brain Res. 226, 601–605. doi: 10.1016/j.bbr.2011.
09.030

Aloisi, E., Le Corf, K., Dupuis, J., Zhang, P., Ginger, M., Labrousse, V.,
et al. (2017). Altered surface mGluR5 dynamics provoke synaptic NMDAR
dysfunction and cognitive defects in Fmr1 knockout mice. Nat. Commun.
8:1103. doi: 10.1038/s41467-017-01191-2

Arnett, M. T., Herman, D. H., and McGee, A. W. (2014). Deficits in tactile
learning in a mouse model of fragile X syndrome. PLoS One 9:e109116.
doi: 10.1371/journal.pone.0109116

Baker, M. (2013). Neuroscience: through the eyes of a mouse. Nat. News 502,
156–158. doi: 10.1038/502156a

Bakker, C. E., Verheij, C., Willemsen, R., van der Helm, R., Oerlemans, F.,
Vermey, M., et al. (1994). Fmr1 knockout mice: a model to study fragile X
mental retardation. The Dutch-Belgian Fragile X Consortium. Cell 78, 23–33.
doi: 10.1016/0092-8674(94)90569-x

Baranek, G. T., Danko, C. D., Skinner, M. L., Bailey, D. B. Jr., Hatton, D. D.,
Roberts, J. E., et al. (2005). Video analysis of sensory-motor features in infants
with fragile X syndrome at 9–12 months of age. J. Autism Dev. Disord. 35,
645–656. doi: 10.1007/s10803-005-0008-7

Frontiers in Behavioral Neuroscience | www.frontiersin.org 16 October 2019 | Volume 13 | Article 228

https://www.frontiersin.org/articles/10.3389/fnbeh.2019.00228/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2019.00228/full#supplementary-material
https://doi.org/10.1038/nrg2346
https://doi.org/10.1016/j.bbr.2011.09.030
https://doi.org/10.1016/j.bbr.2011.09.030
https://doi.org/10.1038/s41467-017-01191-2
https://doi.org/10.1371/journal.pone.0109116
https://doi.org/10.1038/502156a
https://doi.org/10.1016/0092-8674(94)90569-x
https://doi.org/10.1007/s10803-005-0008-7
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Felgerolle et al. Visual Behavior Impairments in FXS

Baroncelli, L., Braschi, C., and Maffei, L. (2013). Visual depth perception in
normal and deprived rats: effects of environmental enrichment. Neuroscience
236, 313–319. doi: 10.1016/j.neuroscience.2013.01.036

Baron-Cohen, S., Ashwin, E., Ashwin, C., Tavassoli, T., and Chakrabarti, B. (2009).
Talent in autism: hyper-systemizing, hyper-attention to detail and sensory
hypersensitivity. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1377–1383.
doi: 10.1098/rstb.2008.0337

Baxter, M. G. (2010). ‘‘I’ve seen it all before’’: explaining age-related impairments
in object recognition. Theoretical comment on Burke et al. (2010). Behav.
Neurosci. 124, 706–709. doi: 10.1037/a0021029

Benkner, B., Mutter, M., Ecke, G., and Münch, T. A. (2013). Characterizing
visual performance in mice: an objective and automated system based on the
optokinetic reflex. Behav. Neurosci. 127, 788–796. doi: 10.1037/a0033944

Bhattacharya, A., Kaphzan, H., Alvarez-Dieppa, A. C., Murphy, J. P., Pierre, P.,
and Klann, E. (2012). Genetic removal of p70 S6 kinase 1 corrects molecular,
synaptic, and behavioral phenotypes in fragile X syndrome mice. Neuron 76,
325–337. doi: 10.1016/j.neuron.2012.07.022

Busquets-Garcia, A., Gomis-González, M., Guegan, T., Agustín-Pavón, C.,
Pastor, A., Mato, S., et al. (2013). Targeting the endocannabinoid system in the
treatment of Fragile X syndrome.Nat. Med. 19, 603–607. doi: 10.1038/nm.3127

Casten, K. S., Gray, A. C., and Burwell, R. D. (2011). Discrimination learning and
attentional set formation in a mouse model of Fragile X. Behav. Neurosci. 125,
473–479. doi: 10.1037/a0023561

Chen, X., Sun, W., Pan, Y., Yang, Q., Cao, K., Zhang, J., et al. (2013). Lithium
ameliorates open-field and elevated plus maze behaviors and brain phospho-
glycogen synthase kinase 3-β expression in fragile X syndrome model mice.
Neurosciences 18, 356–362.

