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1 | INTRODUCTION

Abstract

The development and function of sensory systems require intact glutamatergic neu-
rotransmission. Changes in touch sensation and vision are common symptoms in
autism spectrum disorders, where altered glutamatergic neurotransmission is strongly
implicated. Further, cortical visual impairment is a frequent symptom of GRIN disor-
der, a rare genetic neurodevelopmental disorder caused by pathogenic variants of
GRIN genes that encode NMDA receptors. We asked if Grinl knockdown mice
(Grin1KD), as a model of GRIN disorder, had visual impairments resulting from
NMDA receptor deficiency. We discovered that Grin1KD mice had deficient visual
depth perception in the visual cliff test. Since Grin1KD mice are known to display
robust changes in measures of learning, memory, and emotionality, we asked
whether deficits in these higher-level processes could be partly explained by their
visual impairment. By changing the experimental conditions to improve visual signals,
we observed significant improvements in the performance of Grin1lKD mice in tests
that measure spatial memory, executive function, and anxiety. We went further and
found destabilization of the outer segment of retina together with the deficient num-
ber and size of Meissner corpuscles (mechanical sensor) in the hind paw of Grin1KD
mice. Overall, our findings suggest that abnormal sensory perception can mask the
expression of emotional, motivational and cognitive behavior of Grin1KD mice. This
study demonstrates new methods to adapt routine behavioral paradigms to reveal

the contribution of vision and other sensory modalities in cognitive performance.
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world. For instance, the combined senses of touch and vision generate

a topographic reflection of the spatial coordinates of the body and the

Behavior reflects a myriad of brain processes, including the integration field of view. Visual-tactile integration mediates the orientation of

of multiple sensory systems that map precise representations of the spatial attention and generates flexible and efficient navigation
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through the environment. The abnormal function of sensory systems
significantly changes behavioral repertoire and, hence could signifi-
cantly contribute to mechanisms underlying psychopathologies.*
Despite autism spectrum disorder (ASD) and schizophrenia being
brain disorders with different clinical presentations, there are some
overlapping symptoms between them.>® For example, sensory
processing abnormalities are core phenotypes of both disorders.*
Atypical sensory experience is observed in ~90% of ASD individuals,’

,° and vision.* Sensory dis-

affecting taste,® touch,”® audition,” smel
turbances in schizophrenia are often described as an inability to filter
innocuous sensory stimuli*? that manifests as hypervigilance and
impaired attention. Clinical studies demonstrate that patients with

3 impaired contrast

schizophrenia have enhanced tactile sensation,*
sensitivity,2* olfactory sensory disturbance,'®> or auditory dysfunc-
tions.1® Notably, robust impairment in audiovisual temporal integra-
tion is detected in patients with ASD and schizophrenia, represented
by an enlarged temporal binding window that is associated with posi-
tive symptoms of schizophrenia (hallucinations, delusions)” and
severity of social deficits in ASD.*8?

Hypofunction of glutamatergic signaling mediated by the N-
methyl-D-aspartate receptor (NMDAR) is strongly linked to the patho-
physiology of schizophrenia®® and idiopathic ASD.?"2®> NMDAR are
heterotetramers, composed of two glycine-binding GIuUN1 subunits
encoded by the GRIN1 gene and two glutamate-binding subunits Glu-
N2A/2B encoded by GRIN2A and GRIN2B genes, respectively. Addi-
tionally, GIuN2C, GIuN2D, GIuN3A/3B subunits can be present at
certain neurodevelopment stages and cellular subpopulations.

Genetic studies have found the association between de novo
mutations of GRIN genes and neurological disorders.?>?* Accumu-
lated genetic deep sequencing has identified 4413 GRIN variants in
patients with various mental disorders including ASD and schizophre-
nia.2> These findings led to the delineation of a clinical spectrum
genetically defined as GRIN disorder.24~2? GRIN disorder is a group of

rare neurodevelopmental disorders3°-33

caused by a de novo or trans-
mitted pathogenic variant in a GRIN gene. Pathogenic GRIN1 variants
cause intellectual disability (100% of patients), muscular hypotonia
(66% of patients), epilepsy (65% of patients), motor dysfunction (48%
of patients), cortical visual impairment (CVI; 34% of patients), autism
spectrum disorder (ASD; 22% of patients), and sleep problems (15%
of patients).>® Given that CVI, a clinical sensory phenotype of GRIN
disorders, was identified in ~1/3 of Grin1 carriers,>? ophthalmologic
assessment is recommended for GRIN1 patients. Although CVI is cau-
sed by damage to the parts of the brain that process vision, the patho-
logical role of GRIN1 cannot be excluded from the modulation of the
retinal function. Indeed, the retinal Moller glial cells contain a GIluN1
subunit and may promote the proliferation of retinal progenitor, the
expression of the glutamate transporter, and the survival of ganglia
cells,34-3¢ directly affecting retinal morphology and its functionality.
Several animal models have been generated to study interconnec-
tions between NMDAR, schizophrenia and ASD including pharmaco-
logical inhibition of NMDAR by its antagonists,>” or generation of
Grin1 knockdown with ~85% reduced expression of NR1 subunit of
the NMDAR complex—Grin1KD mouse line,*® but the impact of

sensory systems in modulating their behavioral impairment has not
been fully recognized. Grin1KD mice showed a mixture of phenotypes
related to schizophrenia: lack of habituation to a novelty, hyperactiv-
ity with stereotypic behavior, deficient sensorimotor gating, working
memory, executive function, cognitive flexibility®® and ASD: deficient
sociability, communication, and repeated behavior.*°~4?

The visual sensory system plays a role to define the mouse's
behavior and therefore, its abnormal functioning affects multiple
behavioral domains assessed in well-accepted standardized behavioral
tests designed for phenotyping of mice.*® Thus, we hypothesized that
re-adjusting experimental conditions by facilitating the processing of
visual information may unmask the true expression of emotional or
cognitive behavioral performance in Grin1KD mice.

Therefore, we compared the behavior of Grin1KD mice assessed
under standard and modified experimental conditions, designed to
facilitate perception of visual signals. Firstly, we detected a deficient
visual depth perception in Grin1KD mice, assessed in the “Cliff” test.
The placement of proximate visual cues (as opposed to far cues in the
“standard” design) or daily training mice for a visual platform in
Morris's water-maze task remarkably improved behavioral perfor-
mance in Grin1KD mice. Further, the exposure of Grin1KD mice to a
bigger size of the elevated plus-maze (EPM) or a wider entrance into
the goal box of the Puzzle box also ameliorated their emotional and
cognitive behavior.

Altogether, our experiments demonstrated that re-designing of
experimental conditions unmasked expression of emotional and cog-
nitive behavior in Grin1KD mice. Animal modeling of psychiatric disor-
ders, including ASD and schizophrenia, is based on behavioral
phenotyping as the main read-out of genetic, pharmacological, or neu-
ronal manipulations. Thus, re-adjusting the standard experimental
conditions is highly desirable to address the affected sensory percep-
tions in studied animals.

