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White matter (WM) tract formation and axonal pathfinding are major processes in brain development allowing to
establish precise connections between targeted structures. Disruptions in axon pathfinding and connectivity
impairments will lead to neural circuitry abnormalities, often associated with various neurodevelopmental
disorders (NDDs). Among several neuroimaging methodologies, Diffusion Tensor Imaging (DTI) is a magnetic
Anterior commisstre resonance imaging (MRI) technique that has the advantage of visualizing in 3D the WM tractography of the
Hippocampal commissure whole brain non-invasively. DTI is particularly valuable in unpinning structural tract connectivity defects of
Fornix neural networks in NDDs. In this study, we used 3D DTI to unveil brain-specific tract defects in two mouse models
lacking the Nr2f1 gene, which mutations in patients have been proven to cause an emerging NDD, called Bosch-
Boonstra-Schaaf Optic Atrophy (BBSOAS). We aimed to investigate the impact of the lack of cortical Nr2fI
function on WM morphometry and tract microstructure quantifications. We found in both mutant mice partial
loss of fibers and severe misrouting of the two major cortical commissural tracts, the corpus callosum, and the
anterior commissure, as well as the two major hippocampal efferent tracts, the post-commissural fornix, and the
ventral hippocampal commissure. DTI tract malformations were supported by 2D histology, 3D fluorescent
imaging, and behavioral analyses. We propose that these interhemispheric connectivity impairments are
consistent in explaining some cognitive defects described in BBSOAS patients, particularly altered information
processing between the two brain hemispheres. Finally, our results highlight 3DDTI as a relevant neuroimaging
modality that can provide appropriate morphometric biomarkers for further diagnosis of BBSOAS patients.

1. Introduction

Bosch-Boonstra-Schaaf Optic Atrophy syndrome (BBSOAS; OMIM
615722; ORPHA 401777) is a rare autosomal dominant neuro-
developmental disorder (NDD) with an estimated prevalence between 1
in 100,000 to 250,000 people worldwide, and caused by hap-
loinsufficiency of the NR2F1 gene (also known as COUP-TFI), a key
transcriptional regulator of brain development (Bosch et al., 2014; Chen
et al., 2016; Rech et al., 2020; Bertacchi et al., 2022). Patients carrying
mutations in the NR2F1 gene typically show a combination of cognitive

symptoms, such as developmental delays, intellectual disability, speech
and language difficulties, motor dysfunctions, autism spectrum disorder
(ASD), but also signs of cortical visual impairments, hypotonia, seizures,
and others (Rech et al., 2020; Bertacchi et al., 2022; Billiet et al., 2022).
Several mouse models of loss-of-function have demonstrated that Nr2f1
plays key roles in regulating major brain developmental processes, from
proliferation and differentiation of neural progenitors to cell migration
and axonal projections of cortical neurons (reviewed in (Tocco et al.,
2021)). In particular, constitutive Nr2fInull pups show axonal elonga-
tion and somatotopic defects of the major brain commissures
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(Armentano et al., 2006; Alfano et al., 2011), and of the retino-geniculo-
cortical visual pathway (Armentano et al., 2007; Chou et al., 2013;
Bertacchi et al., 2020; Tocco et al., 2022).

The data obtained by histological and molecular analyses, axonal
tracing, and/or cell-type specific reporter mouse lines have highlighted
some of the major roles that Nr2fI plays in establishing brain circuitry
and function during development. However, very little is known about
the progression of these early defects and whether axonal impairments
are maintained or corrected in adult stages, an important issue if we
wish to correlate mouse studies to human BBSOAS pathology. In addi-
tion, these data are still incomplete in delivering an exhaustive 3D view
of axonal tract projections that could be very useful for the identification
of patient brain malformations. Histological analyses in 2D sections
suggest consistent abnormalities, but interpretations of many observa-
tions can remain limited and localized and thus, require specific 3D
imaging validations. Neuroimaging modalities are now unavoidable for
precise diagnosis allowing whole brain visualization, its microstructure,
and function (O’Connell et al., 2023). Diffusion Tensor Imaging (DTI),
which is a magnetic resonance imaging (MRI) technique has acquired a
growing interest in studying the whole brain, its structure and organi-
zation, and more specifically the white matter (WM) fiber tracking im-
aging. Here, we use morphometric parameters such as the number of
streamlines, thickness, surface area, and volume of neuronal tracts to
assess and quantify the impact of genetic ablation of Nr2f1 in neurons on
WM organization and neuronal connectivity in adult mice. Hence, 3D
DTI significantly increases our understanding of brain connectivity,
called tractography (Calamante, 2017), and more interestingly, it paves
a way to identify and study the pathophysiological conditions that could
be at the origin of damages and abnormalities in WM tracts of various
neurological and psychiatric disorders (Yen et al., 2023).

In this study, we used microscopic DTI to visualize in 3D the overall
defects of WM tracts on two distinct Nr2f1 cortico-specific knockout
mouse models, the Emx1-cKO and Nex-cKO. While in the Emx1-cKO line,
Nr2f1 expression is abolished from early cortical progenitor cells at
embryonic stage (E) 9.5 (Armentano et al., 2007), in the Nex-cKO mouse
model, Nr2f1 expression is inactivated at later stages (E11.5-E12), spe-
cifically in cortical postmitotic neurons (Alfano et al., 2014). By
comparing these two lines, we aimed to pinpoint the origin of the tract
defects and understand whether Nr2f1 acts in mitotic, post-mitotic, or
both cell types. Previous studies in cortical areal organization and tha-
lamocortical connectivity (Alfano et al., 2014), hippocampal morpho-
genesis (Flore et al., 2017; Parisot et al., 2017), and corticopontine
projections (Tocco et al., 2022) showed similarities and differences be-
tween these two models. Although highly significant, these reports,
which were mainly performed at embryonic and early postnatal stages,
are found in separate studies without any standardized overview of all
morphological and anatomical defects.

The complex behavioral and morphological phenotypes described in
Nr2f1 mouse models are consistent with the heterogeneous symptoms
observed in BBSOAS patients, hence sustaining the value of these disease
models to further dissect the origin of the syndrome (Tocco et al., 2021).
However, we were aware that the few altered axonal tracts previously
detected in these mouse lines, could not reflect the full repertoire of
phenotypic impairments described in patients (Bertacchi et al., 2022).
Consequently, the major aim of this study was to obtain a fully
comprehensive representation of cortico-specific axonal tracts in con-
ditional adult mice lacking Nr2f1 solely in the cortex by using the DTI
approach to obtain a 3D view of axonal tracts. Our experimental pro-
tocol using these two mouse models aimed to compare mitotic versus
postmitotic roles of Nr2f1 in axonal connectivity and tract formation.
Overall, our present study has unveiled new defects in the integrity and
connectivity of several major commissural fibers. Moreover, the results
of the present study have contributed to discerning the influence of
Nr2f1 in progenitors or neurons during the differentiation, guidance,
and maturation of fiber tracts.
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2. Materials and methods
2.1. Ethical approval and mice

All animal experiments were conducted in accordance with the
French Animal Welfare Act and European guidelines (directive 2010/
63/EU) for the use of experimental animals, using protocols approved by
the French Ministry of Education, Research and Innovation (APAFIS#
8019-2,018,112,919,027,679 and 8303-2,016,060,110,523,424) and
the local ethics committee in Nice (CIEPAL NCE/2019-548) and Gre-
noble (CIEPAL GIN, C2EA-04). Every precaution was taken to minimize
the number of animals used and the stress on animals during experi-
ments. Adult control (over 2 months old) and their littermate mutant
mice were used for experiments and housed 2 or 3 per cage with the
recommended environmental enrichment (wooden cubes, cotton pad,
igloo). Behavioral testing was performed during the light phase of our
12h light-dark cycle (light on at 7:00 and off at 19:00) animal facility
with food and water ad libitum, except during the novelty suppressed
feeding test. The two cortex-specific conditional mice, referred to as
Emx1-cKO and Nex-cKO, were generated by crossing Nr2f1lox/lox mice
with Nr2fllox/lox/Emx1-Cre or Nr2fllox/lox/Nex-Cre mice as previ-
ously described (Armentano et al., 2006; Armentano et al., 2007; Alfano
et al., 2014). Half of the generated mice will be Nr2fllox/lox and
designated as control mice, identical for both groups. Adult transgenic
males and females (between 2 and 5 months) were used for the histo-
logical (24 mice), for neuroimaging (26 mice) and for behavioral (up to
30 mice) experiments in the present study. The different mouse groups
were independent but had the same background strain (C57BL/6 J). The
number of mice used in each experimental approach is listed in
Table S1.

