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Abstract

Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS) has been identified as an autosomal-dominant disorder
characterized by a complex neurological phenotype, with high prevalence of intellectual disability and optic nerve
atrophy/hypoplasia. The syndrome is caused by loss-of-function mutations in NR2F1, which encodes a highly conserved
nuclear receptor that serves as a transcriptional regulator. Previous investigations to understand the protein’s role in
neurodevelopment have mostly used mouse models with constitutive and tissue-specific homozygous knockout of Nr2f1.
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In order to represent the human disease more accurately, which is caused by heterozygous NR2F1 mutations, we
investigated a heterozygous knockout mouse model and found that this model recapitulates some of the neurological
phenotypes of BBSOAS, including altered learning/memory, hearing defects, neonatal hypotonia and decreased
hippocampal volume. The mice showed altered fear memory, and further electrophysiological investigation in hippocampal
slices revealed significantly reduced long-term potentiation and long-term depression. These results suggest that a deficit
or alteration in hippocampal synaptic plasticity may contribute to the intellectual disability frequently seen in BBSOAS.
RNA-sequencing (RNA-Seq) analysis revealed significant differential gene expression in the adult Nr2f1+/ ~ hippocampus,
including the up-regulation of multiple matrix metalloproteases, which are known to be critical for the development and
the plasticity of the nervous system. Taken together, our studies highlight the important role of Nr2f1 in neurodevelopment.
The discovery of impaired hippocampal synaptic plasticity in the heterozygous mouse model sheds light on the
pathophysiology of altered memory and cognitive function in BBSOAS.

Introduction

Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS [MIM:
615722]) has been identified recently as an autosomal-dominant
disorder characterized by a complex neurological phenotype,
including optic nerve atrophy/hypoplasia, developmental delay,
intellectual disability, hypotonia, oromotor dysfunction, thin
corpus callosum, seizures, autism spectrum disorder, attention
deficit hyperactivity disorder and hearing impairment, each
with variable penetrance (1-5). BBSOAS is caused by mutations
in NR2F1 (nuclear receptor subfamily 2 group F member 1). To
date, ~40 individuals with NR2F1 pathogenic variants have
been reported. NR2F1 encodes a highly conserved nuclear
hormone receptor and transcriptional regulator. Human NR2F1
shares more than 99% amino acid sequence identity with its
mouse homologue. Previous studies in multiple Nr2f1 knockout
mouse models revealed its functions in neurodevelopment,
among which are cortical patterning (6), eye development
(7,8) and neurogenesis (9). While most studies have focused
on constitutive homozygous knockout (perinatal lethality)
(10) or tissue-specific homozygous knockout animals (6,7,9),
all reported human individuals diagnosed with BBSOAS have
heterozygous pathogenic NR2F1 variants. To avoid the perinatal
lethality and, more importantly, to model the human disease
better, we investigated an Nr2f1 heterozygous knockout mouse
model (Nr2f1+/7), using a battery of behavioral tests, electrophys-
iological studies and brain magnetic resonance imaging (MRI).
We also performed RNA sequencing (RNA-Seq) to investigate the
differential gene expression in Nr2f1*/~ mice. We found that this
mouse model recapitulates multiple neurological phenotypes
of BBSOAS, providing insight into the affected tissues and the
alterations leading to the disease.

Results

Nr2f1*/~ mice do not show decreased visual contrast
sensitivity

Nr2f1*/~ mice used in this study had been generated previously
(10). The knockout allele deletes the entire DNA-binding domain
and two-thirds of the ligand-binding domain. The knockout
allele is considered as a null instead of a dominant-negative
mutant, as no Nr2fl transcripts were detected in Nr2f1~/~
embryos (10). We first checked whether Nr2f1*/~ mice display
visual impairment, given that optic nerve atrophy/hypoplasia
in human patients with BBSOAS results in various degrees of
vision loss. The optokinetic reflexes are reflexive head and
eye movements elicited by a visual stimulus moving along a
horizontal direction and function to stabilize an image on the
retina. This visually guided behavior relies on the ability of

the retina to detect a contrast difference between the darker
and lighter bars in a stimulus (Fig. 1A) (11,12). No significant
difference in contrast sensitivity between 8-week-old Nr2f1+/~
and wild-type mice was found with the optokinetic reflex test
(Fig. 1B). These data suggested that Nr2f1*/~ mice do not have
significantly decreased visual performance.