Cornish, K. M., Munir, F., and Cross, G. (1999). Spatial cognition in males with
Fragile-X syndrome: evidence for a neuropsychological phenotype. Cortex 35,
263–271. doi: 10.1016/s0010-9452(08)70799-8

Costa, L., Sardone, L. M., Bonaccorso, C. M., D’Antoni, S., Spatuzza, M.,
Gulisano, W., et al. (2018). Activation of serotonin 5-HT7 receptors modulates
hippocampal synaptic plasticity by stimulation of adenylate cyclases and
rescues learning and behavior in a mouse model of Fragile X syndrome. Front.
Mol. Neurosci. 11:353. doi: 10.3389/fnmol.2018.00353

Cowey, A., and Franzini, C. (1979). The retinal origin of uncrossed optic nerve
fibres in rats and their role in visual discrimination. Exp. Brain Res. 35, 443–455.
doi: 10.1007/bf00236763

Crowe, S. F., and Hay, D. A. (1990). Neuropsychological dimensions of the fragile
X syndrome: support for a non-dominant hemisphere dysfunction hypothesis.
Neuropsychologia 28, 9–16. doi: 10.1016/0028-3932(90)90082-y

Dalton, K. M., Holsen, L., Abbeduto, L., and Davidson, R. J. (2008). Brain function
and gaze fixation during facial-emotion processing in fragile X and autism.
Autism Res. 1, 231–239. doi: 10.1002/aur.32

Davidovic, L., Navratil, V., Bonaccorso, C. M., Catania, M. V., Bardoni, B., and
Dumas, M.-E. (2011). A metabolomic and systems biology perspective on the
brain of the fragile X syndrome mouse model. Genome Res. 21, 2190–2202.
doi: 10.1101/gr.116764.110

DeAngelis, G. C., Cumming, B. G., and Newsome, W. T. (1998). Cortical
area MT and the perception of stereoscopic depth. Nature 394, 677–680.
doi: 10.1038/29299

Dolen, G., Osterweil, E., Rao, B. S., Smith, G. B., Auerbach, B. D., Chattarji, S.,
et al. (2007). Correction of fragile X syndrome in mice. Neuron 56, 955–962.
doi: 10.1016/j.neuron.2007.12.001

Doll, C. A., Vita, D. J., and Broadie, K. (2017). Fragile Xmental retardation protein
requirements in activity-dependent critical period neural circuit refinement.
Curr. Biol. 27, 2318.e3–2330.e3. doi: 10.1016/j.cub.2017.06.046

Ennaceur, A., and Delacour, J. (1988). A new one-trial test for neurobiological
studies of memory in rats. 1: behavioral data. Behav. Brain Res. 31, 47–59.
doi: 10.1016/0166-4328(88)90157-x

Farzin, F., Rivera, S. M., and Whitney, D. (2011). Resolution of spatial and
temporal visual attention in infants with fragile X syndrome. Brain 134,
3355–3368. doi: 10.1093/brain/awr249

Farzin, F., Whitney, D., Hagerman, R. J., and Rivera, S. M. (2008). Contrast
detection in infants with fragile X syndrome. Vision Res. 48, 1471–1478.
doi: 10.1016/j.visres.2008.03.019

Fox, M. W. (1965). The visual cliff test for the study of visual depth perception in
the mouse. Anim. Behav. 13, 232–233. doi: 10.1016/0003-3472(65)90040-0

Freund, L. S., and Reiss, A. L. (1991). Rating problem behaviors in outpatients with
mental retardation: use of the Aberrant Behavior Checklist. Res. Dev. Disabil.
12, 435–451. doi: 10.1016/0891-4222(91)90037-s

Garcia-Pino, E., Gessele, N., and Koch, U. (2017). Enhanced excitatory
connectivity and disturbed sound processing in the auditory brainstem of
fragile X mice. J. Neurosci. 37, 7403–7419. doi: 10.1523/JNEUROSCI.2310-
16.2017

Ghilan, M., Bettio, L., Noonan, A., Brocardo, P. S., Gil-Mohapel, J., and
Christie, B. R. (2018). Impaired spatial processing in a mouse model of fragile
X syndrome. Behav. Brain Res. 350, 72–79. doi: 10.1016/j.bbr.2018.05.012

Ginsburg, A. P. (2003). Contrast sensitivity and functional vision. Int. Ophthalmol.
Clin. 43, 5–15. doi: 10.1097/00004397-200343020-00004

Glynn, D., Bortnick, R. A., and Morton, A. J. (2003). Complexin II is essential
for normal neurological function in mice. Hum. Mol. Genet. 12, 2431–2448.
doi: 10.1093/hmg/ddg249