2.2. Diffusion Tensor Imaging (DTI)

DTI is an MRI method that exploits the properties of water diffusion
in an anisotropic medium. In the brain, DTI is sensitive to the micro-
architecture of WM and gray matter (GM). We measure three diffusivity
eigenvalues (also called apparent diffusion coefficients, ADC) and their
corresponding eigenvectors. In GM, the diffusion is isotropic: the three
values are equal, while in WM it is anisotropic, relatively free along the
axonal axis, (largest value) and restricted perpendicularly (lowest
values). These differences are quantified by the fractional anisotropy
parameter (FA) and discriminate WM from GM. In WM, the eigenvector
associated with the largest diffusivity is called the primary eigenvector
and indicates the fiber axis orientation. Three DTI-derived images are
used in this study: FA maps where pixels with high FA correspond to
WM; FA color maps which combine FA information and the primary
eigenvector direction defined by a color code; the fiber tracking imag-
ing, where pixels with low FA (i.e., GM) are dark and pixels with high FA
(i.e., WM) are depicted with lines having the primary eigenvector di-
rection with directionally encoded color (Alexander et al., 2007; Jiang
and Johnson, 2010).

2.3. Brain preparation for ex vivo DTI acquisitions

DTI acquisitions were performed on brains ex vivo. Skulls containing
intact brains were prepared as previously described (Gimenez et al.,
2016; Gimenez et al., 2017). Briefly, mice were transcardially perfused
with a solution containing 4% paraformaldehyde (PFA) in phosphate-
buffered (PBS), and with 6.25 mM of Gd-DOTA, a paramagnetic
contrast agent used here to reduce longitudinal relaxation T; in order to
accelerate MRI acquisitions to obtain 3D acquisitions. After removing
surrounding skin and muscles, the skulls containing intact brains were
immersed in the fixing solution for four days, and then transferred to a
Fomblin (FenS chemicals) bath for 11 days after brain fixation. This
experimental protocol provided homogeneous distribution of the Gd-
DOTA throughout the whole brain. We used Fomblin, which is a
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perfluoropolyether oil to avoid any MRI susceptibility artefacts at the
interface of air and water.

2.4. 3D DTI acquisitions

Microscopic 3D MRI acquisitions were performed ex vivo at 9.4 T
(Avance III console, Bruker — Grenoble IRMaGe facility) using a volume
coil for transmission and a head surface cryocoil for reception. 3D spin-
echo DTI sequence with Cartesian K-space sampling was used. Isotropic
high spatial resolution of 80 pm was obtained in a field of view of 15.2 x
1.2. 24 x 10.08 mm?®. The repetition time, echo time and number of
accumulations were set to 90 ms, 18.37 ms and 4, respectively. Diffusion
gradients were applied with duration § = 4 ms and a separation duration
A = 8,1 ms, in 6 different spatial orientations [1,1,0]; [0,1,1]; [1,0,1];
[1,-1,0]; [0,1,—1]; [—1,0,1] with a gradient factor (b-value) of 1700 s/
mm?. The reference diffusion image (bo-reference image or anatomical
Tow image) was acquired with a low b-value equal to 30 s/mm? in order
to suppress possible artefacts that can appear in the presence of imper-
fections of refocused 180° pulse of spin echo sequence. The total dura-
tion of the microscopic 3D DTI scan was 10 h 14 min with a signal-to-
noise ratio (SNR) around 100. MRI acquisition and reconstruction
were performed using Paravision v7.0.0 (Bruker, Ettlingen, Germany).
Spin echo was used rather than echo planar imaging (EPI) sequence to
avoid geometric distortions, and low angular resolution with signal ac-
cumulations was preferred to favor SNR, which is crucial in the case of
mice having a very small brain volume. Our method realized ex vivo has
already demonstrated its usefulness in reconstructing major WM tracts
and detecting their changes by volume quantification (Deloulme et al.,
2015; Gimenez et al., 2017).

2.5. Brain volume measurement

Total brain volumes were defined by MRI segmentation on the by-
reference images. Brains were manually segmented using Fiji software,
specifically employing the Segmentation Editor plug-in (http://fiji.sc/
Segmentation_Editor), as described by Gimenez et al. (2017). A total
number of 26 mice was used, corresponding to n = 10 for control (Ctrl),
n = 10 for Emx1-cKO, and n = 6 for Nex-cKO mice.

2.6. DTI processing and fiber tracking

3D DTI fiber tracking of the WM of the whole brain was first con-
structed for each mouse providing thereafter, the reconstruction of each
specific tract. Quantitative parameters, such as WM tract volumes, the
number of WM fibers, here denoted streamline fiber tracts, and number
of branches and fasciculations were quantified to evaluate WM tract
changes between mouse groups. 3D fiber tractography was obtained by
using the DTI track module of MedINRIA software (version 1.9.4;
http://med.inria.fr/) (Fillard and Toussaint, 2006). First, the three
diffusivity eigenvalues and their corresponding eigenvectors, as well as
the fractional anisotropy (FA) indexes, were generated pixelwise. The
3D tractography of WM fibers was computed using the Tensor Toolkit
software. First GM structures characterized by low FA values were
suppressed by applying two threshold FA values which were fixed after
several preliminary analyses to discriminate between WM and GM: FA;
= 0.4 used as the initial point to start the fiber reconstruction and FA; =
0.28 used as the cutoff value to stop fiber propagation. A whole-brain
tractogram was then obtained using one seed point per voxel (ie., 1/
(0.080 x 0.080 x 0.080) = 1950 seeds per mm3). Each specific WM fiber
tract structure was derived from the whole-brain tractogram by using
two ROIs drawn manually on the by-reference images. One was used to
select the fibers, while the other was used to exclude fibers potentially
contaminating the selected tract). The thickness of the genu of the
corpus callosum is measured using the Fiji application on by-reference
image from the coronal plane corresponding to a Bregma position of
1.10 mm. ROI positions were defined according to the coordinates
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extracted from the Paxinos mouse Atlas (Franklin and Paxinos, 2008).
Twelve tracts were mapped using this reconstruction strategy
(Table S2). Since the total brain volume of Emx-cKO and Nex-cKO mice
did not significantly differ from control mice (463 + 20 mm?, 438 + 25
mm3 and 455 + 32 mm3; p = 0,7609 and p = 0,4111 respectively;
Kruskal-Wallis test) and some tracts, such as the retroflex fasciculus,
were not altered by genetic recombination, we express the volume and
number of streamlines of neuronal tracts in raw, non-normalized values.
A total number of 26 mice was used, corresponding to n = 10 for control
(Ctrl), n = 10 for Emx1-cKO and n = 6 for Nex-cKO mice.

2.7. 2D Histology

All stereotaxic coordinates and abbreviations used in this study are
derived from Paxinos’ adult mouse atlas (Franklin and Paxinos, 2008).
The identification and definition of adult brain subregions were based
on the atlas, literature, and on cytoarchitectonic characteristics of the
different areas (i.e., cell shape or orientation). We have delineated the
areas in the main figures. A total number of 12 mice was used, corre-
sponding to n = 6 for control (Ctrl) and n = 6 for Emx1-cKO.

2.7.1. Nissl staining with Cresyl Violet

The adult mice were overdosed with sodium pentobarbital (100 mg/
kg, i.p.) and perfused transcardially with 0.1 M PBS (Sinopharm) fol-
lowed by PBS containing 4% PFA (Sigma). The brains were carefully
extracted from the skull and post-fixed overnight with freshly prepared
PFA 4% in PBS. Fixed brains that were not used immediately, were
stored at 4 °C in 0.0025% NaNOs. Brains were embedded in 4% low-
melting agarose (Life Technologies). Mouse brains were vibratome-
sectioned coronally with a thickness of 50 pm. Serial sections span-
ning 200 pm each other were collected on slices and processed for Nissl
staining. Briefly, slices were post-fixed in 4% PFA for 10 min and
incubated in the staining solution (0.025% thionin, 0.025% Cresyl Vi-
olet, 100 mM sodium acetate, 8 mM acetic acid, in deionized H5O) for 5
min at room temperature. Visualization was carried out in the de-
coloration solution (80% ethanol, 20% deionized H,O and a few drops
of acetic acid).

2.7.2. Optical imaging

Pictures were taken using a bright-field microscope (Leica
DMI6000B, acquisition software LAS AF 2.6 or LEICA MZ 16 FA Ste-
reomicroscope) equipped with a color camera for in situ hybridization
and Nissl staining. Small-volume computational clearing was used to
remove the background signal derived from out-of-focus blur. Images
were digitally documented with the camera provided by the microscope
and computer-processed using Adobe Photoshop version 6 for Windows.