Nr2f1*/~ mice display hearing defects and neonatal
hypotonia

Because some BBSOAS patients have hearing impairment, we
measured hearing ability in Nr2f1*/~ mice with the auditory
brainstem response (ABR), which is used widely in infants and
lab animals to assess hearing defects resulting from neurological
abnormalities of the auditory nerves and the auditory pathway
(13). Auditory thresholds were determined by decreasing the
sound intensity of each stimulus in 5 dB steps (90 to 10 dB). In
comparison with wild-type littermates, the 9-week-old Nr2f1+/~
mice showed an ABR threshold increase at low frequency stim-
ulation (4 and 8 kHz) (Fig. 1C). The 18-week-old Nr2f1*/~ mice
showed significantly increased ABR thresholds at the stimula-
tion frequency of 8 and 16 kHz (Fig. 1D). However, the histology
and immunofluorescence staining in the Nr2f1*/~ mice showed
no gross abnormalities in the organ of Corti at embryonic day 18
(E18) and postnatal day 2 (p2) (Supplementary Material, Figure
S1 (A)-S1 (D)). Distortion product otoacoustic emission (DPOAE)
test was used to assess the function of outer hair cells in p20
mice. We did not see a significant change in the DPOAE threshold
between Nr2f1*/~ and wild-type mice (Supplementary Material,
Figure S1 (E)). These data suggest that Nr2f1+/~ mice recapitulate
the hearing defects of BBSOAS patients.

Given that ~75% of BBSOAS patients have hypotonia and
~60% of BBSOAS patients have a history of feeding difficulties
(2 manifestation of decreased muscle tone in humans at a
young age that usually resolves later in life), we tested whether
Nr2f1*/~ mice have hypotonia by performing the surface-
righting test (14,15). Postnatal day 6 (p6) pups were placed on
a flat surface on their back with all paws facing up in the air.
The latency to flipping over onto their stomach with all paws
touching the surface was measured. Longer latency is expected
in hypotonic pups. As shown in Figure 1E, a surface-righting
test on p6 Nr2f1*/~ and wild-type pups showed a statistically
significant difference, with Nr2f1¥/~ pups taking more time to
right themselves in contrast to wild-type littermates. These
data suggest that Nr2fl*/~ pups have neonatal hypotonia.
Notably, the body weight of p6 Nr2f1*/~ pups is significantly
less than the wild-type pups, which is likely caused by feeding
difficulties resulting from decreased muscle tone (Fig. 1F). The
grip strength assay measures the maximum force of the mice
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Figure 1. Nr2f11/~ mice have hearing defects and neonatal hypotonia. (A) Illustration of optokinetic reflex test. (B) Contrast sensitivity of 8-week-old mice in the
optokinetic reflex test, as an indication of visual performance. N=10. (C, D) The hearing ability was evaluated by the ABR in 9-week-old mice (C) and 18-week-old mice
(D). N=3-4. (E) Latency of p6 pups to flip from their back onto their stomach with all paws on the surface in the righting reflex test. Long latency indicates hypotonia.
N =19-21. (F) Body weight of p6 pups. N=19-21. (G) Maximum force of the forelimb pulling by 13-week-old female mice, as an indication of muscle strength. N=13-15.
(H) Maximum force of the forelimb pulling by 13-week-old male mice, as an indication of muscle strength. N =10-18. Data are shown as mean + standard error of mean.
n.s. not significant, *P <0.05, **P < 0.01, ***P < 0.001.
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forelimbs grabbing a bar. This test assesses muscle strength
and tone in adult mice (16). Grip strength assay on 13-week-old
female Nr2f1+/~ mice showed a small, but significant decrease in
forelimb grip strength in contrast with that of wild-type female
mice (Fig. 1G). However, we found no significant difference
in grip strength between male Nr2fl*/~ and male wild-type
littermates (Fig. 1H). The data of the grip strength assay are
presented individually for each sex, as the body weight of male
mice is significantly heavier than that of female mice. There was
no significant body weight difference between female Nr2f1+/~
and female wild-type littermates when the assay was performed
(Supplementary Material, Figure S2 (F)). Taken together, our data
suggest that Nr2f1*/~ mice have neonatal hypotonia.