Goel, A., Cantu, D. A., Guilfoyle, J., Chaudhari, G. R., Newadkar, A., Todisco, B.,
et al. (2018). Impaired perceptual learning in a mouse model of Fragile X
syndrome is mediated by parvalbumin neuron dysfunction and is reversible.
Nat. Neurosci. 21, 1404–1411. doi: 10.1038/s41593-018-0231-0

Gomis-González, M., Busquets-Garcia, A., Matute, C., Maldonado, R., Mato, S.,
andOzaita, A. (2016). Possible therapeutic doses of cannabinoid type 1 receptor
antagonist reverses key alterations in fragile X syndrome mouse model. Genes
7:E56. doi: 10.3390/genes7090056

Gu, L., Bok, D., Yu, F., Caprioli, J., and Piri, N. (2018). Downregulation of
splicing regulator RBFOX1 compromises visual depth perception. PLoS One
13:e0200417. doi: 10.1371/journal.pone.0200417

Guimarães-Souza, E. M., Perche, O., Morgans, C. W., Duvoisin, R. M., and
Calaza, K. C. (2016). Fragile X mental retardation protein expression in the
retina is regulated by light. Exp. Eye Res. 146, 72–82. doi: 10.1016/j.exer.2015.
11.025

Hagerman, R. J., Berry-Kravis, E., Hazlett, H. C., Bailey, D. B. Jr., Moine, H.,
Kooy, R. F., et al. (2017). Fragile X syndrome. Nat. Rev. Primer 3:17065.
doi: 10.1038/nrdp.2017.65

Hallemans, A., Beccu, S., Van Loock, K., Ortibus, E., Truijen, S., and Aerts, P.
(2009). Visual deprivation leads to gait adaptations that are age- and context-
specific: II. Kinematic parameters. Gait Posture 30, 307–311. doi: 10.1016/j.
gaitpost.2009.05.017

Hallemans, A., Ortibus, E., Meire, F., and Aerts, P. (2010). Low vision affects
dynamic stability of gait.Gait Posture 32, 547–551. doi: 10.1016/j.gaitpost.2010.
07.018

He, C. X., Cantu, D. A., Mantri, S. S., Zeiger, W. A., Goel, A., and Portera-
Cailliau, C. (2017). Tactile defensiveness and impaired adaptation of neuronal
activity in the fmr1 knock-out mouse model of autism. J. Neurosci. 37,
6475–6487. doi: 10.1523/JNEUROSCI.0651-17.2017

Hebert, B., Pietropaolo, S., Meme, S., Laudier, B., Laugeray, A., Doisne, N., et al.
(2014). Rescue of fragile X syndrome phenotypes in Fmr1 KO mice by a BKCa
channel openermolecule.Orphanet J. Rare Dis. 9:124. doi: 10.1186/s13023-014-
0124-6

Heulens, I., D’Hulst, C., Van Dam, D., De Deyn, P. P., and Kooy, R. F. (2012).
Pharmacological treatment of fragile X syndrome with GABAergic drugs in
a knockout mouse model. Behav. Brain Res. 229, 244–249. doi: 10.1016/j.bbr.
2012.01.031

Hoy, J. L., Yavorska, I., Wehr, M., and Niell, C. M. (2016). Vision drives accurate
approach behavior during prey capture in laboratory mice. Curr. Biol. 26,
3046–3052. doi: 10.1016/j.cub.2016.09.009

Hunter, J., Rivero-Arias, O., Angelov, A., Kim, E., Fotheringham, I., and
Leal, J. (2014). Epidemiology of fragile X syndrome: a systematic review and
meta-analysis. Am. J. Med. Genet. A 164A, 1648–1658. doi: 10.1002/ajmg.a.
36511

Ichihara, S., Kitagawa, N., and Akutsu, H. (2007). Contrast and depth perception:
effects of texture contrast and area contrast. Perception 36, 686–695.
doi: 10.1068/p5696

Jahn, K., Strupp, M., Schneider, E., Dieterich, M., and Brandt, T. (2001). Visually
induced gait deviations during different locomotion speeds. Exp. Brain Res.
141, 370–374. doi: 10.1007/s002210100884

Kay, R. B., Gabreski, N. A., and Triplett, J. W. (2018). Visual subcircuit-specific
dysfunction and input-specific mispatterning in the superior colliculus of
fragile X mice. J. Neurodev. Disord. 10:23. doi: 10.1186/s11689-018-9241-1

