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Background: Nuclear Factor One X (NFIX) haploinsufficiency in humans results in Malan syndrome, a disorder
characterized by overgrowth,macrocephaly and intellectual disability. Although clinical assessments have deter-
mined the underlying symptomology of Malan syndrome, the fundamental mechanisms contributing to the
enlarged head circumference and intellectual disability in these patients remains undefined.
Methods: Here, we used Nfix heterozygous mice as a model to investigate these aspects of Malan syndrome.
Volumetric magnetic resonance imaging (MRI) was used to calculate the volumes of 20 brain sub regions.
Diffusion tensor MRI was used to perform tractography-based analyses of the corpus callosum, hippocampal
commissure, and anterior commissure, as well as structural connectome mapping of the whole brain. Immuno-
histochemistry examined the neocortical cellular populations. Two behavioral assays were performed, including
the active place avoidance task to assess spatial navigation and learning and memory function, and the
3-chambered sociability task to examine social behaviour.
Findings: Adult Nfix+/− mice exhibit significantly increased brain volume (megalencephaly) compared to
wildtypes, with the cerebral cortex showing the highest increase. Moreover, all three forebrain commissures,
in particular the anterior commissure, revealed significantly reduced fractional anisotropy, axial and radial diffu-
sivity, and tract density intensity. Structural connectome analyses revealed aberrant connectivity betweenmany
crucial brain regions. Finally, Nfix+/− mice exhibit behavioral deficits that model intellectual disability.
Interpretation: Collectively, these data provide a significant conceptual advance in our understanding of Malan
syndrome by suggesting that megalencephaly underlies the enlarged head size of these patients, and that
disrupted cortical connectivity may contribute to the intellectual disability these patients exhibit.
Fund:Australian Research Council (ARC) Discovery Project Grants, ARC Fellowship, NYSTEM and Australian Post-
graduate Fellowships.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Malan syndrome (MIM #614753) is caused by mutations in the
Nuclear Factor One-X (NFIX) gene in humans [1]. Heterozygous NFIX
deletions or nonsense/missense mutations in the DNA-binding/
dimerization domain (exon 2/3) of NFIX (MIM #164005), located at
al Sciences, The University of

. This is an open access article under
chromosome 19p13.2, results in loss of protein function, which is re-
ferred to as NFIX haploinsufficiency [1–4]. The clinical features of
Malan syndrome include prenatal and childhood overgrowth, develop-
mental delays, macrocephaly (head circumference N2 standard devia-
tion from the corresponding age of the population), intellectual
disability, and autistic-like traits [1,5]. Patients also exhibit advanced
bone age and stereotypical craniofacial features [1,5]. Recently, a review
of Malan syndrome patients summarized that while the majority (60
out of 79 cases) of patients had macrocephaly, neuroimaging showed
relatively normal brain structure in most patients with the occasional
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Nuclear Factor One X (NFIX) haploinsufficiency in humans results
in Malan syndrome, a disorder characterized by overgrowth,
macrocephaly and intellectual disability. Although clinical assess-
ments have determined the underlying symptomology of Malan
syndrome, the fundamental mechanisms contributing to their en-
larged head circumference and intellectual disability in these pa-
tients remains undefined.

Added value of the study

This study used Nfix heterozygous mice as a model to investi-
gate these aspects ofMalan syndrome. Usingmagnetic resonance
imaging, this study reveals that brain volume (termed as
megalencephaly) is significantly increased within adult Nfix+/−

mice, most markedly within the cerebral cortex. Moreover, using
diffusion magnetic resonance imaging and tractography-based
analyses, we reveal microstructural deficits within major forebrain
commissures and aberrant connectivity between many crucial
brain regions. Finally, we demonstrate that Nfix+/− mice exhibit
cortically-mediated behavioral deficits that model intellectual
disability.