Some BBSOAS patients also manifest neurobehavioral
or psychiatric features, such as autism spectrum disorder,
attention deficit hyperactivity disorder/attention deficit disorder
and repetitive behaviors. To assess the corresponding behavioral
traits in mice, we performed the elevated plus maze test and the
light dark box test for anxiety-like behaviors (Supplementary
Material, Figure S2 (A) and S2 (B)); the marble burying assay for
repetitive digging behaviors (Supplementary Material, Figure
S2(C)) and the 3-chamber interaction assay for sociability
(Supplementary Material, Figure S2 (D)). Other tests conducted
with the mice included the accelerating rotarod test for
motor learning and coordination (Supplementary Material,
Figure S2 (E)), and the acoustic startle response test followed
by prepulse inhibition testing for schizophrenia-associated
behavior (Supplementary Material, Figure S2 (G) and S2 (H)).
In short, Nr2f1*/~ mice behaved largely normal in all these tests
in contrast to wild-type littermates, except that Nr2f1*/~ mice
showed decreased acoustic startle response (Supplementary
Material, Figure S2 (G)), which may be resulting from decreased
muscle tone or hearing deficits.

Nr2f1™~ mice have decreased hippocampal volume
and display altered fear memory

Given that structural brain anomalies are reported in a subset
of BBSOAS patients, we examined the brain structure of adult
Nr2f1*/~ mice using MRI. While the general brain morphology
and the volume of the whole brain are normal, MRI volumetric
analysis indicated that Nr2f1*/~ mice have a smaller hippocam-
pal volume and increased volume in other brain regions such
as neocortex, caudate and putamen (Fig. 2A). Quantification of
neuronal cell density in the somatosensory cortex and stria-
tum by counting the NeuN-positive cells showed no signifi-
cant difference between Nr2f1+/~ mice and wild-type littermates
(Supplementary Material, Figure S3 (A) and S3 (B)), suggesting
that Nr2f17/~ mice have an increased total number of neuronal
cells in these brain regions without altering cell density. Given
the role of the hippocampus in learning and memory, and the
high prevalence of mild to moderate intellectual disability in
patients with BBSOAS, we investigated whether Nr2f1*/~ mice
have learning/memory deficits using two different behavioral
tests: the contextual fear conditioning test and the spontaneous
alternation Y-maze test. In the contextual fear conditioning test,
the mice were trained on Day O to associate the chamber with
an electric foot shock. Fear memory response was evaluated
the following days by scoring the freezing time when the mice
were placed in the same chamber (Fig. 2C). On Day 1 (24 h after
training), Nr2f1*/~ and wild-type littermates froze for similar
amounts of time, suggesting that Nr2f1*/~ mice do not have an
impairment in contextual fear learning (Fig. 2B). The extinction
of fear memory was achieved by repeated exposure of the mice

to the same chamber once a day for 5 min each day without
foot shock. We found that Nr2f1*/~ mice showed an alteration
in memory extinction on Day 2, as they spent significantly more
time freezing in contrast to their wild-type littermates. A similar
trend was also observed at Day 3, but without statistical sig-
nificance (Fig. 2B). This suggests a possible deficit or alteration
in fear memory extinction in Nr2f1*/~ mice, which is particu-
larly interesting in the context of reports of prolonged memory
in human BBSOAS patients (Dr. Schaaf, personal reports). We
also evaluated the spatial working memory in Nr2f1*/~ mice
by performing the spontaneous alternation Y-maze test, which
makes use of the tendency of mice to explore alternate maze
arms on successive trials (Fig. 2D). No significant difference was
found between Nr2f1*/~ mice and wild-type littermates (Fig. 2E).
Taken together, these data suggest that Nr2f1*/~ mice display
altered fear memory, while spatial working memory appeared
to be normal.