2 | MATERIALS AND METHODS

21 | Animals
Knockdown mice for the NR1 subunit of the NMDA receptor (GluN1
knockdown; Grin1KD) were generated in the animal facility of the
University of Toronto as previously described.** The GRIN1 gene was
modified via homologous recombination with an intervening sequence
(neomycin cassette), and targeted the intron 10, flanked by loxP sites.
Grin17/fine® C57BI/6J congenics and Grin1*/"° 129 » 1/SvimJ con-
genic mice were intercrossed to produce experimental mice (Grin1*/*
[wild-type; WT]; and Grin1KD) mice as recommended and based on
other studies*® to minimize the confound of homozygous mutations
on each parental strain. Grin1lKD mice express only 5%-10% of nor-
mal levels of NR1 subunit of the NMDAR complex. Two to four mice
of the same genotype were housed per cage with a 12 h light-dark
cycle (7:00 a.m.-7:00 p.m.) with ad libitum access to food and water.
All  experimental

procedures were performed on naive

(i.e. without previous exposure to any behavioral test) male and
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female WT and Grin1KD mice between 12-14 weeks of age during
the light cycle (9:00 a.m.-5:00 p.m.). Mice were transported from the
mouse colony room to the experimental room for 30-min of habitua-
tion before any behavioral procedure. All behavior was assessed by a
skilled experimenter blind to genotype. All procedures were con-
ducted following the University of Toronto Faculty of Medicine and
Pharmacy Animal Care Committee in compliance with the Animals
Research Act of Ontario and the Guidelines of the Canadian Council

on Animal Care.

2.2 | Behavioral tests

Behavioral results were collected using video-tracking software
(Biobserve Viewer2 tracking software (St. Augustin, Germany) to
automatically generate data, which were validated by comparing man-
ual and automated scoring of behavior (Data S1, Table S2).

2.2.1 | Visual cliff

This test was designed to measure the visual perception of depth in
mice and was performed based on study,**where half of a transparent
arena is suspended over the edge of the table (visual cliff) (Figure 1B)
and the time spent in the safe or cliff area of the arena was measured.
A transparent plastic box (60 x 60 x 45 cm®) was positioned on the
edge of a laboratory bench so that half of the base covered the bench
(“safe side”) while the other half was suspended over the edge of the
bench 90 cm above the floor (“cliff side”), creating the appearance of
a cliff. A checkerboard pattern (5 cm x 5 cm) was placed under the
“safe side” of the box as well as on the floor underneath the box to
emphasize the cliff drop-off. Mice were individually placed in the mid-
dle of the base at the edge of the cliff (on the “safe” side), allowing
the mice to survey their surroundings. Their activity was recorded by
video-tracking software for 2 min. The time spent in each zone and
the number of crossings between zones were recorded. All measure-
ments were taken in the experimental room with regular light.

2.2.2 | The Morris' water-maze (MWM)

Given our finding that Grin1KD mice show impaired visual perception,
we asked whether this visual abnormality affected their performance
in cognitive tasks. We compared performance of GrinlKD mice in a
standard Morris's water maze (MWM) installation (“Protocol 1”) to
the modified MWM configurations where additional visual cues were
provided (“Protocol 2”) or visual cues were moved to a more proxi-
mate location on the walls of the pool (“Protocol 3) (Figure 2C).
Morris's water maze (MWM) was performed based on study®” with
modifications. The procedure included: 1) acquisition and 2) probe ses-
sions. The opaque-white Plexiglas, cylindrical pool (80 cm: inner diam-
eter; 1 m: outer diameter) was filled with opaque water (40 cm height;
24°C + 1°C). The pool was divided into four equal quadrants: north-
east (NE), northwest (NW), southeast (SE), and southwest (SW). The
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FIGURE 1 (A-D) The behavior of Grin1KD and WT mice in the

“Visual Cliff” test to assess a visual depth perception. (A-B) The
experimental installation, side (A) and top (B) views. (C) The
percentage of time spent in the “safe” and “cliff” areas; (D) The
number of entries into the “cliff” area. ***p < 0.001—in comparison
with WT mice; ##p < 0.001—in comparison with the “safe” area
within genotype. N = 8-9 per genotype

circular escape platform (15-cm diameter) was made of clear Plexiglas.
Four distal visual cues (posters' size: 35 x 45 cm with black-white
stripes [5 cm width] oriented diagonally left; right; horizontally and
vertically) were fixed on each wall ~1 m from the pool edge and kept
for all experiments, except the 3d experiment, marking four main sides
of the world.

Activity in the water maze was recorded using a video camera on
the ceiling above the center of the pool attached to an automated
video-tracking system to establish experimental parameters and ana-
lyze the following behavioral parameters: 1) latency to reach the
escape platform; 2) traveled distance (cm); 3) velocity (cm/s) (for the
acquisition session) and 4) duration of time spent in each quadrant of
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FIGURE 2 (A-I) Spatial learning and memory was measured in the standard and modified Morris's water-maze (MWM). (A-C). Schematic
illustrations (images were generated via BioRender.com) of three protocols of MWM: (A) Standard protocol #1 (WT: N = 6; Grin1KD = 8), where
the visual cues were distantly located on walls of the experimental room to mark south, north, east and west sides; the visual escape platform
(V) was used on the 1st day of training and the hidden escape platform was used for the rest of the acquisition; (B). Modified protocol #2, where a
visual platform was used during the entire acquisition session (WT; N = 9; Grin1KD = 11); (C) Modified protocol #3 was similar to the Standard

protocol #1, but proximate visual cues were attached to walls of the pool (WT: N = 9; Grin1KD: N = 11). (D-F) Latency (seconds) to reach the
escape platform during the acquisition session (D—standard protocol #1; E—modified protocol #2, F—modified protocol #3), where visual

(V) platform was used on Day O; ***p < 0.001—in comparison with WT mice; #p < 0.05; #p < 0.01—in comparison with protocol #1. (G-I) The
percentage of time spent in the targeted quadrant of the pool or non-targeted area (the averaged percentage of time spent in other three
quadrants) during the probe day ((G)—standard protocol #1; (H)—modified protocol #2, (I)—modified protocol #3). ***p < 0.001—in comparison
with WT mice; #p < 0.05; ##p < 0.001—in comparison with non-target area within each genotype

the pool (s) (for the probe session). Behavioral parameters recorded
during the acquisition were averaged across 4 daily trials for the statis-
tical analyses. The duration of time spent in three non-targeted quad-
rants was averaged and the percentage of time spent in targeted and
non-targeted area during the probe session was analyzed.