Frontiers in Behavioral Neuroscience | www.frontiersin.org 17 October 2019 | Volume 13 | Article 228

https://doi.org/10.1016/j.neuroscience.2013.01.036
https://doi.org/10.1098/rstb.2008.0337
https://doi.org/10.1037/a0021029
https://doi.org/10.1037/a0033944
https://doi.org/10.1016/j.neuron.2012.07.022
https://doi.org/10.1038/nm.3127
https://doi.org/10.1037/a0023561
https://doi.org/10.1016/s0010-9452(08)70799-8
https://doi.org/10.3389/fnmol.2018.00353
https://doi.org/10.1007/bf00236763
https://doi.org/10.1016/0028-3932(90)90082-y
https://doi.org/10.1002/aur.32
https://doi.org/10.1101/gr.116764.110
https://doi.org/10.1038/29299
https://doi.org/10.1016/j.neuron.2007.12.001
https://doi.org/10.1016/j.cub.2017.06.046
https://doi.org/10.1016/0166-4328(88)90157-x
https://doi.org/10.1093/brain/awr249
https://doi.org/10.1016/j.visres.2008.03.019
https://doi.org/10.1016/0003-3472(65)90040-0
https://doi.org/10.1016/0891-4222(91)90037-s
https://doi.org/10.1523/JNEUROSCI.2310-16.2017
https://doi.org/10.1523/JNEUROSCI.2310-16.2017
https://doi.org/10.1016/j.bbr.2018.05.012
https://doi.org/10.1097/00004397-200343020-00004
https://doi.org/10.1093/hmg/ddg249
https://doi.org/10.1038/s41593-018-0231-0
https://doi.org/10.3390/genes7090056
https://doi.org/10.1371/journal.pone.0200417
https://doi.org/10.1016/j.exer.2015.11.025
https://doi.org/10.1016/j.exer.2015.11.025
https://doi.org/10.1038/nrdp.2017.65
https://doi.org/10.1016/j.gaitpost.2009.05.017
https://doi.org/10.1016/j.gaitpost.2009.05.017
https://doi.org/10.1016/j.gaitpost.2010.07.018
https://doi.org/10.1016/j.gaitpost.2010.07.018
https://doi.org/10.1523/JNEUROSCI.0651-17.2017
https://doi.org/10.1186/s13023-014-0124-6
https://doi.org/10.1186/s13023-014-0124-6
https://doi.org/10.1016/j.bbr.2012.01.031
https://doi.org/10.1016/j.bbr.2012.01.031
https://doi.org/10.1016/j.cub.2016.09.009
https://doi.org/10.1002/ajmg.a.36511
https://doi.org/10.1002/ajmg.a.36511
https://doi.org/10.1068/p5696
https://doi.org/10.1007/s002210100884
https://doi.org/10.1186/s11689-018-9241-1
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Felgerolle et al. Visual Behavior Impairments in FXS

King, M. K., and Jope, R. S. (2013). Lithium treatment alleviates impaired
cognition in a mouse model of fragile X syndrome. Genes Brain Behav. 12,
723–731. doi: 10.1111/gbb.12071

Klemmer, P., Meredith, R. M., Holmgren, C. D., Klychnikov, O. I., Stahl-
Zeng, J., Loos, M., et al. (2011). Proteomics, ultrastructure, and physiology of
hippocampal synapses in a fragile X syndrome mouse model reveal presynaptic
phenotype. J. Biol. Chem. 286, 25495–25504. doi: 10.1074/jbc.M110.
210260

Kogan, C. S., Bertone, A., Cornish, K., Boutet, I., Der Kaloustian, V. M.,
Andermann, E., et al. (2004a). Integrative cortical dysfunction and pervasive
motion perception deficit in fragile X syndrome. Neurology 63, 1634–1639.
doi: 10.1212/01.wnl.0000142987.44035.3b

Kogan, C. S., Boutet, I., Cornish, K., Zangenehpour, S., Mullen, K. T.,
Holden, J. J. A., et al. (2004b). Differential impact of the FMR1 gene
on visual processing in fragile X syndrome. Brain 127, 591–601.
doi: 10.1093/brain/awh069

Kramvis, I., Mansvelder, H. D., Loos, M., and Meredith, R. (2013). Hyperactivity,
perseveration and increased responding during attentional rule acquisition in
the Fragile X mouse model. Front. Behav. Neurosci. 7:172. doi: 10.3389/fnbeh.
2013.00172

Kretschmer, F., Kretschmer, V., Kunze, V. P., and Kretzberg, J. (2013).
OMR-arena: automated measurement and stimulation system to determine
mouse visual thresholds based on optomotor responses. PLoS One 8:e78058.
doi: 10.1371/journal.pone.0078058

Kretschmer, F., Sajgo, S., Kretschmer, V., and Badea, T. C. (2015). A system
to measure the Optokinetic and Optomotor response in mice. J. Neurosci.
Methods 256, 91–105. doi: 10.1016/j.jneumeth.2015.08.007