Nr2f1*/~ mice show impaired synaptic plasticity in the
hippocampus

We investigated the mechanisms underlying the altered fear
memory by electrophysiological studies, testing synaptic
transmission and plasticity in the hippocampus. In acute
hippocampal slices obtained from adult Nr2fi*/~ mice, we
studied the Schaffer collateral synapses in CAl. The paired-pulse
ratio showed no significant changes in pre- and postsynaptic
transmission when comparing Nr2f1*/~ mice and wild-type
littermates (Fig. 3A). To investigate the synaptic plasticity in
the hippocampus of Nr2f1*/~ mice, we measured long-term
potentiation (LTP) and long-term depression (LTD), both of which
have been studied extensively and are believed to represent
cellular correlates of learning and memory (17). LTP and LTD
affect neuronal synaptic plasticity by increasing and decreasing
synaptic strength, respectively. While LTP was induced in the
wild-type animals by a standard stimulation protocol (two trains
of 100 Hz for 1 s with a 20 s inter-train intervals), LTP was
largely absent in Nr2f1+/~ mice (Fig. 3B and C). LTD, the activity-
dependent reduction in the efficacy of neuronal synapses was
significantly impaired in Nr2f1*/~ mice. The hippocampal slices
of Nr2f1*/~ mice failed to maintain the LTD, which had been
induced by low-frequency stimulation (200 ms paired pulse
interval, 900 stimuli and 1 Hz inter-pair interval) (Fig. 3D and E).
The dendritic spine morphology and the overall spine density
of the primary hippocampal neuronal culture derived from
Nr2f1*/~ mice are not significantly different from those of wild
type littermates (Supplementary Material, Figure S3 (C)).

To study the molecular changes that might lead to altered
fear memory and deficits in hippocampal LTP and LTD, we
performed RNA-Seq to compare gene expression in the hip-
pocampus of adult Nr2f1*+/~ and wild-type mice. Expression of
1153 genes differed significantly (876 and 277 genes are up-
regulated and down-regulated in Nr2f1+/~ hippocampus, respec-
tively) (Fig. 3(F) and Supplementary Material, Table S2). Multiple
matrix metalloproteases (MMPs) were found to be up-regulated
in the Nr2f1+/~ hippocampus. MMPs are critical for the develop-
ment and the plasticity of the nervous system (18). We validated
the up-regulation of Mmp2, Mmp15 and Hspg2 in the MMP path-
way by quantitative PCR (Fig. 3G). Analyzing the RNA-Seq data
set based on an overlap enrichment of the down-regulated genes
using the Intellectual and Developmental Disability (IDD) genes
available from literature (method similar to Pohodich et al. (19))
detected no significant findings.
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Figure 2. Nr2f11/~ mice have decreased hippocampal volume and display altered fear memory. (A) MRI volumetric analysis of different brain regions. N=5.
(B) Conditioned fear testing. Graphs indicate time spent freezing in the shock chamber. Fear memory retention was evaluated from Day 1 to Day 4 daily, when mice
were placed in the same chamber for 5 min without tone or foot stimuli. N =25-30. (C) Illustration of contextual fear conditioning and fear memory retention test.
(D) Mlustration of spontaneous alternation Y-maze test. (E) The alternation score in spontaneous alternation Y-maze, as an indication of spatial working memory.
N =32-35. Data are shown as mean + standard error of mean. n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

Discussion

Individuals with BBSOAS manifest an array of neurological and
behavioral features, which may be in part a reflection of NR2F1’s
critical role as a transcriptional regulator during neurodevelop-
ment. Here we report a mouse model for BBSOAS and provide a
characterization of neuronal and behavioral phenotypes, using
brain MRI, electrophysiological studies and behavioral inves-
tigation. Hippocampus-related phenotypes are a focus in our
study, as intellectual disability is one of the most prominent and
most highly penetrant features of BBSOAS. Reduced hippocam-
pal volumes have been reported in schizophrenia (20), post-
traumatic stress disorder (21), depression (22) and intellectual
disability-associated genetic disorders (23,24). Previous studies
of a tissue-specific knockout of mouse Nr2fl in the neocortex
and hippocampus showed about 50% reduction of overall hip-
pocampal volume (25). However, such dramatic reduction was