2.7.3. Morphometric histological analysis

The morphometric analysis has been done on the whole extent of the
reported regions. Nissl-stained tissue sections were identified with serial
numbers and matched at the same Bregma level. 14 sections have been
considered for the anterior commissure (from Bregma 2.10 to Bregma
—0.46 mm), while 25 sections have been considered for the piriform
cortex (from Bregma 2.46 to Bregma — 2.80 mm). For the anterior part
of anterior commissure (aca from Bregma 2.10 to —0.10 mm) and the
posterior part of anterior commissure (acp from Bregma 0.26 to —0.46
mm), surface and number of branches were measured in both hemi-
spheres of control (n = 6) and Emx1-cKO (n = 6) mice. For the piriform
cortex, the entire surface and length as well as specific surface and
fragmentation of layer II were measured on one hemisphere of control
(n = 6) and Emx1-cKO mice. The piriform cortex (Pir) can be subdivided
into two regions: anterior (APir) and posterior (PPir) parts along the
anterior-posterior axis. The borderline between APir and PPir is defined
by the disappearance of the lateral olfactory tract (lo) and the thickened
layer III in the PPir (Bregma 0.02 mm) (Loscher and Ebert, 1996; Yang
and Sun, 2015). Morphologically, the Pir is easily distinguishable in
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coronal sections due to its peculiar tri-laminar organization; while layer
I is composed of sparse cells, layer II is clearly detectable thanks to the
high density of cell bodies. The different components measured were
labeled with a color-coded graphic pen using Image J software (NIH)
(Schneider et al., 2012) (Plugins: Analyze-Measure and Label) at 10x
and 20x magnifications, based on standard atlases (Franklin and Pax-
inos, 2008) and cytoarchitectonic features (Neville and Haberly, 2004).

2.7.4. 3D histology of cleared brains

Whole brains from Ctrl/Thyl-eYFP-H (n = 7) and Nex-cKO/Thy1-
eYFP-H (n = 5) mice were cleared using a protocol published by Boulan
et al. (Boulan et al., 2021). Cleared brains were 3D-imaged on a light-
sheet fluorescence microscope (Ultramicroscope II, LaVision BioTec,
Bielefeld, Germany) using a 2 x long working distance air objective lens
(WD 6 mm with the dipping cap) and ImspectorPro software (LaVision
BioTec). Acquisitions were performed with a constant lightsheet thick-
ness of 3.93 pm (x = 4.8; y = 4.8; z = 3 pm). 3D volume images were
generated using Imaris software (version 9.6, Bitplane) (Oxford Instru-
ment, Gometz-la-Ville, France). Fornices were manually segmented
using the “Isoline” drawing mode by creating a mask.

2.7.5. Behavioral tests

The Open Field Test (OFT) was used to evaluate emotional and
ambulatory behavior. The OFT consisted of a square arena (40 x 40 x
30 cm®) with dark PVC walls and a floor covered by sawdust and placed
in dim illumination (light intensity 150 Ix). The mice (Ctrl, n = 15; Nex-
cKO, n = 15) were released in the corner of the arena and given 15 min
to freely explore. The distance traveled over the arena and the central
area and the time spent in the central area (20 x 20 cm?) were recorded
and analyzed using video tracking software. Time spent in the central
area is usually considered as an index of anxiety under the assumption
that the central area is more threatening for rodents than the peripheral
area (Heredia et al., 2014). At the end of each experiment, sawdust was
changed, and the apparatus was cleaned with 75% alcohol and dried
before occupancy of the next mouse to avoid animal smells affecting the
behavior test.

The Dark Light (DL) test was performed to investigate risk assessment
and anxiety behaviors. The DL box consisted of an illuminated (30 x 20
cm?) and a dark compartment (16 x 20 cm?), separated by an opening.
Mice (Ctrl, n = 13; Nex-cKO, n = 15) were placed at the center of the lit
compartment (150 1x), and allowed free access between compartments
for 10 min. The time spent in the light compartment, latency, and
number of entries (considered when all four paws crossed the threshold)
into the dark box were recorded.

The Forced Swimming Test (FST) is one of the most widely used tests
across laboratories for assessing symptoms of depression. Mice (Ctrl, n =
8; Nex-cKO, n = 8) were individually placed in an inescapable trans-
parent cylinder filled at 25 cm height of water (23-25 °C; 12 cm in
diameter; 30 cm in height) for 6 min. The water depth was high enough
to keep animals away from the bottom and from the walls. The immo-
bility time of each animal during the last 4 min out of a total of 6 min
was measured by a trained blind observer (Porsolt et al., 1977).
Immobility was defined as the absence of movement, except for motion
that was required to maintain the animal’s head above the water. The
water was changed after each trial.

Novelty-suppressed feeding. In this experiment, animals were food-
deprived for 24 h before the test. Mice (Ctrl, n = 13; Nex-cKO, n = 14)
were introduced into a brightly illuminated test environment (same
arena used in open field) where a single food pellet was centrally placed
on a small white paper for a 5 min session. In our protocol, the latency to
reach the pellet (instead of the eating episode) was used as an index of
induced anxiety-like behavior. Immediately after testing, mice were
removed from the arena and placed into their home cage for 5 min, and
food consumption was assessed.

Social Interaction test. In this paradigm, we measured social interest,
which was defined as the approach and time that an experimental mouse

Neurobiology of Disease 193 (2024) 106455

spent with a novel mouse (“target mouse”). During a 5-min session, the
mouse was introduced in an open field arena for free exploration. At the
end of this initial exploration, the mouse was removed from the arena
and two wired cages were placed into the arena (one empty, one with
target mouse). The experimental mouse was then re-introduced in the
arena for a 10-min session. The wire mesh cage allowed visual and ol-
factory interactions between mice but prevented direct physical contact.
Time of interaction (in s) with the two cages and the locomotor activity
of the experimental mouse were recorded and analyzed by the video
tracking system. Number of mice used: Ctrl, n = 16; Nex-cKO, n = 14.

Social Dominance Tube test: Mice were tested as previously described
by (Garfield et al., 2011) in a 30 cm long and 3 cm diameter tube.
Testing was carried out in dimmed light conditions. Briefly, a wild-type
and a mutant mouse of the same gender (which did not differ in weight
by >10%) issued from the same home cage were placed at opposite ends
of the tube and released. A subject was declared a “winner” when its
opponent backed out of the tube. A y2 one-sample analysis was used to
determine if the number of wins by mutant animals was significantly
different than chance. Number of mice used: Ctrl, n = 14; Nex-cKO, n =
14.

Skilled reaching-task. This test challenges mice for skilled voluntary
movements. Adult mice (Ctrl, n = 8; Nex-cKO, n = 12) had to grasp food
pellets through an indentation. Mice were first trained to reach food
pellets with their forelimb paws through a 0.5 cm slit. The trial ended
when 20 pellets were retrieved or 10 min passed. Before, mice were
food-restricted to maintain 90% of their body weight. The training/test
chamber was built from clear Plexiglas (1 mm thickness; dimensions 20
% 8.5 x 15¢cm®). One vertical slit (0.5-cm wide; 13-cm high) was located
on the front wall of the box. Single reachable chocolate rice pellets were
located outside the slit, on a platform of 1.5cm height. After one day of
habituation to the box without the presentation of pellets, rice pellets
were presented inside the box to allow the mice to taste this food. During
5 training days, individual pellets were placed in front of the slit and
mice were video-recorded. On test day, success rate was calculated as
the percentage of successful reaches over total reaching attempts during
the 5-min session (Percent Success = (number of successful retrievals)/
100). Trials in which the mice used the tongue instead of the forelimb to
retrieve the food pellet were not recorded. The data were analyzed using
the video tracking software (Ethovision XT from Noldus Wageningen,
The Netherlands). Behavioral assays were performed between 09:00 and
16:00. Mice were investigated by observers blinded for the genotype.

2.8. Units of measurement and statistical tests

In this study, the morphometric parameters measured (streamlines,
volumes, thicknesses, and surfaces) are presented in absolute values
(number, mm®, pm, and mm?, respectively) in the histograms of the
figures and the tables. To facilitate the reading and understanding of the
results, the variations in mutant mouse groups are expressed as a per-
centage relative to the control mouse group using the following formula:
A-cKO% = ((cKO — mean Ctrl) / mean Ctrl) * 100. Two non-parametric
tests are employed in our study. Either the Kruskal-Wallis test in the case
of comparisons between the two mutant populations and the control
population, or the Mann-Whitney test in the case of comparing two
different populations. A difference between two populations is consid-
ered significant for a p-value <0.05. The mean values of absolute values
and percentage variations are expressed =+ the standard deviation (SD).
The number of mice per group and the statistical tests used are indicated
in the legends of the figures and tables. All statistical analyses are per-
formed using Prism 9.0 software.
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3. Results and coordination between them. The cc can be partitioned into distinct
regions along the anteroposterior axis: the rostrum (including the lam-

3.1. Significant rearrangement of corpus callosum projections in Nr2f1 ina rostralis), the forceps minor of cc, which connects the lateral and
mouse mutants medial surfaces of the frontal lobes and crosses the midline via the genu
of cc, and the forceps major of the cc, which links the posterior portions