Kretschmer, F., Tariq, M., Chatila, W., Wu, B., and Badea, T. C. (2017).
Comparison of optomotor and optokinetic reflexes in mice. J. Neurophysiol.
118, 300–316. doi: 10.1152/jn.00055.2017

Krueger, D. D., Osterweil, E. K., Chen, S. P., Tye, L. D., and Bear, M. F.
(2011). Cognitive dysfunction and prefrontal synaptic abnormalities in amouse
model of fragile X syndrome. Proc. Natl. Acad. Sci. U S A 108, 2587–2592.
doi: 10.1073/pnas.1013855108

Lachiewicz, A.M., Spiridigliozzi, G. A., Gullion, C.M., Ransford, S. N., and Rao, K.
(1994). Aberrant behaviors of young boys with fragile X syndrome.Am. J.Ment.
Retard. AJMR 98, 567–579.

Larson, J., Kim, D., Patel, R. C., and Floreani, C. (2008). Olfactory discrimination
learning in mice lacking the fragile X mental retardation protein. Neurobiol.
Learn. Mem. 90, 90–102. doi: 10.1016/j.nlm.2008.01.002

Lashley, K. S., and Russell, J. T. (1934). Themechanism of vision. XI. A preliminary
test of innate organization. Pedagog. Semin. J. Genet. Psychol. 45, 136–144.
doi: 10.1080/08856559.1934.10534252

Lawrence, J. M., Sauve, Y., Keegan, D. J., Coffey, P. J., Hetherington, L., Girman, S.,
et al. (2000). Schwann cell grafting into the retina of the dystrophic RCS rat
limits functional deterioration. Invest. Ophthalmol. Vis. Sci. 41, 518’528.

Liao, L., Park, S. K., Xu, T., Vanderklish, P., and Yates, J. R. III. (2008). Quantitative
proteomic analysis of primary neurons reveals diverse changes in synaptic
protein content in fmr1 knockout mice. Proc. Natl. Acad. Sci. U S A 105,
15281–15286. doi: 10.1073/pnas.0804678105

Lione, L. A., Carter, R. J., Hunt, M. J., Bates, G. P., Morton, A. J., and Dunnett, S. B.
(1999). Selective discrimination learning impairments in mice expressing
the human Huntington’s disease mutation. J. Neurosci. 19, 10428–10437.
doi: 10.1523/jneurosci.19-23-10428.1999

Mazziotti, R., Lupori, L., Sagona, G., Gennaro, M., Della Sala, G., Putignano, E.,
et al. (2017). Searching for biomarkers of CDKL5 disorder: early-onset visual
impairment in CDKL5 mutant mice. Hum. Mol. Genet. 26, 2290–2298.
doi: 10.1093/hmg/ddx119

Merenstein, S. A., Sobesky, W. E., Taylor, A. K., Riddle, J. E., Tran, H. X.,
and Hagerman, R. J. (1996). Molecular-clinical correlations in males
with an expanded FMR1 mutation. Am. J. Med. Genet. 64, 388–394.
doi: 10.1002/(SICI)1096-8628(19960809)64:2<388::AID-AJMG31>3.0.CO;2-9

Mines, M. A. (2013). Hyperactivity: glycogen synthase kinase-3 as a therapeutic
target. Eur. J. Pharmacol. 708, 56–59. doi: 10.1016/j.ejphar.2013.02.055

Minshew, N. J., Goldstein, G., and Siegel, D. J. (1997). Neuropsychologic
functioning in autism: profile of a complex information processing
disorder. J. Int. Neuropsychol. Soc. 3, 303–316. doi: 10.1017/s13556177970
03032

Mitchiner, J. C., Pinto, L. H., and Vanable, J. W. (1976). Visually evoked
eye movements in the mouse (Mus musculus). Vision Res. 16, 1169–1171.
doi: 10.1016/0042-6989(76)90258-3

Moon, J., Beaudin, A. E., Verosky, S., Driscoll, L. L., Weiskopf, M., Levitsky, D. A.,
et al. (2006). Attentional dysfunction, impulsivity and resistance to change
in a mouse model of fragile X syndrome. Behav. Neurosci. 120, 1367–1379.
doi: 10.1037/0735-7044.120.6.1367

Nimchinsky, E. A., Oberlander, A. M., and Svoboda, K. (2001). Abnormal
development of dendritic spines in FMR1 knock-out mice. J. Neurosci. 21,
5139–5146. doi: 10.1523/jneurosci.21-14-05139.2001

Pardo, M., Beurel, E., and Jope, R. S. (2017). Cotinine administration improves
impaired cognition in the mouse model of Fragile X syndrome. Eur. J. Neurosci.
45, 490–498. doi: 10.1111/ejn.13446