neither detected in BBSOAS patients nor in our heterozygous
mouse model (10% reduction), which demonstrates the impor-
tance of gene dosage in this translational disease model. Reduc-
tion of hippocampal volume has not been reported in BBSOAS
patients, which may be based on lack of sensitivity of clinical
MR imaging or lack of such targeted analysis. Future investiga-
tion of hippocampal volume and structure in BBSOAS patients
should be considered, as even small developmental variations
in hippocampal volume may impact cognitive function, as doc-
umented in 22q11.2 deletion syndrome (24,26), for example. Spa-
tial memory defects in the water maze test have been reported
in neocortical- and hippocampal-knockout models of Nr2f1 (25).
Here, we showed that loss of one copy of Nr2f1 is sufficient to
cause altered fear memory, likely resulting from the impairment
in hippocampal LTD. LTD and LTP are coordinated processes to
maintain the homeostasis of synaptic plasticity by modulating
synaptic strength. LTD is necessary for behavioral flexibility (27),
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as LTD impairments in mice have been reported to disrupt fear
memory extinction (28) and the reversal learning task (29), in
which mice learn to adapt their behavior when the reward values
or punishment are reversed from previous conditions. Inter-
estingly, although most BBSOAS patients are diagnosed with
mild to moderate intellectual disability by intelligent quotient
testing, many of them have been reported to have extraordinary
long-term memory. For example, the individual (Individual 6
in Bosch et al. (1)) with a de novo missense variant, c¢.335G>A
(p.Argl12Lys), speaks two languages fluently and possesses an
exceptional ability to remember dates of birth years later while
having an IQ of 52. A cohort of ~ 50 individuals with BBSOAS will
be presented in another report (M.R. et al., in submission), which
shows that ~ 79% of the patients have unusually good long-term
memory.

We performed ophthalmoscopic examination in Nr2f1+/~
mice to check for optic nerve defects in addition to the
optokinetic reflex testing, which evaluates the entire visual
pathway, including retina, diencephalon, midbrain, pons and
dorsal medulla (30). We did not find a significant difference
between Nr2f1+/~ and wild-type littermates in either test. This
could be explained by the functional redundancy between
Nr2fl and its paralog, Nr2f2. An eye-specific double knockout
of Nr2f1 and Nr2f2 in mice leads to major eye abnormalities,
but does not do so in eye-specific single knockout of Nr2f1
(7). Interestingly, Bertacchi et al. recently showed that another
heterozygous knockout mouse model displays multiple ocular
abnormalities, including optic disk malformations, reduced
optic axonal conduction velocity and associative visual learning
deficits (8). In their associative visual learning behavioral assay,
while the reported heterozygous knockout mice were able to
reach the selection criteria (to associate between pressing a
lever and obtaining a food pellet) as the wild-type mice during
the preliminary training in a well-illuminated environment, the
heterozygous knockout mice showed a deficit in associating the
dim visual cue with the operant task (obtaining a food pellet
by pressing the lever only during the ‘light on’ period but not
‘light off’ period in a light on/light off protocol). In agreement
with our result, this experiment may suggest that the Nr2f1
heterozygous knockout mouse models do not manifest dramatic
vision impairment, atleast in the well-illuminated environment.
Regarding the ocular abnormalities, Bertacchi et al. proposed
that the discrepancy between the eye-specific single knockout
of Nr2f1 (7) and their constitutive heterozygous knockout mouse
model may be explained by the mouse model difference and/or
the efficiency and timing of the conditional knockout mice.
Additional investigation is needed to find out the underlying
cause of the difference.

Several behavioral phenotypes observed in individuals with
BBSOAS were not reproduced in this mouse model of heterozy-
gous Nr2f1 deletion. This may be explained, in part, by the higher
sensitivity of detecting such alterations in humans. Additionally,
it should be noted that individuals with point mutations in the
DNA-binding domain of NR2F1 have a more severe phenotype
in contrast to individuals with heterozygous deletion of the
entire gene based on a dominant-negative effect (3). The same
may be true in mice. Another loss-of-function Nr2fl mouse
model, with conditional knockout of Nr2f1 in neocortical and
hippocampal neurons, has also been assessed for repetitive and
anxiety-like behaviors. No significant repetitive behaviors in
the marble burying assay and the nestlet shredding test were
found (31). The same model showed no anxiety-like behaviors
in the elevated plus maze test (25). However, decreased anxiety-
like behaviors were described in another report using the same
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mouse model. There, elevated plus maze and dark-light tests
were used, although no changes in anxiety were observed in the
open-field assay in the same study (31).

Several reports suggest a possible genotype-phenotype cor-
relation in BBSOAS (3,32), with missense variants in the DNA-
binding domain leading to a more severe phenotype in contrast
with the ones in the ligand-binding domain or whole gene dele-
tions. A dominant negative effect was proposed to be the likely
cause of the phenotypic severity in BBSOAS patients carrying the
DNA-binding domain variants (3). Given that the heterozygous
knockout mouse model in this study already manifests multiple
neurological defects, it would be interesting to see whether
knock-in mouse models bearing the DNA-binding domain vari-
ants may manifest a more pronounced phenotype in contrast to
Nr2f1*/~ mice.