The acquisition session began from the training of mice to escape
water into the visible platform which was raised 0.5 cm above the
water surface and demarcated with a vertical “tower”
(10 cm x 1.5 cm). Mice were given 4 trials with a ~40 min inter-trial
interval (ITl). In each trial, mice were released facing the pool wall
from one of four pseudorandomized locations (N, S, W, E) at the pool
periphery. The platform was at the center of the target quadrant (SE;
T) and 20 cm from the pool wall. The maximum duration for a plat-
form' search was 60 s. Animals that found the platform remained on it
for an additional 15 s, whereas unsuccessful animals were assigned a
60-s latency and gently placed onto the platform for 15 s. The acqui-

sition session continued on the next day for four consecutive days

(4 trials per day; 1 h ITl). Each day was performed similarly to the visi-
ble platform task, except the platform was now submerged ~1 cm
below the surface of the water (hidden) in the targeted quadrant.

Retention of acquired spatial memory was assessed in a 60-s
probe trial (“probe session”) that occurred 18 h after the last acquisi-
tion trial. In the probe trial, the platform was removed, and mice were
released from the point furthest (NW) from the previous location of
the platform. Performance in the probe trial was quantified by exam-
ining the percentage of time spent and the number of crosses over an
area that was twice the platform diameter, centered over its former
location.

Three independent cohorts of mice were used in each MWM
experiment. The 1st experiment was done using the standard MWM
protocol as described above (“protocol 17). The 2nd experiment was
done using the pedestal-like object placed on the escape platform
during the acquisition session. Four wooden cubes (3 cm®) have been
arranged together to make the inverted T-shape object, which was
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fixed on the top of the escape platform and was used throughout the
entire experiment (“protocol 2”).

The 3rd experiment was performed following the “protocol 1”
except that visible cues (posters [A4 size] with printed black-white
stripes positioned horizontally, vertically; black-white circles and dia-
monds) were fixed on the wall of the pool (80 cm—the inner diameter;
1 m—the outer diameter) labelling east, west, south and north sides of

the pool (“protocol 3”).

223 | Puzzle box (PB)
“Protocol 17: The protocol was performed based on study*® with modi-
fications. The puzzle box consisted of a white box was divided by a
removable barrier into two zones: a bright zone without a roof (58 cm
x 28 cm), and a dark zone (“goal box) with an openable roof (15 cm
x 28 cm) (Lantz Enterprises Inc., Hamilton, Canada). A narrow path-
way (4 cm wide) was located under the barrier. During the experiment,
the goal box was covered, with some beddings and a shelter inside.
The protocol consisted of 3 sessions x 3 trials per session with inter-
session interval (ISI) 24 h and with ~10-15 min as the Inter Trial Inter-
val (ITI). Introduced into the start zone, mice were trained to move into
the goal zone through a narrow underpass. In session 1 (training), the
underpass was open, and the barrier had an open door (4 cm x 4 cm)
over the location of the underpass during trial 1 (T1). On T2 and T3
the barrier had no doorway and mice entered via the small underpass.
On session 2 (burrowing puzzle), T4 was identical to T2 and T3, but on
T5, Té6 and T7 the underpass was filled with sawdust and mice had to
dig their way through. This sequence of trials allowed assessing
problem-solving ability (T2 and T5), and short-term memory (T3 and
T6), while the repetition after 24 h provided a measure of long-term
memory (T4 and T7). Each trial started by placing the mouse in the
start zone and ended when the mouse entered the goal box with all
four paws, or after a maximum of 3 min. The performance of mice in
the PB was assessed by recording the latency to enter the goal box.
“Protocol 2”: This experiment aimed to assess whether a more vis-
ible doorway could impact the performance of the Grin1lKD mice in
the PB. The box, light condition and experimental protocol were the
same as those of the standard protocol. However, during "T1, a
divider with a larger doorway (12 cm x 12 cm) was used. During "T2,
a divider with a doorway (12 cm x 2 cm) was used with an open
underpass. "T3 and "T4 were a repetition of "T2. The door was
completely closed on "T5 with a still open underpass. "Té and "T7
were identical to "T5. Lastly, the underpass was filled by bedding on
"T8 and "T9, identical to T5-T7 of the standard PB protocol.

224 | Digging test

The reduced digging capacity observed in Grin1KD mice was assessed
in the digging test.** Mice were placed individually in a Plexiglas box
(20 x 20 x 45 cm®) filled with bedding (thickness is 5 cm) and
observed for 3 min. The total duration of the digging behavior was
manually scored by skilled observers.

and Behavior

2.2.5 | Elevated plus-maze (EPM)

The elevated plus-maze was performed based on the study.’® The
mouse' size of EPM (mEPM) consisted of two open arms (25 x 5 cm),
two enclosed arms (25 x 5 x 30 cm), arranged so that the two arms
of each type were opposite each other and extended from a central
platform (5 x 5 cm). The rat's size of EPM (rEPM) consisted of two
open arms (50 cm x 10 cm), two enclosed arms (50 x 10 x 40 cm),
arranged so that the two arms of each type were opposite each other
and extended from a central platform (10 x 10 cm). The mEPM and
rEPM were elevated to a height of 50 cm. All measurements were
taken in a dimly lit experimental room: 110 Lux in the open arms;
10 Lux in the enclosed arms. The central platform of the EPM was illu-
minated by a lamp heightened for 1.5 m above the central platform.
Each mouse was placed into the center of the EPM facing the
enclosed arms. Over a 5-min test period, the following parameters
were recorded: 1) open area time (time spent on open arms and cen-
ter); 2) enclosed arms time expressed as a percentage of total testing
time; 3) open arm entries, closed arm entries and central platform
entries to calculate the total number of entries; 4) the number of defe-
cations; 5) the number of passes between closed arms without stop-
ping in the center; 6) the number of passes between open arms
without stopping in the center; 7)the number of head-dips and 8)
duration of time spent at the “end” of the open arms (the last 1/3 of
the open arm' length).

2.3 | Histology

2.3.1 | Hematoxylin and eosin staining of retina

After anesthesia (CO, asphyxiation), the eyes was removed and fixed
in 10% buffered formalin (Fisher Scientific, Cat# 245-685) for
48 hours, then processed and embedded into paraffin. Sections were
cut at 5 mkm thickness and stained with hematoxylin and eosin. The
retinal' layers and total thickness was imaged under light microscopy
at magnification x40, obtaining 4 images for each eye in total, on the
right and left side of the optic nerve. The retinal frailty was imaged
under light microscopy at magnification x 10, where the length of the
non-attached retinal pigmented epithelium (RPE) to the outer segment
(OS) and the total length of RPE were assessed. In addition, we mea-
sured thickness of optic nerve (x10), axial length and lens width under
magnification x2. All images were analyzed using ZenCore v3.4 soft-

ware (CarlZeissMicroscopy GmbH).