The corpus callosum (cc) is the largest WM tract of the brain con- of the occipital lobes with each other and crosses the midline via the
necting the two cerebral hemispheres and facilitating communication splenium (Richards et al., 2004; Goldstein et al., 2023). Neuronal tracts
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Fig. 1. Alterations and reorganization of the corpus callosum (cc) in conditional knockout mice. (A) 3D DTI tractography of the cc in control (Ctrl), Emx1-cKO
and Nex-cKO mice. The color codes indicate WM fiber orientations are red in medial-lateral, blue in ventral-dorsal and green in rostral-caudal. Red arrows show the
genus and the splenium of the cc (gcc and sce respectively). White arrows show the forceps major (fmj) and the forceps minor (fmi) of the cc projecting toward the
frontal and the visual cortices, respectively. In both mutant mice, fmj projections are more abundant, while fmi projections are absent and the anterior part of the cc is
drastically reduced. The letter D in yellow squares indicates dorsal views. (B) Graphical plots of the cc tract and the thickness of the gcc in Ctrl (n = 10), Emx1-cKO (n
= 10) and Nex-cKO (n = 6) mice. Data represent the mean =+ S-D; Kruskal-Wallis test; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (C) Comparison of fmj
projections between control (Ctrl) and mutant mice on coronal sections at Bregma - 4.04 mm. The codes of FA color maps show the spatial direction of the axons with
medial-lateral (red), ventral-dorsal (blue), and rostral-caudal (green). The fmj tracts are shown under brackets and dashed lines indicate fmj ROIs that are drawn on
FA color map and replicated on FA map. The letter P in yellow squares indicates posterior views. (D) Graphical plots of the area and the mean FA of fmj ROIs. Data
represent the mean + S-D.; Kruskal-Wallis test for the comparison of Emx1-cKO (n = 10) and Nex-cKO (n = 6) mutants with Ctrl (n = 10) mice. Mann-Whitney test for
the comparison between Emx1-cKO and Nex-cKO mutants; n.s p > 0.05; *p < 0.01; ** p < 0.01; *** p < 0.001. Percentage changes between control and mutant mice
are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were reconstructed by DTI fiber tractography using a region of interest
(ROI) type of approach (Table S2) (Gimenez et al., 2017).

3D DTI reconstructions of the cc showed a drastic reduction of the
anterior two-thirds of the cc, including loss of the forceps minor (fmi)
projections in both Nr2f1 mutant mice (see white arrows in Fig. 1A).
Accordingly, depletion of the anterior fiber tracts in mutant mice
correlated with a thinner cc genu compared to Ctrl ones (Fig. 1A and B,
anatomical by reference images, gcc, Emx1-cKO: —34 + 4%, p = 0.0022;
Nex-cKO: —36 + 5%, p = 0.0058). Strikingly, in both mutant mice, this
anterior reduction was associated with hypertrophy of the posterior
forceps minor (fmj) projections, strongly accentuated in Nex-cKO
compared to Ctrl mice (Fig. 1A). Quantification in Fig. 1B confirmed a
significant volume reduction (Emx1-cKO: —48 + 8%, p = 0.0006; Nex-
cKO: —31 + 5%, p = 0.02) and reduction in the number of streamline
fiber tracts forming the cc (Emx1-cKO: —69 + 6%, p < 0.0001, Nex-cKO:
—56 + 4%, p = 0.02) in both Nr2f1 mutant lines when compared to Ctrl
mice. To further assess posterior changes in the cc, FA maps and color
maps were used to delineate areas of the posterior fmj projections
(Fig. 1C). The FA color maps graphically illustrate the direction of the
fibers, enabling precise delineation of the fmj ROIs in the visual cortex
(Fig. 1C, dash lines on FA color maps). The mean area of ROIs delin-
eating fmj projections turned out to be significantly larger in both
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mutants when compared to Ctrl (Fig. 1D; Emx1-cKO: 129 + 19%, p =
0.0005 and Nex-cKO: 126 + 6%, p = 0.003), suggesting a more ordered
tract; however, the mean FA of the ROIs was found significant only in
Nex-cKO mutant mice when compared to Ctrl ones (Fig. 1D; Emx1-cKO:
14 + 10%, p = 0.79 and Nex-cKO: 46 + 3%, p = 0.0091). Additionally,
the mean fractional anisotropy (FA) of the ROIs is significantly higher in
Nex-cKO compared to Emx1-cKO mice (Fig. 1D, two-tailed p-value =
0.0312, Mann-Whitney test). Altogether, these results indicate that the
absence of Nr2f1 in postmitotic neurons (Nex-cKO) induces a larger fmj
phenotype.

Overall, distinct cc defects were observed in both models of Nr2f1
mutant mice: a significant depletion of the anterior part of the cc with its
volume reduction, a reshaping of the cc posterior part, and a fmj hy-
pertrophy, which is particularly strong in Nex-cKO mice. The severe
rerouting phenotype of the cc projections, from anterior to posterior
underlines the major role of postmitotic Nr2fl in anteroposterior
development of callosal projections neurons.

3.2. Hypertrophy and branching defects of the anterior commissure in
Nr2f1 mutant mice

The anterior commissure (ac) is located ventral to the cc and to the
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ac in control (Ctrl, A), Emx1-cKO (B) and Nex-cKO (C) mice. White arrowheads point to branches of the anterior part of the ac (aca). The aca in both EmxI-cKO and
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ventral hippocampal commissure and plays an important role in inter-
hemispheric communication and coordination of brain functions. The ac
is comprised of an anterior branch (aca), a horseshoe-shaped tract
connecting the two olfactory bulbs, and a posterior one (acp) that forms
a laterally directed tract entering into the external capsule and carrying
projections between the two temporal lobes (Jouandet and Hartenstein,
1983).

Our 3D tractography reconstruction highlighted an enlargement of
the entire ac tract in association with a higher number of branches
forming the aca in both mutant mice compared to control (Ctrl) ones
(Fig. 2A-C). The aca fragmentation into multiple branches is also visu-
alized in the anatomical by reference images (white arrowheads in
Fig. 2A-C,) and was corroborated by a significant volume increase (ac,
Emx1-cKO: 82 + 15%, p = 0.0004 and Nex-cKO: 77 + 11%, p = 0.0032)
as well as component streamlines of the ac tract (ac, Emx1-cKO: 65 +
5%, p < 0.0001 and Nex-cKO: 46 + 9%, p = 0.0232; Fig. 2D) of mutant
compared to Ctrl mice. This increase concerned both the anterior (aca
volume, Emx1-cKO: 106 + 9%, p < 0.0001 and Nex-cKO: 66 + 6%, p =
0.0564; aca streamlines, Emx1-cKO: 79 + 7%, p = 0.0001 and Nex-cKO:
53 + 10%, p = 0.0434) and posterior parts of the ac (acp volume, EmxI-
cKO: 68 + 19%, p = 0.0120 and Nex-cKO: 77 + 16%, p = 0.0128; acp
streamlines, Emx1-cKO: 56 + 21%, p = 0.0047 and Nex-cKO: 34 + 8%, p
= 0.0169). The increase in the volume of the anterior part of the aca is
significantly more pronounced in Emx1-cKO mutants than in Nex-cKO
mutants (Fig. 2D, two-tailed p-value = 0.0030, Mann-Whitney test). The
number of branches forming the aca also increased significantly in both
mutant (Emx1-cKO: 153 + 11%, p < 0.0001 and Nex-cKO: 140 + 16%, p
< 0.0001) compared to Ctrl mice, but the average number of branches
was significantly higher in Emx1-cKO than in Nex-cKO mice (Fig. 2D,
Two-tailed p-value = 0.0324, Mann-Whitney test). Together, our results
show an evident hypertrophy of the ac associated with an increased
number of aca branches, which is particularly pronounced in mice in
which Nr2f1 function was abolished in progenitor cells (Emx1-cKO).

In support of the DTI data and with the aim to identify the cell
populations at the origin of the ac disorganization in Emx1-cKO brains,
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Nissl-positive neuronal cell bodies and Nissl-negative axonal tracts along
the anteroposterior axis of the ventral brain were visualized and
analyzed in histological coronal sections of adult mutant cortices
(Fig. 3A). As expected, the surfaces areas of aca and acp and the number
of aca branches, which appeared less compact and scattered, increased
significantly in Emx1-cKO compared to Ctrl mice (aca surface, EmxI-
cKO: 78 + 34%, p = 0,0043; acp surface, Emx1-cKO: 164 + 35%, p =
0,0043; aca branches, Emx1-cKO: 235 + 30%, p = 0,0022) (Fig. 3B, C).
Moreover, we found that the total surface area and length of the Emx1-
cKO Pir were both significantly altered, particularly in its anterior part
(APir), (56 + 4%, p = 0.0022 and 25 + 2%, p = 0.0022, respectively)
when compared to the Ctrl counterparts (Fig. 3D).