Implications of all the available evidence

Collectively, these data suggest that the macrocephaly exhibited
within Malan syndrome likely arises from megalencephaly, as
well as providing insights into the structural and behavioral corre-
lates underlying the intellectual disability of these patients. In sum-
mary, this study models brain structure and behavior in Nfix
heterozygous mice to provide a significant conceptual advance
in our understanding of the factors underlying Malan syndrome.
These findings suggest that future assessments of Malan syn-
drome patients could include high-resolution neuroimaging, such
as DTMRI and tractography, to identify megalencephaly and aber-
rant brain connectivity.
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non-specific abnormality such as enlarged ventricles, small callosal
bodies, and cortical dysplasia [5]. Macrocephaly is clinically distinct
from megalencephaly, as the latter refers to enlargements of brain
size and weight [6–8]. Notably, megalencephaly can underlie
macrocephaly and both can be associated within the same develop-
mental disorder [6,7]. Therefore, it is possible that the macrocephaly
phenotype featured in Malan syndrome patients is due to
megalencephaly. However, other than basic clinical assessment of
these patients, the cause of macrocephaly in these patients remains
unclear, as is whether these patients exhibit normal connectivity
within the brain.

Here, we used mice lacking one allele of Nfix as a model to probe
these aspects of Malan syndrome. NFIX in rodents is crucial for the de-
velopmentof numerous regionsof the central nervous system, including
the neocortex [9], hippocampus [10,11], and cerebellum [12], as well as
in skeletal muscle formation [13,14]. At a mechanistic level, NFIX pro-
motes theasymmetric division of neural stemcells (NSCs)within the ce-
rebral cortex, but the long-term impact of the complete loss of Nfix is
difficult to assess, as homozygotes die at weaning [9,15]. Interestingly,
NFIX is expressed by neurons in each of the six layers of the cortical
plate of the adult mouse neocortex [16], however, the role of NFIX in
these mature neuronal populations has not been investigated. Recently,
we have shown that NFIX is a crucial mediator within the adult NSC
populations of the hippocampus [17] and ventricular-subventricular
zone [18] of the mature mouse brain. In contrast, Nfix heterozygous
(Nfix+/−) mice survive until adulthood [9,11] making them an ideal
model to investigate brain size and connectivity as a proxy for Malan
syndrome. We have previously shown that adult Nfix+/− mice exhibit
abnormal hippocampalmorphology, and have deficiencies in theMorris
water maze, a hippocampal-dependent learning and memory task [10].
However, a deeper investigation of brain structure, connectivity and
function has yet to be performed on Nfix+/−animals. Here, we per-
formed magnetic resonance imaging (MRI), immunohistochemistry
and analysis of cortically-controlled behavior in adult Nfix+/− mice.
We reveal that Nfix+/− mice exhibit megalencephaly, as well as abnor-
mal connectivity within major cortical regions. Furthermore, these
mice exhibit learning andmemory impairments, aswell as abnormal so-
cial behaviors, that are reminiscent of intellectual disability in human
patients. Collectively, these data suggest that the macrocephaly exhib-
ited within Malan syndrome likely arises from megalencephaly, as
well as providing insights into the structural and behavioral correlates
underlying the intellectual disability of these patients.

2. Materials and methods

2.1. Animals

All experiments conformed to The University of Queensland's Ani-
mal Welfare Unit guidelines for animal use in research (AEC approval
number: QBI383/16). Additionally, all work was carried in accordance
to theAustralian Code of Practice for the Care andUse of Animals for Sci-
entific Purposes and the University of Queensland's Institutional Bio-
safety committee. Mice were maintained on a C57BL/6 J background.
Experiments were conducted using adult (11–13weeks)Nfix heterozy-
gousmice (Nfix+/−) andwildtype (Nfix+/+) littermatemice as controls.
All animals were genotyped as described previously [9].