232 |
hind paw

Hematoxylin and eosin staining of the

Intact right hind paws were removed, cleaned with chemical depilator
NairTM and water and fixed in 4% paraformaldehyde for 5 days with
follow up demineralization in Cal-ExIl (Thermo Fisher Scientific,
Canada) for 10 days. The paraffin-embedded hind paws (1st digit
[thumb]) were sectioned 5 pm thickness with 60 pm between levels
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and stained with hematoxylin and eosin as described.’* Slides were
imaged under magnification x20 using light microscopy to quantify
the number of Meissner's corpuscles in 3 regions of interest (ROI):
superficial to each end of the metatarsal, and superficial to the distal
end of the distal phalange. The high magnification (x63 oil immersion
objective) was taken with a Zeiss Axio Observer Z1 microscope
equipped with the Zeiss Axio Cam IC color camera. Corpuscles were
identified according to the following criteria: clear invagination in the
dermis, presence of dark-staining nuclei, and presence of light-staining
nerve fibers with a “stacked” appearance based on the study.>! The
total number of fully developed Meissner's corpuscles, and their size
(width of the “head-like” structure and width of the “leg-like” part of
the corpuscle), length (from the top of the “head-like” of the corpuscle
to the end of the straight part of the corpuscle/end of the papillae)

were analyzed using Zen Blue 2.3 software.

2.4 | Statistical analysis

Statistical analysis was performed using the SPSS (version 22; IBM,
New York, NY) and Prism GraphPad (La Jolla, CA) software. Raw data
have been checked for homoscedasticity before the statistical analy-
sis. Behavioral data were analyzed using one-way, two-way ANOVA
and two-way ANOVA with repeated measures (RM ANOVA), with
further post-hoc analysis (Tukey's test) or unpaired Student t-test.
Pearson product-moment correlations were used to probe the rela-
tionships between behavioral performance in the “Cliff” test, MWM,
PB and EPM, using TIBCO software (StatSoft, Dell).

3 | RESULTS

ANOVA did not reveal a sex effect within each genotype on any stud-
ied behavioral parameter (all p's > 0.05) due to the low number of
male and female mice within each genotype. The total number of
experimental mice is presented in Table S1. Therefore, all data from
males and females were combined and analyzed together.

3.1 | GrinlKD mice showed deficient visual depth
perception the Cliff test

Repeated measures one-way ANOVA detected a main effect of type
of area (cliff; safe) [F130 = 26.9; p < 0.001] and an interaction of
genotype x type of area [F1 30 = 30.9; p < 0.001] on the percentage
of time spent in each type of area. Post-hoc analysis found that WT
mice spent significantly more time on the safe area rather than on the
cliff compartment (p < 0.001), whereas Grin1KD mice did not differ-
entiate safe from cliff and spent an equal amount of time on both
types of area (p > 0.05) (Figure 1C). Unpaired t-test detected a main
effect of genotype [t;15 = 8.3; p < 0.001] on the number of entries
into the cliff area. Grin1KD mice more often visited the cliff area than
their WT littermates (Figure 1D).

3.1.1 | Grin1KD mice show deficient spatial
learning and memory in the standard Morris's water-
maze (“Protocol 1)

In the standard MWM set up, there were main effects of daily training
[Fa48 = 4.7; p < 0.0103] and genotype [F1 12 = 70.9; p < 0.0001] on
the latency to reach the platform of the MWM (repeated measures
one-way ANOVA). The latency to reach the escape platform was
higher in Grin1KD mice than in WT littermates during all days of train-
ing (Figure 2D), whereas WT animals gradually learned the location of
the escape platform. In addition, although GrinlKD mice expressed
lower velocity in the water-maze than WT mice (Figure S1B), they
expressed thigmotaxis and circling behavior (Figure S4B-D), which
significantly increased total traveled distance (Figure S1A).

After training, mice were probed for spatial memory by removing
the platform and measuring the amount of time spent in each quad-
rant of the pool. Repeated measures one-way ANOVA detected a
main effect of the targeted quadrant [F4 1, = 200.0; p < 0.001], geno-
type [F112 = 23.3; p < 0.001] and their interactions [F11, = 92.9;
p < 0.001] on the percentage of time spent in target vs non-target
area of the water-maze. WT mice remembered the location of the
platform and spent more time in the targeted area rather than in the
non-targeted areas (p < 0.001), whereas Grin1KD mice did not distin-
guish the targeted quadrant from the non-targeted area (p > 0.05)
(Figure 2G).

3.1.2 | A platform visual cue improves Grin1KD
training performance but not memory retrieval
(“Protocol 27)

During training sessions with the standard MWM arena, GrinlKD
mice displayed thigmotaxis, circling the perimeter of the pool instead
of searching for the platform (Figure S4B,D). Moreover, trial-by-trial
analysis of the latency to reach the escape platform during the 1st
day of the acquisition with visible platform revealed that despite
GrinlKD mice showing similar performance with their WT littermates
during trial 1 (Data S1, Figure S2), they do not remain on the platform
during the rest of trials. Hence, we hypothesized that Grin1KD mice
could be less motivated to escape the water than WT mice. To test
this hypothesis, we made the platform more visible by adding an
object on top of the platform for all training sessions. Repeated
measures ANOVA found a main effect of daily training [F4¢s = 15.21;
p <0.001], genotype [Fi17 =288, p <0.001] and
training x genotype interaction [F44s = 14.24; p < 0.001] on the
latency to reach the platform. Grin1KD mice took significantly more
time than WT littermates to reach the platform during the first 3 days
of the training (p's < 0.001), but their latencies were comparable with
WT mice during the last 2 days of spatial learning (Figure 2E). Expo-
sure of mice to the visible platform with the object during the entire
acquisition session significantly improved performance of GrinlKD
mice, decreasing their latency to reach the escape platform (p < 0.05

on Day 2; p < 0.01 on Day 3; p's < 0.001 on Days 4-5 in comparison
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with their performance on Day1) (Figure 2E). Notably, the velocity of
Grin1KD mice was comparable with WT littermates (Figure S1D). This
reduced the distance traveled by Grin1KD mice during training on all
days but the first day of training (Figure S1C).

On the probe trial, where the platform is removed, repeated mea-
sures one-way ANOVA found a main effect of type of area (targeted
vs non-targeted) [F117 = 123.4; p < 0.001], genotype [F117 = 8.1;
p < 0.01] and their interaction [F117 = 32.4; p < 0.001] on the per-
centage of time that mice spent in each area. Both genotypes of mice
spent more time in the target quadrant than in the non-target area
(b < 0.001 for WT; p < 0.05 for Grin1KD mice); however, Grin1KD
mice still spent less time in the target area than WT mice (p < 0.001)
(Figure 2H).