The Pir is part of the paleocortex and is composed of three distinct
layers (layers I to III) easily distinguishable in coronal sections due to the
high density of Nissl-positive cells in layer II (Srinivasan and Stevens,
2018). Three morphometric parameters of layer II were analyzed,
namely: surface area, fragmentation, and occupation percentage.
Interestingly, the enlargement of the APir observed in the Emx1-cKO
mutant was associated with a clear spatial disorganization of Nissl-
positive cells in layer II (Fig. 4A). Moreover, compared to Ctrl mice,
layer II of Emx1-cKO mice resulted expanded (95 + 9%, p = 0.0022),
fragmented (132 + 26%, p = 0.0022), and occupied a larger territory
within the APir (30 &+ 7%, p = 0.0043) (Fig. 4B). These three parameters
were not significantly altered in the PPir of EmxI1-cKO mutant brains
(Fig. 4B, p = 0.3939; p = 0.4545; p > 0,9999 respectively). Together,
these histological data illustrate an abnormal distribution and organi-
zation of layer II neurons, particularly in the APir cortex, in line with an
abnormally higher number of aca branches detected by 3D DTI trac-
tography in Emx1-cKO compared to Ctrl brains.

3.3. Severe reduction in both major hippocampal tracts, the ventral
hippocampal commissure, and the fornix, in Nr2f1 mutant mice

The hippocampus sends direct interhemispheric projections along
the entire dorsoventral hippocampus via a structure called the ventral
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Fig. 3. Hypertrophy of the anterior commissure (ac) is associated with an enlargement of the anterior piriform cortex (APir) in Emx1-cKO mutant mice.
(A) Sagittal diagram of mouse brain indicating the position relative to the Bregma of the four slices (a, b, ¢, and d) shown in B as well as the localization of the ac and
the Pir represented in red and blue, respectively. The boundary between the anterior and posterior parts of the piriform cortex (APir and PPir, respectively) is defined
by the disappearance of the lateral olfactory tract (lo). (B) Coronal half-sections of brains from control (Ctrl) and Emx1-cKO mice at the a, b, ¢, and d planes as
indicated in A. The anterior commissures (aca and acp) and the APir and PPir are delineated by solid red and dashed green lines, respectively. The lengths of the APir
and PPir correspond to the distance bordering the brain delimited by the two black arrowheads. Supplemental abbreviations: cc, corpus callosum; cg, cingulum; CPu,
caudate putamen; f, fornix; fmi, forceps minor of the corpus callosum; gcc, genu of corpus callosum; lo, lateral optic tract; LSV, lateral septal nucleus, ventral part;
MS, medial septal nucleus; OV, olfactory ventricle, Tu, olfactory tubercle; 3 V, 3rd ventricle. (C) Graphical plots of the means of the sum areas of aca and acp and of
the average number of aca branches. (D) Graphical plots of the means of the sum areas and the means of the sum lengths of the APir and PPir. Control (Ctrl), n = 6 and
Emx1-cKO, n = 6. Data represent the mean + S-D; Mann-Whitney test; n.s p > 0.05, * p < 0.05, ** p < 0.01. Percentage changes between Ctrl and Emx1-cKO mice are
indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Strong reduction of the ventral hippocampal commissure (vhc) in conditional knockout mice. (A) 3D DTI tractography reconstructions of the vhe in
control (Ctrl), Emx1-cKO and Nex-cKO mice. The vhc is clearly visualized on anatomical by-reference images. The streamlines are colored according to their spatial
direction with medial-lateral (red), ventral-dorsal (blue) and rostral-caudal (green) orientations. The letter L in yellow squares indicates lateral views. (B) Graphical
plots of the number of streamlines and vhc tract volume in Ctrl (n = 10), Emx1-cKO (n = 10) and Nex-cKO (n = 6) animals. Data represent the mean + S.D. Kruskal-
Wallis test for the comparison of Emx1-cKO and Nex-cKO mutant with Ctrl mice. Mann-Whitney test for the comparison between Emx1-cKO and Nex-cKO mutants; n.s
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hippocampal commissure (vhc). Our 3D DTI tractography clearly shows
a net reduction of the vhc tract in both Nr2f1 mutant mice (Fig. 5A). Like
the cc, the substantial reduction was also observed on the anatomical bg-
reference images (Fig. 5A, white arrowheads), and confirmed by a
quantitative volume reduction (Emx1-cKO: - 64 + 6%, p = 0.0002 and
Nex-cKO: - 57 + 6%, p = 0.0065) and streamline fiber tract numbers
(Emx1-cKO: - 79 + 4%, p = 0.0001 and Nex-cKO: - 72 + 6%, p = 0.0063)
in both mutant lines (Fig. 5B).

The fornix is a major hippocampal tract connecting the hippocampus
to the hypothalamus and is composed of the alveus projection and of two
major efferent tracts: the pre-commissural and the post-commissural
fornix (pf). The pf is the major output of the hippocampus and is
mainly composed of subicular axons that terminate in the mammillary
bodies (Witter, 2006). Our 3D DTI reconstructions of the pf depicted as
ventral views in Fig. 6A (pf, white arrowheads) displayed an unexpected
abnormal shape in both mutant lines. However, we noticed a more se-
vere reduction in EmxI-cKO than in Nex-cKO mutant brains since
incomplete pf could only be observed in Emx1-cKO mice (Fig. 6, red
arrowhead, 4/10 Emx1-cKO mice; 0/6 Nex-cKO mice). In comparison to
Ctrl mice, the number of streamline fiber tracts (Fig. 6B, Emx1-cKO: - 50
+ 3%, p < 0.0001 and Nex-cKO: - 37 + 4%, p = 0.0506), as well as the
volume of the pf (Fig. 6B, Emx1-cKO: - 58 + 9%, p = 0.0017 and Nex-
cKO: - 58 + 6%, p = 0.0222), were reduced in both mutant lines.
Furthermore, the severe reduction in the number of streamlines was
associated with a significant decrease in their average length, suggesting
substantial structural deterioration of this neural bundle in mutant
brains (Table S3; Emx1-cKO: —42 + 8%, p = 0.0029 and Nex-cKO: —36
+ 7%, p = 0.0052) when compared to the Ctrl counterparts. Together,
our results demonstrate a significant reduction and defects of the two
major hippocampal efferent tracts, namely the pf and the vhe, particu-
larly in the Emx1-cKO mutant brain.

In addition to DTI, we used fluorescent microscopy of cleared brains
to measure the volumetric alterations of the pf in the Nex-cKO mouse
strain expressing the eYFP protein under the control of the Thy-1 pro-
moter (Feng et al., 2000; Porrero et al., 2010) (Fig. S1A). In this mouse
strain, eYFP protein is strongly expressed in the hippocampal formation,
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including the subiculum, which is the main axonal source of the pf.
Segmentation of the pf in cleared brains revealed a similar volumetric
decrease as that measured by 3D DTI tractography (Fig. S1B; —40 + 9%,
p = 0.0303), and validate our microscopic 3D DTI tractography method
developed for ex vivo brain imaging.

3.4. No morphometric abnormalities in other brain tracts of Nr2f1
mutants

In light of the severe abnormalities observed in the major brain
commissures (cc, ac, vhe and pf) in the absence of Nr2f1, we wondered
whether other important tracts involved in cognitive and emotional
behaviors were also affected in Nr2f1 mutant brains. We thus analyzed
the integrity of the fasciculus retroflexus (fr), the main efferent tract of
the habenula involved in the regulation of the reward system and the
modulation of emotional and motivational behaviors (Roman et al.,
2020), the mammillothalamic tract (mt) connecting the mammillary
bodies and the thalamus, playing crucial roles in the circuitry of the
limbic system involved in emotion, memory, and spatial navigation and
the stria medularis (sm), which connects the habenular nuclei with the
limbic system (Roman et al., 2020). We did not find any significant
changes in the volumes, number of streamline tract fibers, or the
morphological appearance of these neuronal tracts in either Emx1-cKO
or Nex-cKO brains when compared to their Ctrl counterparts
(Fig. S2A-D).

Finally, we analyzed other WM structures that have been described
as potentially affected in Nr2fInull or cKO mice. The pyramidal tract
(py) connects the motor cortex to the spinal cord and is located ventrally
between the pons and the spinal cord. In accordance with our previous
work (Tomassy et al., 2010), no obvious differences in this tract were
reported from our 3D DTI analysis (Fig. S3A-D). The optic tract (opt),
which transmits visual stimuli from the neural retina to the thalamus,
and the stria terminalis (st), which connects the amygdala to the hy-
pothalamus, were also not affected by the absence of cortical Nr2f1
expression. However, the average length of streamline fiber tracts in the
stria terminalis was significantly reduced in the Nex-cKO but not EmxI-
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Fig. 6. Reduction and alterations of post-commissural fornices (pf) in conditional knockout mice. (A) 3D DTI tractography reconstructions of the pf in control
(Ctrl), Emx1-cKO and Nex-cKO mice. White arrowheads point to the pf tract and the red to the truncated one in the Emx1-cKO mouse. Streamline color-coded
orientations are indicated. The letter V in yellow squares indicates ventral views. (B) Graphical plots of the number of streamlines and pf volume in Ctrl (n =
10), Emx1-cKO (n = 10) and Nex-cKO (n = 6) animals. Data represent the mean =+ S.D. Kruskal-Wallis test for the comparison of Emx1-cKO and Nex-cKO mutants with

Ctrl mice. Mann-Whitney test for the comparison between Emx1-cKO and Nex-cKO mutants; n.s p > 0.05; ** p < 0.01; **** p < 0.0001. Percentage changes between
control and mutant mice are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cKO mutants when compared to Ctrls (Table S4; Nex-cKO: —10 + 3%, p
= 0.022). Since the Cre-recombinase is also expressed in the amygdalar
nuclei of Nex-Cre mice (Goebbels et al., 2006), our results suggest a
possible modification of these regions in Nex-cKO mutant mice.