2.2. Magnetic resonance imaging

For volumetric and diffusion MRI analyses, adult Nfix+/+ (male =
5, female = 4) and Nfix+/− (male = 4, female = 7) brains were
used. Mice were anesthetized with lethabarb (VIRBAC PTY) and per-
fused transcardially with 0.1 M phosphate-buffered saline (PBS),
followed by 4% (w/v) paraformaldehyde (pH 7.4; Sigma-Aldrich) in
PBS. Brains were removed from the skull and post-fixed in 4% PFA
for 24 h. Before MRI scanning, the brains were washed in 0.1 M PBS
with 0.2% v/v gadopentetate dimeglumine (Magnevist, Bayer, Leverku-
sen) for four days [19]. MRI data were acquired using a 16.4 T vertical
bore microimaging system (Bruker Biospin, Rheinstetten; ParaVision
v6.01) equipped with Micro2.5 imaging gradient and a 15 mm linear
surface acoustic wave coil (M2M, Brisbane, Australia). Three-
dimensional (3D) T1/T2*-weighted FLASH structural images were ac-
quired using a gradient echo imaging sequence with the following pa-
rameters: repetition time (TR) = 50 ms, echo time (TE) = 12 ms,
bandwidth = 50 kHz, field of view (FOV) = 19.6 × 11.4 × 8.4 mm
and matrix size = 654 × 380 × 280, which results in 30 μm isotropic
image resolution, with the acquisition time of 30 mins. 3D diffusion-
weighted images (DWI) data were acquired using a Stejskal-Tanner
DWI spin-echo sequence with TR = 200 ms, TE = 23 ms, δ/Δ =
2.5/12 ms, bandwidth = 50 kHz, FOV = 19.6 × 11.4 × 8.4 mm and
matrix size = 196 × 114 × 84, image resolution = 100 μm, 30 direc-
tion diffusion encoding with b-value = 5000 s/mm2, two b = 0 im-
ages, with the acquisition time of 17 h. DWI datasets were zero-
filled by a factor of 1.5 in all dimensions prior to Fourier transform
to improve fiber tracking [20].

To perform volumetric analyses, the Brookhaven National Labora-
tory (BNL) 3DMRI C57BL/6 J adultmouse brain atlas [21]was registered
to the FLASH images using FMRIB Software Library's linear and non-
linear registration (FLIRT and FNIRT, fsl.fmrib.ox.ac.uk). Model-based

http://fsl.fmrib.ox.ac.uk
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segmentation of 20 brain regions was performed on each sample and
their volumes were measured using ITK-SNAP (www.itksnap.org/). To
analyze the diffusion MRI data, the intensity of the DWI datasets
were first bias corrected using ANTs N4BiasFieldCorrection and proc-
essed using MRtrix3 software (www.mrtrix.org). Fiber orientation
distribution (FOD) was reconstructed using constrained spherical
deconvolution (CSD) method, and probabilistic tractography was per-
formed using iFOD2 algorithm. Tractographywas performed for specific
major white matter tracts, and for the whole brain for the structural
connectome analyses. Firstly, the seeding regions of interest (ROIs)
were manually drawn in the midsagittal and coronal sections of the
color vector map, and fiber tracks were generated for the corpus
callosum, hippocampal commissure, and anterior commissure at 100
seeds per voxel. From these structures parametric maps, including
tract density imaging (TDI, which measures number of tracts within a
voxel unit) [22] and diffusion-tensor MRI (DTMRI) metrics, including
fractional anisotropy (which measures the microstructural integrity of
axonal tracts), and mean, radial and axial diffusivities (which measures
the overall watermotility, and in the perpendicular and parallel orienta-
tions to axonal bundles, respectively) [23] were calculated for each
structure and compared between wildtype and Nfix+/− brains. To per-
form structural connectome analyses, whole-brain probabilistic
tractography was generated using 10 seeds per voxel. The modified
Centre for Advanced Imaging (CAI)-John Hopkins MRI atlas [24] was
used to segment the whole brain tractography into a connectivity ma-
trix comprising of 100 nodes. The degree of a node in a network corre-
sponds to the number of connections a node has with other nodes. The
Network Based Statistic (NBS) toolbox [25] was used to detect changes
in the brain connectivity network betweenwildtype andNfix+/−mouse
brains. NBS results was examined using a range of primary thresholds
(t = 2.5 to 3.5) to avoid false positive and bias from using a single
threshold [24]. The final brain connectivity changes were presented
using the results calculated at t=3.5based on thehighest statistical sig-
nificance (the lowest family wise error rate (FWER)-corrected p-value
of any components). No differences in the volumetric and tractography
analyses were found between genders within each genotype in our
dataset, hence results shown (Table 1, Fig. 2, Fig. 3 and Fig. 4) include
combined genders.
Table 1
Volume changes in the Nfix+/− adult mouse brain.