Penagarikano, O., Mulle, J. G., and Warren, S. T. (2007). The pathophysiology
of fragile x syndrome. Annu. Rev. Genomics Hum. Genet. 8, 109–129.
doi: 10.1146/annurev.genom.8.080706.092249

Perche, O., Felgerolle, C., Ardourel, M., Bazinet, A., Pâris, A., Rossignol, R., et al.
(2018). Early retinal defects in Fmr1−/y mice: toward a critical role of visual
dys-sensitivity in the Fragile X Syndrome phenotype? Front. Cell. Neurosci.
12:96. doi: 10.3389/fncel.2018.00096

Pietropaolo, S., Guilleminot, A., Martin, B., D’Amato, F. R., and Crusio, W. E.
(2011). Genetic-background modulation of core and variable autistic-like
symptoms in Fmr1 knock-out mice. PLoS One 6:e17073. doi: 10.1371/journal.
pone.0017073

Price, T. J., Rashid, M. H., Millecamps, M., Sanoja, R., Entrena, J. M., and
Cervero, F. (2007). Decreased nociceptive sensitization in mice lacking the
fragile X mental retardation protein: role of mGluR1/5 and mTOR. J. Neurosci.
27, 13958–13967. doi: 10.1523/JNEUROSCI.4383-07.2007

Ragauskas, S., Leinonen, H., Puranen, J., Rönkkö, S., Nymark, S., Gurevicius, K.,
et al. (2014). Early retinal function deficit without prominent morphological
changes in the R6/2mousemodel of Huntington’s disease. PLoSOne 9:e113317.
doi: 10.1371/journal.pone.0113317

Rathbun, D. L., Alitto, H. J., Warland, D. K., and Usrey, W. M. (2016). Stimulus
contrast and retinogeniculate signal processing. Front. Neural Circuits 10:8.
doi: 10.3389/fncir.2016.00008

Rietdyk, S., and Rhea, C. K. (2006). Control of adaptive locomotion: effect of visual
obstruction and visual cues in the environment. Exp. Brain Res. 169, 272–278.
doi: 10.1007/s00221-005-0345-y

Rossignol, R., Ranchon-Cole, I., Pâris, A., Herzine, A., Perche, A., Laurenceau, D.,
et al. (2014). Visual sensorial impairments in neurodevelopmental disorders:
evidence for a retinal phenotype in Fragile X Syndrome. PLoS One 9:e105996.
doi: 10.1371/journal.pone.0105996

Rotschafer, S. E., and Cramer, K. S. (2017). Developmental emergence of
phenotypes in the auditory brainstem nuclei of Fmr1 knockout mice. eNeuro
4:ENEURO.0264-17.2017. doi: 10.1523/eneuro.0264-17.2017

Schilit Nitenson, A., Stackpole, E. E., Truszkowski, T. L. S., Midroit, M.,
Fallon, J. R., and Bath, K. G. (2015). Fragile X mental retardation protein
regulates olfactory sensitivity but not odorant discrimination. Chem. Senses 40,
345–350. doi: 10.1093/chemse/bjv019

Schmucker, C., Seeliger, M., Humphries, P., Biel, M., and Schaeffel, F. (2005).
Grating acuity at different luminances in wild-type mice and in mice
lacking rod or cone function. Invest. Ophthalmol. Vis. Sci. 46, 398–407.
doi: 10.1167/iovs.04-0959

Shaw, T. A., and Porter, M. A. (2013). Emotion recognition and visual-scan
paths in Fragile X syndrome. J. Autism Dev. Disord. 43, 1119–1139.
doi: 10.1007/s10803-012-1654-1

Sørensen, E. M., Bertelsen, F., Weikop, P., Skovborg, M. M., Banke, T.,
Drasbek, K. R., et al. (2015). Hyperactivity and lack of social discrimination
in the adolescent Fmr1 knockout mouse. Behav. Pharmacol. 26, 733–740.
doi: 10.1097/fbp.0000000000000152

Spencer, C. M., Alekseyenko, O., Hamilton, S. M., Thomas, A. M., Serysheva, E.,
Yuva-Paylor, L. A., et al. (2011). Modifying behavioral phenotypes in Fmr1KO
mice: genetic background differences reveal autistic-like responses.Autism Res.
4, 40–56. doi: 10.1002/aur.168

Tang, B., Wang, T., Wan, H., Han, L., Qin, X., Zhang, Y., et al. (2015).
Fmr1 deficiency promotes age-dependent alterations in the cortical synaptic
proteome. Proc. Natl. Acad. Sci. U S A 112, E4697–E4706. doi: 10.1073/pnas.
1502258112