3.1.3 | Proximal visual cues improve both learning
and memory of Grin1KD mice (“Protocol 3”)

To determine whether visual impairments contribute to the poor cog-
nitive performance of GrinlKD mice in the MWM, we repositioned
the visual cues to be located on the walls of the pool rather than on
the walls of the room. The platform was only visible on the first day
and was submerged for all subsequent training days. There was a main
effect of daily training [F472 = 9.1; p < 0.001] and genotype
[F118 = 254.1; p < 0.0001] on the latency to reach the platform.
Although the proximate visual cues did not normalize Grin1KD perfor-
mance to WT levels during training, the change in latency between
Day 1 and Day 4 indicated that Grin1KD mice were steadily learning
the platform location (Figure 2F) in comparison with Grin1KD trained
under the standard protocol (Figure 2D). The traveled distance and
velocity of Grin1KD mice (Figure S1E-F) in Protocol #3 were compa-
rable to those in Protocol #1 (Figure S1A-B).

In the test of spatial memory, repeated measures one-way
ANOVA found a main effect of the targeted area [F;13 = 64.3;
p < 0.001] on the percentage of time spent in each area. Both WT
and Grin1KD mice spent more time in the targeted quadrant than in
the non-targeted area (p's < 0.001) (Figure 2F).

3.1.4 | Pearson correlations between “Cliff” test
and MWM behavior

To assess the potential interactions between impaired vision and spa-
tial learning & memory deficits in MWM, we correlated percentage of
time spent on the cliff area with the latency to escape water maze
during daily training as well as with the percentage of time spent in
each quadrant during the probe session. The time spent in the cliff
area significantly correlated with the latency to detect visible platform
during the 1st trial of Day O (“Protocol #1”) in WT mice (r = 0.9;
p < 0.01) (Figure S3A), whereas such relationship was lost in Grin1KD
animals (r = 0.07; p > 0.05) (Figure S3B). There was no other signifi-
cant correlations between time spent on the cliff area and parameters
on MWM (all p's > 0.05; Table S3).

and Behavior

3.1.5 | Performance of Grin1KD mice is influenced
by visual (size of the door) and tactile (size of the door,
bedding obstacle) aspects of the puzzle box test

The puzzle box test is used to measure higher level aspects of cogni-
tion that include executive function, cognitive flexibility, and memory.
In this test mice are placed in an open arena and timed for their
latency to overcome different barriers to reach a goal arena
(Figure 3C). Grin1KD mice perform poorly in this task, taking longer to
reach the goal box through an open doorway [F1 10 = 6.8; p < 0.05]
(Figure 3B).

The session with closed door/open underpass (T2-T4): One-way
ANOVA with repeated measures found a main effect of genotype
[F110 = 3.8; p < 0.05], and trial x genotype interaction [F;20 = 3.4;
p < 0.05] on the latency to enter the goal box. WT and Grin1KD mice
were able to solve obstacle given on trials 2 and 3 to enter the goal
box (Figure 3B). GrinlKD mice showed deficient long-term memory
on trial 4 (p < 0.01).

The session with closed door/underpass is filled with bedding (T5-T7):
One-way ANOVA with repeated measures found a main effect of
genotype [F110 = 311.8; p < 0.001] on the latency to enter the goal
box. Grin1KD mice did not enter the goal box once the underpass was

filled by bedding in comparison with WT littermates (Figure 3B).

3.1.6 | Exposure of Grin1KD mice to a bigger
entrance into the goal box improved their performance
in the puzzle box

To compensate for the visual and whisker-related tactile impairments
observed in Grin1KD mice, the size of the entrance of the puzzle box
was increased during the training session (trial 1) (Figure 3C) following
by the trials (trial 2-trial 4), where the doorway was not completely
closed as in the standard protocol. We hypothesized that the goal
box, still visually perceivable under such conditions, would provide a
visual cue to GrinlKD mice and facilitate their performance in the
puzzle box. Indeed, two-way ANOVA detected a main effect of PB
modification [F121 = 5.1; p < 0.05], and genotype [F1,1 = 14.9;
p < 0.001] on the latency to enter the goal box on triall. Grin1lKD
mice were able to reduce their latency to enter the goal box as com-
pare with their performance in the standard protocol (p < 0.05).

The session with a doorway (12 x 2 cm)/open underpass (T2-T4):
ANOVA with repeated measures did not reveal a main effect of geno-
type [F111 = 3.9; p > 0.05], trial [F22, = 1.7; p > 0.05] or their inter-
actions [F22o = 0.9; p > 0.05] on the latency to enter the goal box.
GrinlKD mice showed comparable behavior with WT animals on T2-
T4 trials (Figure 3D).

The session with closed door/open underpass (T5-T7): ANOVA did
not reveal significant effect of genotype [F;11 = 2.7; p > 0.05], trial
[F222 = 0.7; p > 0.05] or their interaction [F,2, = 0.9; p > 0.05] on
the latency to enter the goal box.

The session with closed door/underpass is filled with bedding

(T8-T9): ANOVA with repeated measures revealed a main
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effect of genotype [Fy11 = 45.6; p < 0.001] on the latency to
enter the goal box. GrinlKD mice were still unable to over-
come the “bedding” 8
9 (Figure 3D).

Given that Grin1KD mice were unable to overcome the “bedding”

obstacle given on trials and

obstacle in two independent experiments, we directly probed their

digging activity in a mouse cage filled with 5 cm of bedding. Unpaired
t-test found that the duration of the digging was significantly lower in
GrinlKD mice as compared with WT animals (t1,8 = 14.92;
p < 0.001) (Figure 3E). Thus, cognitive performance in this last phase
of the puzzle box is masked by the potentially affected tactile function
in Grin1KD mice.
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3.1.7 | Opposite elevated plus maze preference in
an arena configuration with widened arms

It has been shown that Grin1KD>%°2 or other Grin1 deficient mutant

lines>*+>°

express a high preference for the open arms in the elevated
plus maze (EPM). Given that exposure of Grin1KD mice to a bigger
entrance to the goal box improved their performance in the puzzle
box, we asked if increasing the width of the arms in the EPM could
also modify their behavior in this test. We hypothesized that wider
arms would facilitate visual and somatosensory perception of the
enclosed arms and hence, alter preference of the open and enclosed
compartments in the EPM arena. Therefore, we compared behavior of
the mice in arenas of two sizes—EPMs designed for testing mice
(mEPM) or rats (rEPM).

Open arms: Two-way ANOVA detected a main effect of genotype
[F120 =235.7; p <0.0001], size (mEPM; rEPM) [F1,, = 46.2;
p < 0.0001] and genotype x size interactions [F120 = 123.9;
p < 0.0001] on the percentage of time spent in open arms. As
expected, WT mice avoided open arms of both the mEPM and rEPM
(Figure 4C,D), spending ~80% of their time in the enclosed arms
(Table S4). In contrast, GrinlKD mice spent ~90% of the testing
period on the open arms of the mEPM and spent nearly half of the
time at the ends of open arms (45.8% at the ends of open arms and
54.2% on the rest of the open arms, respectively; Table S4;
Figure 4C). Consequently, GrinlKD animals moved more often
between open arms than WT littermates (Table S4; p < 0.01). How-
ever, when Grin1lKD mice were assessed in the rEPM, they instead
spent most of the time in the enclosed arms (p's < 0.001) (Table S4),
dramatically reducing their preference for the open arms (Figure 4D).
In addition, GrinlKD mice also decreased their number of passes
between open arms (p < 0.05; Table S4) and head-dips (p < 0.001;
Table S4). The total number of entries into each type of the EPM' area
was similar in Grin1lKD mice regardless of the EPM' size (Data S1;
Table S4).