Absolute volume (mm3) (mea

Structure Nfix+/+

Total brain 457.75 ± 20.63
Corpus callosum and external capsule 15.94 ± 1.64
Neocortex 139.29 ± 9.75
Anterior commissure 1.14 ± 0.07
Basal forebrain septum 13.59 ± 0.79
Amygdala 12.86 ± 0.76
Caudate putamen 27.31 ± 1.22
Hippocampus 26.53 ± 1.49
Globus pallidus 3.23 ± 0.12
Ventricles 1.57 ± 0.12
Hypothalamus 12.51 ± 0.77
Internal capsule 2.70 ± 0.13
Thalamus 26.54 ± 1.23
Cerebellum 51.83 ± 3.26
Fimbria 2.77 ± 0.18
Superior colliculi 8.86 ± 0.39
Inferior colliculi 6.40 ± 0.45
Brain stem 54.87 ± 3.07
Rest of midbrain 12.25 ± 0.57
Central gray 4.27 ± 0.18
Olfactory bulb 25.06 ± 1.18

The BNL C57BL/6 J adult mouse brain atlas was used to performmodel-based segmentation of 2
All sub regionswithin theNfix+/− adultmice, except for the inferior colliculi, showed significant
increased compared to wildtypes. Statistical analyses performed using Student's t-test and mu
2.3. Immunohistochemistry

Animals were perfused as described above (2.2) and brains were
stored in 0.1 M PBS at 4 °C until required. For all histological experi-
ments, brains were post-fixed for 48–72 h before being embedded in
3% noble agar (BD Biosciences) and sectioned coronally at 50 μm using
a vibratome (Leica). Sections (n = 3) from comparable positions
along the rostral-caudal axis of the brain were used for each genotype
(n = 3). For hematoxylin staining, sections were rehydrated in tap
water and incubated in Mayer's Hematoxylin (Sigma-Aldrich, USA) so-
lution for 2 and half minutes. The sections were washed for 1 min with
tap water before being dehydrated in an ethanol-xylene series and
cover-slipped using DPX mounting medium (Ajax Finechem). An
Aperio slide scanner using Imagescope (Lecia Biosystems) at 20× mag-
nification was used for all brightfield images. Immunofluorescence la-
belling was performed as previously described [26]. Briefly, sections
were mounted on slides before heat-mediated antigen retrieval was
performed in a 10 mM sodium-citrate solution (pH 6.0) at 95 °C for
15 min. Sections were incubated for 2 h in a blocking solution [2% vol/
vol normal donkey serum (Vector Laboratories) with 0.2% vol/vol
Triton-X 100 in PBS] containing donkey serum. Primary antibodies di-
luted in blocking solution were applied to sections and incubated over-
night at 4 °C. The following primary antibodies were used: anti-Ctip2
(1:400, Abcam #ab18465), anti-Satb2 (1:500, Abcam #ab51502), anti-
Olig2 (1/400, Abcam #ab9610), anti PDGFRα (1/200, R&D Systems
#AF1062), and anti-S100β (1/400, Abcam #ab66028). Following over-
night incubation, corresponding secondary antibodies (Alexa Flour488
and Cy3 raised in donkey) were applied to sections for 2 h. Sections
were counter-stained with Hoechst (Thermo Fisher) and cover-
slipped using fluorescentmountingmedium (DAKO). The following cel-
lular populations were analyzed: upper (II, III, IV) layer neurons (Satb2
+/Ctip2-), deeper (V, VI) layer neurons (Satb2-/Ctip2+), astrocytes
(S100β+), oligodendrocyte precursors (Olig2+/PDGFRα-), andmature
oligodendrocytes (Olig2+/PDGFRα+). Immunofluorescence labelled
sections were imaged at 10× magnification on a Diskovery spinning
disk confocal microscope using NIS Elements (Nikon19) and Andor
iXon888 EMCCD camera at a depth of 15 μm and Z-step size of 2.5 μm.
Low magnification fluorescent images represent composite images of
n ± SD)