3.5. Imapired locomotor and social dominance behaviors in Nex-cKO
mice

Our data have depicted a strong phenotype in several major brain
commissures in both Nr2fl mutant mice. Since these commissures
together with the fornix are known to influence several cognitive
functions, we wondered whether these aspects were altered in adult Nex-
cKO mutant mice, which were never tested for behavioral features. We
thus challenged these mice for performances in the Open Field Test
(OFT, for locomotion and anxiety), in the Dark-Light box (DL, for risk
assessment and anxiety), in the Novelty-Suppressed Feeding test (NSFT,
for induced anxiety-like behavior), in the Forced Swimming Test (FST,
for symptoms of depression), in the Social Interaction and Dominance
Tube Tests (for social interactions) and in the Skilled Reaching-Task (for
voluntary skilled movements).

Our data (Fig. 7) display an increased locomotor activity of Nex-cKO
mutant compared to control (Ctrl) mice when assessed for exploratory
activity in an open field apparatus during 15-min sessions (total distance
traveled in cm) (Ctrl: n = 15, mean = 5290 £ 300; Nex-cKO: n = 15,
mean = 6687 + 509, p = 0.04) (Fig. 7A). Despite this hyperactivity, Nex-
cKO mice performed well in the skilled reaching task when they needed
to catch food pellets through an indentation with their paws (percentage
of success) (Ctrl: n = 8, mean = 22.7% = 3.9; Nex-cKO: n = 12, mean =
19.8% + 2.2, p = 0.5) (Fig. 7B), indicating that mutant mice have no
particular problems in the coordination and planning of voluntary
movements.

To assess anxiety-like behaviors, we used different behavioral tests,
such as the OFT, the DL box, and the Novelty-suppressed Feeding tests
(Fig. 7C-E). During the OFT, the percentage of time spent in the central
area (as an index of anxiety) showed no significant changes between
controls and mutants (time in s spent in the central zone) (Ctrl: n = 15,
mean = 89 £ 9.9; Nex-cKO: n = 15, mean = 88 £+ 12.5, p = 0.9)
(Fig. 7C). Similarly, the time spent in the lighted compartment of the DL
box showed no significant difference between the two experimental
groups (Ctrl: n = 13, mean = 181 + 18; Nex-cKO: n = 15, mean = 230 +
20, p = 0.28) (Fig. 7D). In the NSFT, food-deprived mice were tested for
their motivation of hunger against the tendency to avoid the center of an
open field chamber in brightly lit conditions. Anxiogenic-related
behavior was determined by the time latency for mice to reach and
eat the pellet (Santarelli et al., 2003). Again, no statistical differences
were observed between controls and Nex-cKO mice in the time necessary
to reach the pellet in the central zone (Ctrl: n = 13, mean = 66.4 + 23;
Nex-cKO: n =14, mean = 61.7 + 17, p = 0.59) (Fig. 7E). Together, these
three independent tests assess that Nex-cKO mice are no more no less
anxious than control littermates.

Next, we assessed depression-like behaviors and levels of resignation
by testing control and mutant littermates in the FST. In this task, the
time spent floating in the cylinder filled with water is considered
immobile (immobility time) and evaluated as a sign of resignation.
Statistical analysis showed no differences between groups for the time of
immobility (Ctrl: n = 8, mean = 147.4 + 24; Nex-cKO: n = 8 mean =
176.7 + 15, p = 0.49) (Fig. 7F), suggesting no depressive-like behavior
in Nex-cKO mice.

Finally, to test social features, we first used the social interaction test
and social novelty preference (Moy et al., 2004). Both groups (Ctrl and
Nex-cKO mice) spent a significantly longer time around the wire cage
with the stranger mouse than the empty cage, strongly indicating a
preference for social novelty, and statistical analysis supported no dif-
ference between groups for the distance traveled in the apparatus during
the 5 min habituation session (Ctrl: n = 16, mean = 2021 + 152; Nex-
cKO: n = 14, mean = 1857 + 200, p = 0.33) and during the 10 min test
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Fig. 7. Behavioral studies of Nex-cKO mutant mice. (A) Mouse locomotor
activity was assessed using an open field test. Mutant mice expressed significant
hyperactivity compared to the control group. (B) Voluntary movement coor-
dination was not affected in the skilled reaching task. Anxiety-like behavior was
evaluated by mouse performance in the open-field task (time spent in the
central zone) (C), in the dark-light test (D), and in the novelty-suppressed
feeding task (by recording the time to reach the pellet) (E). Depressive-like
behavior was assessed using the forced swim test (F). During the sociability
tests, graphs show the total distance traveled (G) and the time of interaction (H)
in the whole arena during the habituation and the test sessions. In the tube test,
the number of victories was significantly higher in the Nex-cKO compared to the
control group (I). The number of mice for each test is indicated. Data represent
the mean + SD. Mann-Whitney test; n.s p > 0.05; * p < 0.05.

session (Ctrl: n = 16, mean = 3663 + 381; Nex-cKO n = 14, mean =
4191 + 613, p = 0.72) (Fig. 7G). During the test session, the time spent
exploring the empty cage (Ctrl: n = 16, mean = 72 + 17; Nex-cKO: n =
14, mean = 48 + 10, p = 0.31) and the cage containing the stranger
mouse (Ctrl: n = 16, mean = 165 + 25; Nex-cKO n = 14, mean = 163 +
37, p = 0.64) showed that both groups spent statistically more time
exploring the cage with the mouse than the empty one (F(1;28) = 18.5,
p = 0.002) (Fig. 7H). Finally, we used the social dominance or tube test,
in which two mice compete for passage in a narrow tube (Lindzey et al.,
1961; Wang et al., 2011; Fan et al., 2019). Successful performance in a
tube test is often associated with a dominant status in rodents (Lindzey
et al., 1961). Our data show that when mutant mice were paired with a
familiar, weight-matched control littermate mouse, the Nex-cKO ani-
mals won significantly more encounters (statistical analysis (11/14), x2
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= 4.84, p = 0.02) (Fig. 7I), suggesting a dominant-type social behavior
in Nex-cKO mutant mice.

Collectively, our data show that Nex-cKO mice are hyperactive, but
not particularly anxious or depressed, well perform fine skilled move-
ments, are interested in social interactions but tend to show a more
dominant type of social behavior than their control littermates.

4. Discussion
4.1. u-3D DTI acquisition visualize major mouse brain tracts

We used p-3D DTI-validated method (Gimenez et al., 2017) to
visualize the major tract of the mouse brain ex vivo. The method was
designed to reach a high spatial resolution in an acceptable scan time
and to avoid imaging artefacts that could compromise accurate quan-
tification of fiber tract changes. We used spin-echo RF sequence with
Cartesian k-space rather than the rapid EPI sequence to avoid ghost
artefacts. We put the number of gradient orientations to its lower limit to
reduce scan timing, favoring spatial resolution but also to minimize
motion artefacts that can occur from rapid switching at each diffusion
gradient orientation. Thanks to the properties of the paramagnetic Gd-
based CAs injected into mice during PFA perfusion, T; relaxation time
was decreased by about 20 times allowing the use of a very short
repetition time that accelerated MRI scan without SNR penalty. Here for
the first time, DTI tractography was applied to Nr2f1 conditional mouse
mutants and our methodology was accurate to reconstruct major WM
tract, identify tract defects, and successfully compare Emx1-cKO and
Nex-cKO mutants to control mice. Importantly, this method allowing
tract reconstruction was validated by histology and by fluorescent mi-
croscopy of cleared brains.

All these tractography outcomes reinforced our knowledge about
Nr2f1 functional role in WM development, guiding us in emitting novel
hypotheses and emphasizing us to study subtle WM tract connectivity in
the future. This cannot be achieved from the present data but rather by
using new protocols of high angular resolution diffusion imaging
(HARDI) (Alomair et al., 2015; Anderson et al., 2020). Indeed, valuable
efforts have been recently made by our group to increase imaging speed
either by using compressed sensing (de Souza et al., 2023) or by using
the Super Resolution Reconstruction post-processing method (Gimenez
et al., 2023), both with the goal to increase angular resolution in
diffusion imaging that is now largely recognized powerful in funda-
mental studies to detect impairment of WM integrity and connectivity
on animal models of neurological diseases.