Frontiers in Behavioral Neuroscience | www.frontiersin.org 18 October 2019 | Volume 13 | Article 228

https://doi.org/10.1111/gbb.12071
https://doi.org/10.1074/jbc.M110.210260
https://doi.org/10.1074/jbc.M110.210260
https://doi.org/10.1212/01.wnl.0000142987.44035.3b
https://doi.org/10.1093/brain/awh069
https://doi.org/10.3389/fnbeh.2013.00172
https://doi.org/10.3389/fnbeh.2013.00172
https://doi.org/10.1371/journal.pone.0078058
https://doi.org/10.1016/j.jneumeth.2015.08.007
https://doi.org/10.1152/jn.00055.2017
https://doi.org/10.1073/pnas.1013855108
https://doi.org/10.1016/j.nlm.2008.01.002
https://doi.org/10.1080/08856559.1934.10534252
https://doi.org/10.1073/pnas.0804678105
https://doi.org/10.1523/jneurosci.19-23-10428.1999
https://doi.org/10.1093/hmg/ddx119
https://doi.org/10.1002/(SICI)1096-8628(19960809)64:2<388::AID-AJMG31>3.0.CO;2-9
https://doi.org/10.1016/j.ejphar.2013.02.055
https://doi.org/10.1017/s1355617797003032
https://doi.org/10.1017/s1355617797003032
https://doi.org/10.1016/0042-6989(76)90258-3
https://doi.org/10.1037/0735-7044.120.6.1367
https://doi.org/10.1523/jneurosci.21-14-05139.2001
https://doi.org/10.1111/ejn.13446
https://doi.org/10.1146/annurev.genom.8.080706.092249
https://doi.org/10.3389/fncel.2018.00096
https://doi.org/10.1371/journal.pone.0017073
https://doi.org/10.1371/journal.pone.0017073
https://doi.org/10.1523/JNEUROSCI.4383-07.2007
https://doi.org/10.1371/journal.pone.0113317
https://doi.org/10.3389/fncir.2016.00008
https://doi.org/10.1007/s00221-005-0345-y
https://doi.org/10.1371/journal.pone.0105996
https://doi.org/10.1523/eneuro.0264-17.2017
https://doi.org/10.1093/chemse/bjv019
https://doi.org/10.1167/iovs.04-0959
https://doi.org/10.1007/s10803-012-1654-1
https://doi.org/10.1097/fbp.0000000000000152
https://doi.org/10.1002/aur.168
https://doi.org/10.1073/pnas.1502258112
https://doi.org/10.1073/pnas.1502258112
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Felgerolle et al. Visual Behavior Impairments in FXS

Thaung, C., Arnold, K., Jackson, I. J., and Coffey, P. J. (2002). Presence of
visual head tracking differentiates normal sighted from retinal degenerate mice.
Neurosci. Lett. 325, 21–24. doi: 10.1016/s0304-3940(02)00223-9

Thomas, B. B., Seiler, M. J., Sadda, S. R., Coffey, P. J., and Aramant, R. B. (2004).
Optokinetic test to evaluate visual acuity of each eye independently. J. Neurosci.
Methods 138, 7–13. doi: 10.1016/j.jneumeth.2004.03.007

Turk, J., and Cornish, K. (1998). Face recognition and emotion perception in boys
with fragile-X syndrome. J. Intellect. Disabil. Res. 42, 490–499. doi: 10.1046/j.
1365-2788.1998.4260490.x

Tzameret, A., Sher, I., Edelstain, V., Belkin, M., Kalter-Leibovici, O.,
Solomon, A. S., et al. (2019). Evaluation of visual function in Royal College of
Surgeon rats using a depth perception visual cliff test. Vis. Neurosci. 36:E002.
doi: 10.1017/s095252381800007x

Umino, Y., and Solessio, E. (2013). Loss of scotopic contrast sensitivity in
the optomotor response of diabetic mice. Invest. Ophthalmol. Vis. Sci. 54,
1536–1543. doi: 10.1167/iovs.12-10825

Vanderklish, P.W., and Edelman, G. M. (2005). Differential translation and fragile
X syndrome. Genes Brain Behav. 4, 360–384. doi: 10.1111/j.1601-183x.2005.
00134.x

Ventura, R., Pascucci, T., Catania, M. V., Musumeci, S. A., and Puglisi-Allegra, S.
(2004). Object recognition impairment in Fmr1 knockout mice is reversed
by amphetamine: involvement of dopamine in the medial prefrontal cortex.
Behav. Pharmacol. 15, 433–442. doi: 10.1097/00008877-200409000-00018

Walk, R. D., Gibson, E. J., and Tighe, T. J. (1957). Behavior of light- and
dark-reared rats on a visual cliff. Science 126, 80–81. doi: 10.1126/science.126.
3263.80-a