Nfix+/− p-value
Nfix+/−

% increase

532.34 ± 22.61 b0.0001 16.29%
20.00 ± 1.24 b0.0001 25.46%
171.49 ± 8.86 b0.0001 23.11%
1.34 ± 0.11 b0.001 17.52%
15.91 ± 0.75 b0.0001 17.00%
15.03 ± 0.87 b0.0001 16.88%
31.87 ± 1.51 b0.0001 16.66%
30.84 ± 1.67 b0.0001 16.24%
3.74 ± 0.21 b0.0001 15.78%
1.81 ± 0.10 b0.001 15.22%
14.31 ± 1.07 b0.001 14.40%
3.08 ± 0.13 b0.0001 13.93%
30.22 ± 1.04 b0.0001 13.88%
58.97 ± 2.11 b0.0001 13.77%
3.10 ± 0.17 b0.001 11.97%
9.86 ± 0.58 b0.001 11.32%
7.09 ± 1.02 ns. 10.75%
58.89 ± 4.66 b0.05 7.34%
13.49 ± 0.69 b0.001 10.16%
4.60 ± 0.24 b0.05 7.93%
26.02 ± 4.71 b0.001 3.80%

0 brain sub regions inwildtype (Nfix+/+, n= 9) and heterozygous (Nfix+/−, n= 11)mice.
ly increased absolute volumes. Thepercentage ofNfix+/− total brain and all sub regionswas
ltiple comparisons were adjusted using the Bonferroni-Dunn correction method.

http://www.itksnap.org
http://www.mrtrix.org
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the whole 15 μm stack, whereas high-magnification images represent a
single 2.5 μm optical slice. All histological images were analyzed in Fiji
(ImageJ, open-source). Neocortical cell counts were performed in a
counting window of 270 μm width by 1600 μm length by 15 μm
depth, using the Allen Brain Atlas (http://atlas.brain-map.org/atlas) as
a guide. All measurements and cell counts were performed along the
rostral-caudal axis blind to the genotype. For Di-I labelling, 3-week old
control (n = 5) and Nfix+/− mouse (n = 5) were transcardially per-
fused with 4% PFA and post-fixed in 4% PFA for 24 h before extracting
brains. Brains were hemisected using sharp blade and DiI crystal was
inserted into the anterior commissure using the fornix as a guide. Brains
were incubated in 4% PFA at 37 °C for 4 months before being sectioned
coronally at 50 μm using a vibratome and imaged using the Discovery
spinning disk confocal microscope.