Conclusions

We characterized a heterozygous knockout Nr2fl1 mouse model
as a BBSOAS disease animal model, which recapitulates multiple
neurological phenotypes. We showed that loss of one copy of
Nr2f1 leads to decreased hippocampal volume, altered learn-
ing/memory, hearing defects and neonatal hypotonia. A sum-
mary of phenotypes observed in this study and the biomedical
literature is presented in Supplementary Materials, Table S1.

The discovery of impaired hippocampal synaptic plasticity
in the mouse model sheds light on the pathophysiology of
cognitive deficits and memory phenotypes in BBSOAS patients.
Future studies should further investigate the direct targets of
Nr2fl and the molecular and cellular pathways that are part
of the memory-related deficits. Human studies including high-
resolution MR imaging are needed to explore long-term memory
in BBSOAS and further refine hippocampal phenotypes.

Materials and Methods
Measurement of optokinetic reflexes (OKR)

We tested visually guided behavior in 8-week-old heterozygote
and wild-type mice to determine whether visual function was
affected in Nr2f1*/~ mice. We choose to test contrast sensitivity
using OKR as these reflexes are independent of cortical function
and have been successfully used to detect abnormal retinal
function in a wide range of mouse models (11,12,33,34). OKRs
are the involuntary moments of mice’s heads in the (temporal
to nasal) direction of a moving contrast gradient. The contrast
gradient (%) that is sufficient to evoke such a response half of
the time is defined as the contrast sensitivity of the eye. We
tested contrast sensitivities using a custom-built OKR set up
previously described (11,12). In short, mice were exposed to 100
moving gradients (50 leftward, 50 rightward) that were displayed
as a virtual cylinder displayed on four screens surrounding
the mouse. A custom written protocol in MATLAB controlled
gradient contrast and direction using a Bayesian one-step-ahead
search, based on a prior protocol from extended previous testing
of C57BL/6 mice. A trained observer chose the expected direction
of the stimulus based on the mouse’ head movements after
each trial. During the experiment, the observer was masked to
direction and contrast of the stimuli, as well as the genotype of
the mouse. Each mouse was adapted to the behavior room for
2 h prior to testing, and all tests were performed in the dark to
minimize effects of light adaption to behavioral responses. The
mean photopic light intensity was 0.87 log10 cd/m?, and relative
intensities ranged approximately 2 log units from peak to peak
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at highest contrast. Data are shown as mean + standard error of
mean and analyzed by unpaired t-test.

Auditory brainstem response

ABRs were measured as previously described (35). Briefly, 2-
month-old or 4-month-old mice were anesthetized using an
intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Normal body temperature was maintained through-
out the procedure by placing the mice on a heating pad. Pure
tone stimuli from 4 to 48 kHz (ABRs) were generated using
Tucker Davis Technologies System 3 digital signal processing
hardware and software (Tucker Davis Technologies, Alachua, FL,
USA), and the intensity of the tone stimuli was calibrated using a
type 4938 1/4” pressure-field calibration microphone (Briiel and
Kjeer, Neerum, Denmark). ABR signals were recorded with sub-
cutaneous needle electrodes inserted at the vertex of the scalp,
the postauricular region (reference) and the back leg (ground).
Auditory thresholds were determined by decreasing the sound
intensity of each stimulus in 5 dB steps (90 to 10 dB) until the
lowest sound intensity with reproducible and recognizable ABR
waveforms was reached. Data are shown as mean =+ standard
error of mean and analyzed by two-way ANOVA with repeated
measurement with Bonferroni’s post hoc analysis.

Righting reflex test

The latency to righting is commonly used to assess the basic
motor coordination and hypotonia in mice at early developmen-
tal ages (14). p6 pups were placed on a flat surface on their
back with all paws facing up in the air. The latency to flipping
over onto its stomach with all paws touching the surface was
recorded. The test was repeated four times, and the average time
toright was calculated. Data are shown as mean + standard error
of mean and analyzed by unpaired t-test.

Grip strength

Grip strength was tested by holding 13-week-old mice by the
tail and allowing them to grasp the middle of a bar (Chatillon-
Ametek) with both forepaws. Mice were pulled away from the
bar until they released the bar. Each mouse completed three
pulls, and the maximum force from each pull was averaged. Data
are shown as mean =+ standard error of mean and analyzed by
unpaired t-test.