Defecations: Defecation can be used as an indicator of fear and
anxiety in mice.>® Since Grin1KD mice preferred the open arms of the
mEPM and the closed arms of the rEPM, we studied defecation
behavior (fecal bolus number) as an indicator of their anxiety in the
two maze configurations. Two-way ANOVA detected a main effect of
genotype [F122 =30.1; p <0.001] and interaction between
genotype x EPM size [F; 5, = 8.8; p < 0.01] on the number of fecal
boli. Grin1KD mice defecated more often than WT mice regardless of
the EPM size (p < 0.001; p < 0.05—for mEPM and rEPM, respectively)
(Figure 4E,F). WT mice showed an increased number of defecations
when exposed to the rEPM in comparison with mEPM (p < 0.01),
whereas GrinlKD mice had a tendency to decrease number of defe-
cations when exposed to the rEPM compared with the mEPM
(b = 0.062) (Figure 4F).

Additional manipulations with lighting conditions or re-testing of
mice in the mEPM were not able to change the behavioral repertoire
of Grin1KD mice (Figure S5A-B).

and Behavior

Lastly, to rule out the impact of potentially affected vision in
Grin1KD mice as detected by the “Cliff” test, we conducted the Pear-
son product-moment correlations between the behavior in the “Cliff”
and mEPM tests. There was a significant relationship between the
percentage of time spent on the OA of the mEPM and percentage of
time spent on the Cliff area for WT mice (r = 0.56; p < 0.05)
(Figure 4G), but this interaction was disrupted in GrinlKD mice
(r= —0.24; p > 0.05) (Figure 4H).

Retinal morphology in Grin1KD and WT mice

Based on our behavioral observations, we aimed to directly quantify
potential alterations of visual and somatosensory systems. Retinal
morphology is a well-accepted approach to probe structural changes
of the mouse' eye. Hence, we performed microscopic assessment of
retinal cross sections from each genotype. There was no gross abnor-
malities between genotypes as evident by the comparable axial length
of the eyeball, lens, thickness of optic nerve, total length of retina'
pigmented epithelium (Table S5). Two-way ANOVA found no effect
of sex or genotype x sex interaction on any measured parameters (all
p's > 0.05), but detected a main effect of genotype on thickness of
ONL [Fy 45 = 7.2; p < 0.05], OS [F115 = 9.2; p < 0.01] and trend to be
significant for the total thickness of retina [F115 = 3.9; p = 0.06].
Grin1KD mice showed significantly thicker ONL and OS retina' layers
as well as the total thickness than their WT littermates (Table S5;
Figure 5C-D,F). The length of the non-attached RPE to OS was signif-
icantly longer in GrinlKD mice than in WT animals [Student's t-
test, 4 = 50.8; p < 0.01] (Figure 5A-B,E).

Meissner' corpuscles morphology in Grin1KD and WT mice

To address deficient performance in the digging test, paw morphology
was performed. Of the four mechanoreceptor types, only Meissner
corpuscles were found in hind paw skin identifiable with hematoxylin
and eosin staining alone. The number of Meissner' corpuscles was
lower in GrinlKD mice [Student's t-testy4 = 7.5; p = 0.052]
(Figure 5K). Further, width of the “leg-like” part of Meissner' corpus-
cles was thinner in Grin1KD mice [F1 2, = 12.4; p < 0.01] than in WT
littermates (Figure 5J,L). The length (WT: 213.0 + 12.3 um; Grin1KD:
209.2 £ 21.6 pm) and width of the “head-like” part of the Meissner'
corpuscles (WT: 34.1 + 1.7 um; Grin1KD: 32.7 = 2.9 pm) were com-

parable between genotypes.

4 | DISCUSSION

Behavior is affected by multiple factors, including sensory functions
and, hence conclusions must be carefully generated, avoiding reduc-
tionism, which is currently dominating in the field of mouse behavioral
neuroscience during the last decades due to the progress of the
molecular-cellular approaches.>” The current findings consistently
demonstrated that “standard” behavioral protocols must be adapted

for mice with impaired sensory processing. By changing the
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FIGURE 5

(A-N) The histological changes in retina' stabilization and mechanical sensors of the paw' skin (Meissner's corpuscles), in Grin1KD

and WT mice. (A-B) lllustration of the central retina near the head of the optic nerve with the attached outer segment (OS) to the retina
pigmented epithelium (RPE) in WT mice (A; white arrows), and less stable connections of OS to the RPE were detected in Grin1KD mice (B);
maghnification x 10. (C-D) Thickness of retina' layers in WT (C) and Grin1KD (D) mice. The retina of Grin1KD mice (D) is characterized by thicker
outer segment (OS) layer (F) and longer non-attached retinal pigmented epithelium (EPL) (E) than in WT mice. N = 3 mice per genotype; regions
of interest (ROI): n = 9 (WT)/n = 8 (Grin1KD). (G) Schematic orientation of the hind paw for the preparation of the paraffinized samples. The
analysis of Meissner corpuscles was performed on sections of the 1st digit. (H) Three ROIs are indicated by arrows on image of the hind paw
(magnification x2). Images of the glaborous footpad of WT (I) and Grin1KD (J) mice containing Meissner corpuscles. High magnification (x63)
light microscopy images of Meissner corpuscles in WT (K) and Grin1KD (L) animals. N = 3 mice per genotype; 3 ROl per mouse. GCL, ganglion
cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer

segments; RPE, retinal pigmented epithelium

dimensions of an arena or improving visual cues, the “cognitive” defi-
cits of Grin1KD mice were revealed to be at least in part sensory defi-
cits. Although Grin1KD mice have been used by numerous labs for
over 20 years, this was the first study to demonstrate deficient visual
depth perception using the visual cliff test, and the first to document
that their open-arm preference reflects an aversion to small enclo-
sures rather than a lack of fear. Furthermore, to our surprise, Grin1KD
mice were able to learn and recall the location of the escape platform
in the MWM if they were either trained with a visible platform or if
proximate rather than distant visual cues were used. This finding
reveals the impact of their abnormal vision on their performance in
this spatial learning and memory task. In the puzzle box test, enlarging
the size of the doorway, which enhances the visual-spatial perception
of the goal box, significantly reduced the latency of Grin1KD mice to