2.4. Behavioral assays

Littermates of the same gender were raised together in boxes con-
taining 2–5 mice regardless of their genotype. Mice were subjected to
the least stressful test (3-chambered sociability) first before the most
stressful test (active place avoidance) with a 2-day break between ex-
periments. All data were acquired using Ethovision™XT (Noldus Infor-
mation Technology, NLD) tracking software and experiments were
performed blind to the genotype of mice. A modified 3-chambered so-
ciability test apparatus [27]was used to examine social behavior, specif-
ically social approach behavior in Trial 1 and preference for social
novelty in Trial 2. Adult mice included 29 Nfix+/+ (male = 18, female
= 11) mice and 32 Nfix+/− (male = 21, female = 11) mice. Briefly,
the testmousewas placed in the center of a 3-chambered social interac-
tion apparatus to habituate for 5min. In Trial 1, the test mousewas con-
fined to the central chamber using dividers and the first conspecific
mouse of the same-sex and size was placed centrally in either the left
or right chamber within a wire framed steel cage. The dividers were re-
movedand the testmousemoved freely between the three chambers for
5min. In trial 2, the test mouse was again confined to the central cham-
ber anda secondnovelmousewasplaced in the remainingwired framed
steel cage. The dividers were removed and the test mousemoved freely
between the three chambers for a further 5 min. The amount of time
spent in close proximity to the conspecific mouse (interaction zone set
to 6 cmradius)was recorded for each testmouse overeach trial anddur-
ing habituation. The APA task was used to assess spatial navigation,
learning and memory [28], and was performed as described previously
[29]. Adult mice included 26 Nfix+/+ (male = 15, female = 11) mice
and 28 Nfix+/− (male = 15, female = 13) mice. Briefly, the test mouse
was placed onto a slowly rotating (clockwise at 1 rotation per minute)
platform arena situated within a room marked by four visual cues on
each wall. When the animal entered a fixed shock zone within the
arena, an electric shock (0.5 milliamps charge) was released at 15milli-
seconds intervals until mouse left the shock zone. Prior to testing, the
test mouse first underwent habituation, where it explored the arena
for 5 min without (inactive) electric shocks. The following day began
the first of 5 consecutive days inwhich themousewas placed on the ro-
tating platform for 10 min with active electric shocks. Measurements
taken include, number of shocks received, latency tofirst and seconden-
trance into the zone, maximum time themouse avoided the zone, aver-
age speed, and total distance travelled. The time to the second entrance
was calculated from the start of the experiment until the time of the sec-
ond entrance of a mouse to the shock zone. Analysis of each gender
(Fig. S4) within the 3-chambered sociability and APA task revealed no
differences between genotypes in all measurements taken, hence, all
analyses in Fig. 5 and Fig. 6 were pooled by gender.

2.5. Statistical analyses

Statistical analyses were performed using GraphPad Prism 7
(GraphPad Software, La Jolla California USA). Student's t-tests were
usedwhen comparing two groups. Two-wayANOVAwas performed in-
volving two independent variables, with repeated measures if applica-
ble. Multiple comparisons were adjusted using the Bonferroni-Dunn
correction method. Statistical significance was established at a p-value
of b0.05. Error bars on graphs represent standard error of the mean
(SEM).

3. Results

3.1. Nfix+/− adult mice exhibit increased brain volume

Given that Malan syndrome patients have relatively normal brain
structure [5], we hypothesized that the macrocephalic phenotype pres-
ent in Malan syndrome patients is due to an expansion of brain size. To
address this, we performed in-depth neuroimaging and histological
analyses using adult Nfix+/− mice as a model. Firstly, using high-
resolution gradient echo (T1/T2*-weighted) imaging at a resolution of
30 μm, we examined the volumetric differences of 20 sub regions of
the brain between adult Nfix+/− and wildtype mice (Table 1). Total
brain volume was significantly (t17 = 7.36, p b .0001) increased in
Nfix+/− (532.34 ± 22.61) mice compared to wildtypes (457.75 ±
20.63). Partitioning of the brain into sub regions further indicated that
the volumes of 19 out of 20 regions of the brain in Nfix+/− mice were
significantly increased (Table 1). Further analysis showed that the
three largest volume increases in the heterozygous brain included the
corpus callosum (25.46%), neocortex (23.11%), and anterior commis-
sure (17.52%). Interestingly, the percentage of each sub region to the
total brain volume was very similar between Nfix+/- and wildtypes
(data not shown), indicating that the expansion of total brain volume
is due to a proportionate increase of all sub regions throughout the
brain. This is consistent with expression data in mice showing that
NFIX is expressed in proliferative zones throughout the developing em-
bryonic neuroaxis, including the dorsal and ventral telencephalon
(Fig. S1), as well as the developing brain stem [9,11,15,30]. Taken to-
gether, these data demonstrate thatNfix+/−mice havemegalencephaly.