Wang, X., Mu, Y., Sun, M., and Han, J. (2017). Bidirectional regulation of fragile X
mental retardation protein phosphorylation controls rhodopsin homoeostasis.
J. Mol. Cell Biol. 9, 104–116. doi: 10.1093/jmcb/mjw041

Westmark, C. J. (2013). FMRP: a triple threat to PSD-95. Front. Cell. Neurosci.
7:57. doi: 10.3389/fncel.2013.00057

Wurtz, R. H., and Albano, J. E. (1980). Visual-motor function of the primate
superior colliculus. Annu. Rev. Neurosci. 3, 189–226. doi: 10.1146/annurev.ne.
03.030180.001201

Yan, Q. J., Asafo-Adjei, P. K., Arnold, H. M., Brown, R. E., and Bauchwitz, R. P.
(2004). A phenotypic and molecular characterization of the fmr1-tm1Cgr
fragile Xmouse.Genes Brain Behav. 3, 337–359. doi: 10.1111/j.1601-183x.2004.
00087.x

Yan, J., Porch, M. W., Court-Vazquez, B., Bennett, M. V. L., and Zukin, R. S.
(2018). Activation of autophagy rescues synaptic and cognitive deficits in fragile
X mice. Proc. Natl. Acad. Sci. U S A 115, E9707–E9716. doi: 10.1073/pnas.
1808247115

Yau, S. Y., Bettio, L., Vetrici, M., Truesdell, A., Chiu, C., Chiu, J., et al. (2018).
Chronic minocycline treatment improves hippocampal neuronal structure,
NMDA receptor function and memory processing in Fmr1 knockout mice.
Neurobiol. Dis. 113, 11–22. doi: 10.1016/j.nbd.2018.01.014

Yoshida, K., Watanabe, D., Ishikane, H., Tachibana, M., Pastan, I., and
Nakanishi, S. (2001). A key role of starburst amacrine cells in originating retinal
directional selectivity and optokinetic eye movement. Neuron 30, 771–780.
doi: 10.1016/s0896-6273(01)00316-6

Zhu, Z.-W., Xu, Q., Zhao, Z.-Y., Gu,W.-Z., andWu, D.-W. (2011). Spatiotemporal
expression of PSD-95 in Fmr1 knockout mice brain. Neuropathology 31,
223–229. doi: 10.1111/j.1440-1789.2010.01165.x

Conflict of Interest: J-CB is employed by company Key-Obs.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Felgerolle, Hébert, Ardourel, Meyer-Dilhet, Menuet, Pinto-
Morais, Bizot, Pichon, Briault and Perche. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 19 October 2019 | Volume 13 | Article 228

https://doi.org/10.1016/s0304-3940(02)00223-9
https://doi.org/10.1016/j.jneumeth.2004.03.007
https://doi.org/10.1046/j.1365-2788.1998.4260490.x
https://doi.org/10.1046/j.1365-2788.1998.4260490.x
https://doi.org/10.1017/s095252381800007x
https://doi.org/10.1167/iovs.12-10825
https://doi.org/10.1111/j.1601-183x.2005.00134.x
https://doi.org/10.1111/j.1601-183x.2005.00134.x
https://doi.org/10.1097/00008877-200409000-00018
https://doi.org/10.1126/science.126.3263.80-a
https://doi.org/10.1126/science.126.3263.80-a
https://doi.org/10.1093/jmcb/mjw041
https://doi.org/10.3389/fncel.2013.00057
https://doi.org/10.1146/annurev.ne.03.030180.001201
https://doi.org/10.1146/annurev.ne.03.030180.001201
https://doi.org/10.1111/j.1601-183x.2004.00087.x
https://doi.org/10.1111/j.1601-183x.2004.00087.x
https://doi.org/10.1073/pnas.1808247115
https://doi.org/10.1073/pnas.1808247115
https://doi.org/10.1016/j.nbd.2018.01.014
https://doi.org/10.1016/s0896-6273(01)00316-6
https://doi.org/10.1111/j.1440-1789.2010.01165.x
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Visual Behavior Impairments as an Aberrant Sensory Processing in the Mouse Model of Fragile X Syndrome
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Experimental Design
	Optomotor Drum Visual Test
	Contrast-Shaded Optomotor Drum Test
	Visual Cliff Test
	Novel Object Recognition Task (NOR)
	Statistical Analysis

	RESULTS
	Contrast Perception Impairment in Fmr1-/y Mice
	Contrast Discrimination Alterations in Fmr1-/y Mice
	Depth Perception Deficiency in Fmr1-/y Mice
	Time and Occurencies
	Locomotion

	Involvement of Visual Modalities Impaired in Fmr1-/y Mice in a Cognitive Task

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