complete the test. Interestingly, we also observed an inability of

Grin1KD mice to dig in bedding, which could reflect abnormal tactile
perception in these animals and explains their poor performance in
the “bedding” obstacle of the puzzle box. Lastly, the exposure of
Grin1KD mice to a larger EPM arena (rat-sized EPM vs mouse-sized)
dramatically changed their behavioral repertoire in ways that were
not seen in wildtype mice. The inclusion of defecation measures to
the EPM study demonstrated that GrinlKD mice were more fearful
than wildtype mice, even though they spent more time in the open
arms of the mouse-sized plus maze. We went further and found
destabilization of the retina' outer segment layer in GrinlKD mice
likely affecting their vision-dependent behavior. Moreover, correlation
analysis found impaired relationship between behavioral performance
in the “Cliff” test and water maze or EPM in Grin1KD but not in wild
type mice, supporting the affected visual functions in Grinl deficient

mice. In addition, deficiency of the mechanical sensors (Meissner's
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corpuscles) was revealed in hind paws of Grin1KD mice, likely contrib-
uting to their abnormal digging behavior. Altogether, these experi-
ments demonstrate that GrinlKD mice require modified visual- and
tactile conditions to properly assess their learning, memory, motiva-
tion, and emotionality. It is essential to adjust experimental conditions
to accommodate any abnormal sensory functions of experimental ani-
mals, since these confounds can affect behavioral outputs under stan-
dard protocols.

We initiated this study because the Grin1KD mouse line has been
used to model a syndromic form of autism caused by loss-of-function
variants in the human GRIN1 gene.®® A substantial percentage of
GRIN1 patients have cortical visual impairment, and we hypothesized
that Grin1KD mice might be similarly impaired. Not only are NMDARs
expressed in the retina, they are required for the retinotopic organiza-
tion of the lateral geniculate nucleus and visual cortex.>?%% Thus, it is
not surprising that GRIN disorder patients experience CVI or that
mouse models of GRIN disorder would have abnormal vision. We
assessed visual depth perception with the visual cliff test developed
to detect aberrant vision in mice.*® GrinlKD mice spent an equal
amount of time suspended on the visual cliff as they did on the safe
area of the arena, suggesting impaired visual acuity or depth percep-
tion. Other mouse models of autism have shown deficits in this task,
including Rbfox2 knockout mice,®* Fmrl—/y mice®® or miR-132/miR-
212 null mice.®® Notably, the correlation analysis found relationship
between time spent on the cliff area, open arms of the EPM
(Figure 4G-H) and latency to escape the water maze on the 1st trial
with visual platform in wild type mice, but not in Grin1KD animals
(Figure S3A-B), supporting the “Cliff” test as a sensitive assessment
of vision, which should be employed before interpreting the results
from behavioral paradigms that employ visual cues.

As is the case with the visual system, the role of NMDA receptors
in hippocampal spatial learning and memory is well-established.®” It
was not surprising then, that in the standard Morris' water maze con-
figuration, Grin1KD animals did not learn the location of the hidden
platform during training and could not recall its location during a
probe test. However, when visual cues were placed closer to the
mouse, on the walls of the tank, GrinlKD mice did show learning
(albeit delayed) and more importantly showed intact memory during
the probe test. Such changes in learning strategy in MWM protocol-
dependent manner were demonstrated by other studies.®®%? So,
Grin1KD mice daily exposed to a visible escape platform significantly
dropped their traveled distance, reflecting their “spatial” strategy in
contrast to the “procedural” learning expressed in the standard
MWM conditions with a hidden escape platform. Moreover, such
enhancement of vision-based stimulation likely increased the motiva-
tion of GrinlKD mice based on their significant reduction of the
latency to reach the visual platform. In addition, Grin1KD mice did not
express stereotypic circling behavior under this modified protocol,
opposite to the standard MWM conditions, which is in agreement
with the observation that floating significantly affects MWM behavior
in mice.”® Thus, our observations suggest that environmental condi-
tions that provoke exploration can ameliorate the goal-oriented deficit
in Grin1KD mice.

Despite the beneficial effects of daily training of the GrinlKD
mice to the visible platform with a pedestal-like object on spatial
learning, the expression of long-term spatial memory was still not
comparable with controls under these experimental conditions. One
explanation could be related to the potentially poor vision, affecting
ability to associate distant visual cues with the location of the escape
platform and supporting the idea that Grin1KD mice likely used the
“procedural” strategy during the acquisition. Proximately-located
visual cues in the water maze significantly improved their spatial long-
term memory, providing evidence that GrinlKD animals can build
associations between the proximate visual cues and the escape plat-
form and supporting the impact of poor distant vision on spatial mem-
ory in Grinl deficient mice. Indeed, the lack of GIuN1 in all
hippocampal dental gyrus and dorsal CA1 neurons did not disrupt
long-term spatial memory in GIUN1IAGCA1 mice in the water maze,”*
suggesting that hippocampal NMDARs are not critical for long-term
associative spatial memories.

Nevertheless, with the adapted MWM arena, we now know that
memory encoding is possible, but is delayed and requires additional
training in Grin1KD mice.

Multiple studies’>7* demonstrated that mouse behavior in the
Morris water maze is vision-dependent. It is highly desirable to
directly measure the functional capacity of the retina in Grin1KD mice
using such behavioral tests as an optokinetic drum”® or visual water
box”® in parallel with an electroretinogram as a physiological assay to
probe retinal responses in mice.”” Nevertheless, the histological
assessment of the retina in Grin1KD mice suggests destabilization of
the outer segment of the retina, decreasing its attachment to the reti-
nal pigmented epithelium. Interestingly, a similar retinal phenotype
was reported for the Fragile X Syndrome mouse model of autism”®
with a significant reduction of rhodopsin, affecting synaptic destabili-
zation of retinal neurons and retinal immaturity. Fmrl knockout mice
expressed hyperactivity, impaired social behavior and cognitive capac-
ities, including water maze’’ similarly to Grin1KD phenotypes. A
recent imaging study®® demonstrated a significant role of GRIN1 in
synaptic connections between retinal ganglion cells and bipolar cells
using CreER-J-RGC:FRT-EGFP:Grin1/19fo* (J.-RGC-Grin1-FRT) triple
transgenic mice to conditionally delete GRIN1 in retinal ganglion cells.
This “Grin1-KO” mice expressed a reduced proportion of subtype
2 and 4 cone bipolar cells together with the increased rod bipolar
cells. Hence, the identified destabilization of the outer segment
(OS) of the retina in Grin1KD mice may suggest the impaired func-
tions of these retinal cells based on the study.® There is an urgent
need to selectively alter the GRIN1 expression in these retinal cellular
subpopulations to probe the implication of the retinal GRIN1 in the
regulation of behavioral phenotypes in future studies.

Besides the impaired vision, the altered somatosensory function
also could contribute to the Grin1lKD behavior in MWM. It could be
suggested that the exposure of Grin1KD mice to water might be con-
sidered as a gentle tactile stimulation rather than anxiogenic, which
could affect their goal-oriented behavior to reach the escape platform.
Interestingly, chronic training in the water maze for 3 weeks reduced

tactile allodynia in experimental mice,®* supporting potential
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relationship between the tactile sensory system and performance in a
water maze.