MRI of the mouse brain

Eight-month-old Nr2f1*/~ or wild-type littermates were tran-
scardially perfused with heparinized 1x PBS followed by 4% PFA
fixation. The skin, muscle, ear, nose tip and lower jaw were
removed to expose the skull. The head was then fixed in 4%
PFA overnight at 4°C. The head was then transferred to 0.01%
sodium azide in 1x PBS for 7 days at 4°C followed by a final
transferring to 5 mMm gadopentetate dimeglumine and 0.01%
sodium azide in 1x PBS. Mouse brains were then scanned by
MRI using a diffusion tensor imaging (DTI) protocol to determine
directional water diffusion within the brain. The DTI scans were
analyzed for fractional anisotropy as a metric for the presence
of white matter. Alignment and automated segmentation of
the brains permitted quantitative comparison of white matter
density in various brain regions, as well as determination of

volume changes. Whole-brain voxel-by-voxel statistical analysis
further revealed regions of difference.

Contextual fear conditioning and fear memory
retention

Contextual fear conditioning was used to evaluate the learn-
ing and memory formation in 14-week-old mice as previously
described with few modifications (36,37). The mice were trained
at Day O in a chamber with a grid floor that could deliver an
electric shock (Med Associates, Inc.). Each mouse was habituated
in the chamber for 2 min, after which a tone (30 s, 5 kHz,
85 dB) coincided with a scrambled foot shock (2 s, 0.72 mA).
The tone/foot-shock stimuli were repeated 2 min later. The mice
were then returned to the home cage. Fear memory retention
was evaluated on Day 1 to Day 4 daily. At each time point,
mice were placed in the same chamber for 5 min without tone
or foot stimuli. The freezing of the mice was recorded and
scored automatically by ANY-maze (Stoelting). Data are shown
as mean +standard error of mean and were analyzed by two-
way ANOVA with Bonferroni’s post hoc analysis.

Continuous spontaneous alternation Y-maze

The spontaneous alternation Y-maze was used to evaluate the
spatial working memory in 14-week-old mice as previously
described with few modifications (38). The mice were placed
in the center area of the Y-maze and allowed to freely explore
the maze for 5 min. The sequence of arms explored by the mice
was recorded by ANY-maze (Stoelting). The alternation score
was calculated by (number of alternations)/(total arm entries
minus two) (39). Data are shown as mean =+ standard error of
mean and analyzed by unpaired t-test.

Electrophysiology

Two-month old mice were anesthetized by isoflurane inhalation
and decapitated. Transverse hippocampal slices (400 pm) were
prepared in chilled cutting solution containing (in mm): 220 mm
sucrose, 2.5 mM KCl, 0.5 mM CaCl,, 7 mm MgCl,, 1.25 mmMm
NaH,PO,, 25 mM NaHCO; and 7 mMm D-glucose. Slices were
recovered in artificial cerebrospinal fluid (ACSF) containing
125 mMm NacCl, 2.5 mM KCl, 2 mm CaCl,, 1 mMm MgCl, 1.25 mMm
NaH,PO,, 25 mM NaHCO; and 14.83 mM D-glucose for 30 min at
37°C and then incubated at room temperature. Field excitatory
postsynaptic potentials (fEPSPs) were recorded from Schaffer
collaterals of CA1, and a bipolar tungsten stimulation electrode
(WPI) was placed in the middle region of the stratum radiatum
to stimulate the Schaffer collaterals every 20 s. The recording
pipettes were filled with the 2 M NaCl (1-2 M), and their
distance to the stimulating electrode were kept constant
(~300 pm). Input/output (I/O) curves were generated using
incremental stimulus intensities and were used to assess
baseline synaptic transmission. For LTP and LTD experiments,
stable baseline fEPSPs were recorded for 20 min at an intensity
that induced ~40% of the maximal evoked response. LTP
was induced by high-frequency stimulation consisting of
two trains of 100 Hz for 1 s with 20 s inter-train intervals.
The protocol used to induce LTD was low-frequency stimuli
with a 200 ms paired pulse interval, 900 stimuli and a 1 Hz
inter-pair interval. Paired-pulse facilitation was assessed via
systematic stimuli with different intervals (25, 50, 100, 200, 400
and 800 ms). The paired-pulse ratio was obtained by dividing