4.2. The impact of interhemispheric connections in Nr2f1 mouse models

Interhemispheric communication via axonal connections between
the left and right hemispheres of the brain has been highly conserved
during evolution and plays a crucial role in the bilateral integration of
various sensory, motor, and cognitive functions. In the context of NDDs,
disruptions in these interhemispheric connections can have significant
implications for brain function and behavior. This is why it is crucial to
understand the genetic origin and specific nature of interhemispheric
connectivity disruptions that will ultimately affect the assembly and
functioning of the neuronal network. It is well accepted that proper
development of brain commissures requires a sequence of complex
processes involving area patterning, cell-type specification, guidance
cues, axonal growth, and navigation, as well as activity-dependent
establishment of contralateral connections. In humans, malfunctioning
of these events at any stage of development can prevent the normal
formation of these commissures, resulting in mild to severe sensory-
motor and cognitive conditions, characteristic of NDDs (Paul et al.,
2007; Suarez et al., 2014).
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4.3. Abnormal shape and connectivity of the corpus callosum (cc) in
Nr2f1 mutant mice and BBSOAS patients

The most common commissural abnormality described by MRI in
human patients comprises agenesis (absence) or hypoplasia (underde-
velopment) of the cc, which will lead to various emotional and social
impairments (Paul et al., 2007; Schell-Apacik et al., 2008). For example,
social situations can require rapid processing of very complex infor-
mation (i.e., lexical and affective processes) that is typically handled
within lateralized regions and may be particularly sensitive to cc ab-
normality (Paul et al., 2007).

Regarding BBSOAS, around 70-80% of patients show callosal ab-
normalities of different degrees, as reported by neuroimaging analyses
(Chen et al., 2016; Bertacchi et al., 2020; Desai et al., 2023). These
morphological defects resulted quite heterogeneous with normal or
decreased anteroposterior callosal length and segmental thinning and/
or thickening (Bertacchi et al., 2020; Desai et al., 2023). Our previous 2D
histological analysis on Nr2fl Emx1-cKO adult mutants described an
overall 30% to 40% reduction of the anteroposterior extension and total
volume of the callosal commissure (Alfano et al., 2011); however, a
detailed morphological and quantitative 3D analysis of the different
portions of the cc was lacking. Here, we show a strong volumetric
reduction of the anterior part of the cc tract (genu and fmi fibers)
associated with a striking reshaping and hypertrophy of the posterior
splenium and fmj projections (Fig. 1). Several issues might explain this
strong phenotype. On one hand, we can envisage a rerouting phenotype
of anterior to posterior cc projections associated with an abnormal
motor to somatosensory areal organization (Alfano et al., 2014); on the
other hand, tangential and radial expansion of the occipital cortex
(Bertacchi et al., 2020) might lead to an overproduction of callosal
projections, particularly after birth, when the posterior splenium shows
higher growth rates than those of the anterior genu (Ren et al., 2006).
However, since the cc defects result more severe in Nex-cKO than in
Emx1-cKO mice, i.e., in the absence of Nr2f1 expression in post-mitotic
neurons, we propose that the re-wiring process might happen in
Nr2f1-deficient callosal neurons; these neurons might be less responsive
to guidance cues, which are necessary to segregate anterior from pos-
terior projections. The semaphorin3A/neuropilin-1 signaling might be a
potential candidate pathway controlled by post-mitotic Nr2f1, since the
anterior to posterior axonal segregation within the cc was highly
disturbed upon disruption of this pathway (Zhou et al., 2013), ulti-
mately resulting in intermixing between dorsal and ventral callosal
axons, a phenotype that we also observed in Nr2fl null fetuses
(Armentano et al., 2006). Thus, the morphological heterogeneity of the
cc abnormalities observed in BBSOAS patients might depend on the
impact of individual pathogenic mutations on the modulation of this
and/or other guidance signaling pathways.

4.4. Interdependence between the corpus callosum (cc) and the ventral
hippocampal commissure (vhc)

Our tractography data show that besides the cc, the vhc located
ventrally to the cc was also strongly reduced in Emx1-cKO and Nex-cKO
mutant mice. Even if they both cross the dorsal midline, the two com-
missures innervate different contralateral targets: the cc allows proper
communication between somatotopic areas of the neocortex, whereas
the vhc is a smaller commissural pathway interconnecting ventral parts
of the hippocampus. They also serve distinct functions: the cc is mainly
required in language processing, perception, memory, and problem-
solving, while the hippocampus is a crucial structure involved in
learning, memory, and spatial navigation. Although the cc and vhc ac-
quire distinct morphologies and functions, the two structures form very
closely during mid-stage brain development and seem to depend on each
other. Several studies (including MRI) have shown that the cc is
anchored early in development, anteriorly by the lamina rostralis re-
gion, which is the first region to develop, and posteriorly by the fornix/
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hippocampal commissure (Ren et al., 2006). However, developmental
studies in rodents suggest that while the first callosal axons crossing the
midline anteriorly use pioneer axons from the cingulate cortex, in more
posterior regions, these axons grow close to the ones of the hippocampal
commissure, which forms one day earlier (Richards et al., 2004). This
implies a tight correlation between callosal axons crossing the midline
and the formation of the hippocampus and its commissure. Our previous
studies revealed a strong dysmorphic hippocampus with altered shape,
volume, and connectivity in Emx1-cKO (and to a lesser extent in Nex-
cKO) adult brains (Flore et al., 2017; Parisot et al., 2017). It is thus
possible that the malformed dorsal hippocampus in mutant mice influ-
ence the formation and trajectories of both commissures and that cal-
losal and hippocampal axons find an abnormal substrate on which to
migrate, and/or simply an alternative route.

4.5. Laminar and axonal disorganization of the piriform cortex (Pir) and
anterior commissure (ac)

Besides abnormalities in the cc, our study highlights morphological
defects of the ac and Pir in Nr2fl mutant mice. The ac has a more
evolutionary ancient origin than the cc and has the function of con-
necting olfactory and amygdaloid regions already in lower vertebrates.
The ac conveys connections to diverse brain areas through three major
routes: (i) the anterior branch carries fibers from the anterior olfactory
nucleus to the contralateral olfactory bulb, (ii) the posterior branch
connects the Pir, lateral entorhinal cortex, and temporal association
areas, and (iii) the stria terminalis branch carries fibers from the cortical
amygdala and nucleus of the lateral olfactory tract (Fenlon et al., 2021).
Our data clearly show a hypertrophic ac, including enlarged posterior
and anterior branches, together with an increased number of anterior
branches in both Nr2fl mutant mice. Interestingly, this phenotype was
more severe in the Emx1-cKO line than the Nex-cKO line (Fig. 2), and 2D
histological analysis in Emx1-cKO brains confirmed scattered axonal ac
branches and an abnormally laminar organization of the Pir (Fig. 3).
Indeed, differently from the neocortex, the Pir is composed of three
layers, characteristic of paleocortical regions, whereby layer II is
populated with a compact mix of principal cells (Mazo et al., 2017).
Interestingly, our histological study shows high laminar disorganization
of layer II neurons in Emx1-cKO mutants, particularly in the APir, the
largest region of the primary olfactory cortex and the primary site for the
initial processing of odor identity encoding and association (Wang et al.,
2020).

The Pir is considered a primary olfactory cortex by receiving direct
inputs from the olfactory bulb and sending projections to various other
brain regions, such as the amygdala, the orbitofrontal and entorhinal
cortex, which play a significant role in the emotional and cognitive
evaluation of olfactory information and processing (Wang et al., 2020).
Its functions include odor discrimination, olfactory learning and mem-
ory, pattern recognition, and integration with higher brain regions,
contributing to the ability to perceive and interpret a wide range of
smells in the environment and thus influencing emotion, memory, and
social behavior (Bekkers and Suzuki, 2013). Because of these key
cognitive functions, it is not surprising, that the Pir is implicated in
various neurological disorders, such as epilepsy and ASD (Wang et al.,
2020). Our previous study reported high expression of Nr2fI in the Pir
and associated structures (Armentano et al., 2006) and showed that loss
of Nr2f1 in the Emx1 lineage affected the maintenance of the dopami-
nergic phenotype in the olfactory bulb via an activity-dependent
mechanism (Bovetti et al., 2013). This highlights a key role for Nr2f1
in the control of sensory-dependent plasticity in peripheral olfactory
processing. Nothing is known about how this would influence central
olfactory encoding, but the abnormal organization of the Pir described
in this study might suggest that this is the case.
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4.6. Mitotic versus post-mitotic role of Nr2f1 in the development of
interhemispheric connections

The sequential development of the different commissures seems to
follow the evolutionary path, whereby the ac forms first, followed by the
hippocampal commissure and then the cc (Ashwell et al., 1996). Thus,
development might follow a basic configuration and a general plan upon
which evolution can act. Localized patterning centers, that secrete a
conserved set of morphogens able to specify cellular fate, have been
proposed to shape the formation of telencephalic commissures along the
dorsoventral axis (Suarez et al., 2014). The commissural plate is located
at the anterior telencephalic midline and expresses the fibroblast growth
factor FGF8, which provides positional information to cells by regu-
lating the expression of a whole series of patterning factors, among
which Nr2f1. Appropriate FGF8 signaling is necessary for the correct
development of neurons that will form the first commissures (anterior,
posterior and hippocampal) and also serves as a guidance cue for
growing axons (Shanmugalingam et al., 2000; Tole et al., 2006; Zhang
et al., 2023). Disruptions in FGF8 signaling can lead to abnormalities in
the formation of commissures, which may result in neurodevelopmental
disorders (Sapir et al., 2022). Since FGF8 acts very early in establishing
Nr2f1 gradient expression in progenitor cells (Garel et al., 2003; Terri-
gno et al., 2018), it is thus reasonable to expect that loss of Nr2f1, one of
the major FGF8 effector genes, will affect the formation of the com-
missures originating in the commissural plate. This is particularly
evident for the ac (Fig. 2), the most ancient forebrain commissure, that
resulted highly affected upon loss of Nr2f1 in progenitors ((Armentano
et al., 2006) and this study).