Overall, adaptations to the standard water maze arena were able
to reveal the true expression of spatial learning and memory in
GrinlKD mice, which were likely masked by their phenotypes in the
domains of vision and motivation.

We used the same strategy of arena modification to determine
whether sensory phenotypes masked performance in other tests
where Grin1KD mice show robust “cognitive” deficits. The puzzle box
test was originally developed to assess executive function, which is
affected in schizophrenia®® and autism.®® Mice need to solve the
obstacle to access the safer dark compartment—the goal box. Firstly,
the impaired performance of GrinlKD mice in the puzzle box was
confirmed as reported earlier.84%> Grin1KD mice spent a longer time
in the bright area than WT littermates before reaching the goal box
during the 1st trial, supporting their high emotionality, low motivation
and/or altered sensory functions as hypothesized above. We hypoth-
esized that a bigger entrance to the goal box could facilitate their per-
formance in the first trial of puzzle box test, making the doorway and
the goal box more visible. Indeed, this modification improved their
performance, normalizing their latency to reach the goal box and
suggesting that poor visual or spatial perception could mask the
expression of cognitive and motivational behavior in GrinlKD mice.
Similarly, enlarging the size of the underpass in trials two through four
improved their latency, providing further support that visual or tactile
phenotypes influence the performance of this task. Interestingly,
Grin1KD mice failed to complete the “burrowing” obstacle assessed
in the current study, replicating previous reports.*®° The inability of
Grin1KD animals to dig the standard bedding, confirming observations
in the “burrowing” test with food pellets,®® also suggests abnormal
tactile perception. Indeed, histological assessment of hind paws rev-
ealed deficient number of Meissner' corpuscles and impaired size in
Grin1KD mice, suggesting that affected somatosensory function is an
important factor affecting digging behavior among others.*%:8¢

Interpretation of the EPM behavior is complex since it reflects
multiple factors, including 3 main factors: anxiety (% of time spent in
open arms and enclosed arms), locomotion (total number of entries
into each arm or total raveled distance) and decision making (% of
the central time), in addition to such factors as risk assessment
(stretched attend posture), vertical activity (rearings), and exploration
(number of head-dips).8” Several studies consistently reported that
Grinl loss-of-function mutant mice showed an “anxiolytic-like”
behavior in the open field test, in elevated plus maze, or in light-dark
box. This was observed in Grinl knockdown mice in this study and

5053 in Grinl D481N homozygous mice,>* and in

previous studies,
Grinl R844C mice.>® However, in our study we also observed that
GrinlKD mice expressed higher emotionality than WT littermates,
evidenced by an increased number of defecations in the elevated
plus maze. Moreover, we observed an increased number of passes
between the open arms by Grin1lKD mice together with increased
number of head-dips, potentially reflecting an active avoidance of
aversive conditions and high stereotypy rather than anxiolytic-like

behavior.

and Behavior

Manipulations with lighting conditions and repeated exposure of
GrinlKD mice to the EPM did not change their preference for the
open arms (Figure S5A-B). Interestingly, the arm preferences in the
EPM were studied in two inbred strains with impaired vision—A/J
(with the albino mutation) and CBA/J (with the retinal degeneration

t.88 That study suggested that other fac-

mutation) under varying ligh
tors than light sensitivity contribute to the arm preference in the ele-
vated plus-maze test. A more recent study explored the possibility
that the tactile system can compensate for deficient vision in C3H
inbred strain.8” There the authors demonstrated that whiskers are an
essential tactile sense that contributes to motor coordination, gait
control, spontaneous ambulation and anxiety in blind C3H mice.

Strikingly, the exposure of GrinlKD mice to the rat-sized EPM,
which is twice larger than the mouse-sized EPM, increased their dura-
tion of time spent in the enclosed arms, but reduced stereotypic
behavior and did not affect emotionality (number of defecations),
hence, excluding the anxiogenic effect of a bigger-sized plus maze on
GrinlKD mice. In opposite, the rat-sized EPM elicited a threatening
effect on WT mice, increasing this index of emotionality and reducing
their ambulation, supporting other studies.”® One explanation for such
observations is that Grin1KD mice may avoid the enclosed arms of
the mouse EPM due to their altered spatial/somatosensory percep-
tion. Indeed, laboratory mice use their whiskers as the primary sense
for exploring surroundings to navigate through the environment.”!
The whisker-mediated touch system has its anatomical and functional
brain system: “barrelettes” in the brainstem nuclei, “barreloids” in the
sensory thalamus, and “barrels” in the cortex.”* GRIN1 plays a major
role in the patterning of topographic sensory maps in the brain. For
instance, thalamus-specific deletion of the GRIN1 gene in mice caused
a lack of barrel formation which affected a range of behavioral
domains”? or disruption of the GRIN1 in L4 cortical neurons reduced
neuronal activity in the neonatal barrel cortex.”® Lee with co-authors
demonstrated that the reduction of GRIN1 expression in mice by
70%-80% prevented trigeminal afferent terminals and postsynaptic
cells to form discrete modules (“barrelettes”) in the trigeminal princi-
pal nucleus (PrV) in a mouse brain.?* Further, trigeminal neurons show
patchiness and small terminal branches in control mice, whereas a
highly branched arbor field was observed in GRIN1 deficient mice,”*
despite the reduced NMDA currents recorded from the barrelette
neurons.”® Hence, the dedicated characterization of whisking behav-
jor in our Grin1KD mouse line in future is needed, which requires the
specialized expertise as described.”® It will help to identify its impact
on the abnormal motor functions, emotional, and cognitive behavior
in Grin1 deficient mice.

Altogether, our results demonstrated that abnormal visual-spatial
sensory perception can mask behavioral phenotypes of Grin1KD mice
assessed in a battery of widely-used behavioral tests. The selective
correction of vision or/and somatosensory function in Grin1lKD mice
as a next step will accurately determine the impact of this physiologi-
cal system on abnormal behavior, including hyperactivity, stereotypy,
social, emotional and cognitive performance. For instance, the elegant
study of Orefiece with colleagues®” demonstrated that genetic lack of

Shank3 or Mecp2 in peripheral mechanosensory neurons reduced the
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density of the inhibitory interneurons in the somatosensory cortex
(S1) and basolateral amygdala, causing autism-related behavior in
mice, which was corrected by peripherally restricted GABAa receptor
agonist. Given that animal modeling of psychiatric disorders, including
autism and schizophrenia, is based on standardized behavioral
phenotyping®® as a major read-out of genetic, pharmacological or neu-
ronal manipulations, a re-design of standard experimental conditions
suitable for abnormal sensory functions is highly desirable in preclini-

cal neuroscience.
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