the rising slope of the second fEPSP by the rising slope of
the first fEPSP. Each experiment was performed on a slice
from a different mouse. The recordings were made using
MultiClamp 700B amplifiers. Data acquisition and analysis
were performed using digitizer Digidata 1440A and analysis
software pClamp 10 (Molecular Devices). Signals were filtered
at 2 kHz and sampled at 10 kHz. All recordings were performed
at 30°C by using an automatic temperature controller (Warner
Instrument, Hamden, CT). Data are shown as mean + standard
error of mean. fEPSP slope was normalized to the baseline.
LTP and LTD (%) were calculated as follows: 100 x [mean
fEPSP slope during the final 10 min of recording/mean base-
line fEPSP slope]. Results were considered to be significant
at P <0.05.

RNA-sequencing and bioinformatics analysis

Three-month-old Nr2f1*/~ or wild-type littermates were
sacrificed. Total RNA was extracted from hippocampus using
miRNeasy mini kit (Qiagen) with on-column DNase digestion
according to the manufacturer’s instructions. Pair-end RNA-Seq
was performed using Illumina HiSeq 2500. Sequencing of all
the samples was performed by the Genomic and RNA Profiling
Core at Baylor College of Medicine. For each sample, about 40
to 60 million of 101 bp paired-end reads were generated. The
quality of raw reads was assessed using FastQC. The average
per base quality score across all the files was >34 and had
passed all the major tests. The raw reads were aligned to the Mus
musculus genome (Gencode Version M1—Ensembl 65/NCBIM37)
using STAR v2.4.2a (40). The mappability of unique reads for
each sample was above 89%. The htseg-count function in HTSeq
(41) with union mode (—m union) was used to accumulate
the number of aligned reads that falls under the exons of
the gene. The obtained read counts are analogous to the
expression level of each gene across all the samples. Genes
with raw mean reads > 10 (i.e. ~17800 genes) were used for
further downstream analysis. Normalization and differential
gene expression analysis were carried out using the DESeq2
package (42) in R. The Wald test defined in the DESeq function
of the package was used for differential expression analysis. A
gene is called differentially expressed if the Benjamini-Hochberg
false discovery rate (FDR) is <0.05, giving us a total of 1153
differentially expressed genes. Principal component analysis
(PCA), hierarchical clustering plots (hclust) and XY plots between
replicates of similar genotypes were used to do a sanity check for
a nominal amount of non-technical variation and other latent
factors. PCA and hclust plots were generated using ggplot2
(43). All the heatmaps of differentially expressed genes were
generated using pheatmap package in R environment.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from the mouse hippocampus
with an miRNeasy Mini Kit (Qiagen) following the manufac-
turer’s instructions. RNA was quantified using a NanoDrop
1000 spectrophotometer (Thermo Fisher). RNA was reverse-
transcribed to complementary DNA using a reverse tran-
scription kit (Qiagen). Complementary DNA samples then
underwent quantitative real-time polymerase chain reaction
on the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad Laboratories) with SYBR Green FastMix (Quanta Bio-
sciences). Relative quantities of NR2F1 messenger RNA were
measured with the AACT method and normalized against the
housekeeping gene GAPDH. The primer sequences were as
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follows: mouse Nr2fl forward, 5'-GCACTACGGCCAATTCACCT-
3; mouse Nr2fl reverse, 5-TTGGAGGCATTCTTCCTCGC-3;
mouse Mmp2 forward, 5'-GGACAAGTGGTCCGCGTAAA-3’; mouse
Mmp2 reverse, 5'-CCGACCGTTGAACAGGAAGG-3’; mouse Mmp14
forward, 5-CAGTATGGCTACCTACCTCCAG-3'; mouse Mmpl4
reverse, 5-GCCTTGCCTGTCACTTGTAAA-3'; mouse Mmpl5
forward, 5-CAGGAAAGGCATGGAACAAT-3'; mouse Mmpl5
reverse, 5-TACCAGCCCAGCTTCTCAGT-3'; mouse Hspg2 forward,
5'-TTCCAGATGGTCTATTTCCGGG-3'; and mouse Hspg2 reverse,
5-CTTGGCACTTGCATCCTCC-3'.

Supplementary Material

Supplementary Material is available at HMG online.
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