Moreover, the hippocampal plate originates from a restricted area in
the medial cortical neuroepithelium, called DGN (Dentate Gyrus Neu-
roepithelium), highly expressing Nr2f1 and patterned by secreted mor-
phogens in the hem. While mitotic deletion of Nr2f1 leads to severe
morphogenetic defects resulting in a dysmorphic hippocampus with
altered shape, volume, and connectivity (Flore et al., 2017; Parisot et al.,
2017), postmitotic Nr2fI inactivation leads to milder defects (Parisot
et al., 2017), suggesting that initial formation of the hippocampal pri-
mordium is mainly under the influence of Nr2f1 in neural progenitor
cells. However, our study also shows that the vhc and the fornix were
strongly affected in both mutants, even if Emx1-cKO brains tended to be
slightly more severe than Nex-cKO ones (Figs. 5,6). This implies that
post-mitotic Nr2f1 expression does play an important role in commis-
sural formation independently from Nr2fI mitotic expression. We pro-
pose that Nr2f1 expressed in neuronal cells refines cell-type specification
and axon guidance of developing tracts. Consistently, we reported no
obvious differences in areal organization, neocortical laminar specifi-
cation, and thalamocortical axonal projections between Emx1-cKO and
Nex-CKO cortices (Alfano et al., 2014). Hence, specification cues from
post-mitotic neurons will further refine a nascent developmental pro-
gram and drive neurons toward their final identity and target structures
(reviewed in (Bonnefont and Vanderhaeghen, 2021). This also implies
that the final specification of cortical neurons can still be influenced at
postmitotic stages, in line with our observation of similar tract defects
(apart from the ac see above) in EmxI1-cKO and Nex-cKO brains.

4.7. Abnormal interhemispheric connections and disease progression

Disruptions in the neuronal pathways that connect different regions
of the two hemispheres of the brain will lead to a range of symptoms and
conditions and contribute to the development of NDDs, including
BBSOAS. However, because the major interhemispheric connections
were altered in Nr2fl mutants, it becomes very difficult to attribute
associated functional deficits to the absence of one specific commissure.
Abnormalities in the cc, that we observed in mutant mice and in BBSOAS
patients, could lead to intellectual disabilities, attention deficits, diffi-
culties in fine motor coordination, and social interactions (Paul et al.,
2007). These anatomical defects and cognitive disabilities are well-
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represented in patients and partially reproduced in Nr2f1 conditional
mice, although with variable severities. For example, skilled motor be-
haviors involving fine motor coordination were affected in Emx1-cKO
mice (Tomassy et al., 2010), reproducing an apraxia phenotype in
BBSOAS patients (Chen et al., 2016; Bertacchi et al., 2022). However,
this was not the case for Nex-cKO mutants despite the strong cc wiring
defects (this study), suggesting that abnormal fine skilled movements
are most probably caused by other connectivity defects than abnormal
cc wiring, consistent with our previous study (Tocco et al., 2022).

On the other hand, we report that Nr2f1 loss-of-function in cortical
postmitotic neurons can influence social behavior. Social cognition and
interactions represent a sensitive domain in NDDs, and social dominance
is a critical factor for the maintenance of a stable social structure in
animals. The compartmental tube test was originally developed to test
dominance hierarchies in mice (Lindzey et al., 1961). In this study, we
show that Nr2fl Nex-cKO mutants won over littermate controls and
acted dominantly (Fig. 7I), a type of social behavior that was never re-
ported before in studies dealing with Nr2f1 mutant mice (Contesse et al.,
2019; Zhang et al., 2020). Previous work showed that social dominance
is governed by many neurotransmitters, such as dopamine (Jupp et al.,
2016) and additional brain systems (Wang et al., 2011). Notably, the
increased social dominance phenotype observed in the Nex-cKO mice is
highly similar to mouse models for monogenic forms of ASD, including
Shank2 (Han et al., 2020) or Fmrl mouse models (de Esch et al., 2015;
Zeidler et al., 2018). Increased winning in the tube test may reproduce
an inability to recognize the social status of conspecifics. Surprisingly,
we did not detect any differences in the social approach or social pref-
erence as assessed in the three-chamber test, which was instead altered
in a mouse model with a dominant-negative point mutation (Zhang
et al., 2020). This is however in line with other mouse models of ASD
where normal social approach behaviors are not affected (Molosh et al.,
2014; Papale et al., 2017). As suggested by (Borrie et al., 2021), the tube
test paradigm measures a more complex social scenario compared to the
three-chamber test since mice meet multiple conspecifics separately,
developing and maintaining a hierarchical relationship over time.

Interestingly, we found that both mutant mice, the Emx1-cKO, and
the Nex-cKO, show a higher spontaneous locomotor activity ((Contesse
et al., 2019) and this study), consistent with a hyperactivity phenotype
and often associated with Attention Deficit Hyperactivity Disorder
(ADHD), whose features have been diagnosed in 20-30% of BBSOAS
patients (Chen et al., 2016; Bertacchi et al., 2022). ADHD symptoms are
often associated with widespread brain macro- and microstructural ab-
normalities, as revealed by MRI studies, and among the affected cortical
circuits, the limbic system seems to contribute to the presence of
emotional and cognitive disturbances, as well as excessive and impulsive
behavior in young ADHD adults (Davenport et al., 2010; Gehricke et al.,
2017). Here, we show a severe volume reduction and an altered shape of
the post-commissural tract (pf) of the fornix in both Nr2f1 mutant lines
(Fig. 6). The pf belongs to a group of limbic connections involved in
memory, emotion, motivation, and spatial navigation (Bubb et al.,
2017), and its disruption is associated with deficiencies in attention,
impulse control, and executive functions (Koshiyama et al., 2020). Nr2f1
mutant mice have impaired spatial learning and memory combined with
altered hippocampal synaptic plasticity (Flore et al., 2017; Chen et al.,
2020), as well as hyperactive features and anxiolytic-like behaviors
when compared to their littermate controls (Contesse et al., 2019). A
similar pf phenotype has been described in mouse mutants deficient for
the microtubule-associated protein 6 (MAP6), whose dysregulation has
been associated with a schizophrenic-like phenotype (Deloulme et al.,
2015; Gimenez et al., 2017; Cuveillier et al., 2021). Interestingly, an
automated yeast two-hybrid screening has shown a strong binding be-
tween MAP6 and Nr2fl proteins (Albers et al., 2005), suggesting that
both factors might interact during the development of the post-
commissural fornix pathway. Moreover, semaphorin 3E controls the
development and guidance of the pf (Chauvet et al., 2007) and MAP6 is
an important effector in this signaling pathway (Deloulme et al., 2015).
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Hence, similar to the cc, the semaphorin-neuropilin signaling might
represent a convergent pathway controlling formation and guidance of
several commissural systems downstream of Nr2f1.

5. Conclusions

Thanks to the use of the 3D DTI WM tractography, reinforced by 3D
fluorescent imaging and 2D histology, we were able to unveil severe
interhemispheric commissural connectivity defects in two adult BBSOAS
mouse models. The advantage of using these two mouse lines, in which
Nr2f1 is solely inactivated in the cortex, relies on the fact that any
morphological and/or tract defects can be specifically reported as ab-
normalities intrinsic to the neocortex, paleocortex and/or archicortex.
These include piriform and entorhinal cortex, but also hippocampal and
amygdala regions, where Nr2f1 is highly expressed. In addition, these
mouse lines are viable until adulthood, thus allowing an overall char-
acterization at adult stages that can be correlated to behavior. We have
shown that 3D DTI tractography has helped investigate the specific
impact of loss of Nr2f1 on morphometry and quantitative WM micro-
structures and established relevant relationships with some brain
structures and functions; these can be further analyzed by cellular,
molecular, and behavioral means. Overall, our study highlights the
importance of generating different mouse disease models to help relate
the precise impact of the loss of the gene during early development, in
adulthood. Finally, this preclinical study clearly shows the interest of 3D
DTI to provide relevant morphometric biomarkers for a more detailed
diagnosis in BBSOAS patients, since diffusion MRI has the unique
advantage of reconstructing and studying WM tracts of the whole brain
non-invasively.
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