3.2. Expansion of cortical layers within the neocortex of Nfix+/− adult mice

Megalencephaly can be characterized by excessive neuronal and/or
glia production, or abnormal migration leading to enlarged cerebral
growth [6–8]. Therefore, we next investigated potential causes that
could underlie megalencephaly in these Nfix heterozygotes. Focusing
on the neocortex, we compared the thickness of the cortical plate in
adultNfix+/− andwildtypemice using hematoxylin stained coronal sec-
tions at rostral and caudal levels. On rostral sections, measurements
were taken at the cingulate cortex and rostral somatosensory cortex,
while caudal sections were used to measure the cortical plate thickness
within the retrosplenial cortex and the caudal somatosensory cortex
(Fig. 1a-b). The thickness of the Nfix+/− neocortex was significantly
larger in comparison to wildtypes (Fig. 1c-d). The cingulate cortex in-
creased by 25.02%, (t6= 4.342, p= .004), rostral somatosensory cortex
by 19.02% (t6= 2.86, p= .023), caudal somatosensory cortex by 29.49%
(t4 = 3.203, p = .03), and retrosplenial cortex by 27.79% (t4 = 5.506,
p = .005).

Given these findings, we hypothesized that the increased thickness
of the cortical plate in Nfix heterozygotes could arise from elevated
numbers of neurons and glia, which are the post-mitotic progeny of cor-
tical NSCs [31]. To test this, we performed co-immunofluorescence la-
belling using cell-specific markers on adult Nfix+/− and wildtype
coronal sections. We quantified upper (II, III, IV) layer neurons using
special AT-rich sequence-binding protein 2 (Satb2) antibody [32],
deep (VI and V) cortical neurons using chicken ovalbumin upstream
promoter transcription factor-interacting protein 2 (Ctip2) antibody
[33], astrocytes using S100 calcium-binding protein β (S100β) [34],
and precursor oligodendrocytes and myelinated oligodendrocytes
using oligodendrocyte transcription factor 2 (Olig2) [35], and platelet-

http://atlas.brain-map.org/atlas
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derived growth factor receptor α (PDGFRα) [36] antibodies, respec-
tively. Notably, there was no obvious disruption of cortical lamination
of the neuronal populations within each layer of the Nfix+/− neocortex
compared to wildtypes (Fig. 1e-f). Quantification within the
retrosplenial and somatosensory cortex (Fig. 1g-h) revealed significant
increase in Satb2+ upper layer neurons/μm3 (retrosplenial: t5 =
3.348, p = .02; somatosensory: t5 = 6.458, p = .001) and Ctip2+
deeper layer neurons/μm3 (retrosplenial: t5= 3.099, p= .027; somato-
sensory: t5 = 5.02, p= .004) in the Nfix+/− cortex. Moreover, quantifi-
cation of glial cells (Fig. S2) showed increased S100β+ astrocytes/μm3

(somatosensory: t4 = 3.656, p = .022) and Olig2+ oligodendrocytes/
μm3 (retrosplenial: t4 = 3.157, p = .034; somatosensory: t4 = 3.391,
p = .028) PDGFRα+ oligodendrocytes/μm3 (retrosplenial: t4 = 4.534,
p = .011; somatosensory: t4 = 7.284, p = .002). The density of all
cell-types was not significantly different between heterozygous and
wildtype cortices (data not shown), indicating that the expansion of
cortical thickness is due to an increase in overall cell number while
maintaining a normal cellular distribution. Additionally, there were no
significant changes in the ratio of the thickness of layers II-IV over layers
V-VI between the genotypes in any of the cortical regions analyzed. Col-
lectively, theMRI volumetric and immunohistochemical analyses reveal
that Nfix heterozygosity culminates in elevated neural and glial
cell number within the adult neocortex, ultimately leading to
megalencephaly within these animals.

3.3. Nfix+/− adult mice have aberrant microstructure of major forebrain
commissure tracts

To date, neuroimaging analysis of Malan syndrome patients has
been very limited, and thus, the consequence of NFIX haploinsufficiency
with relation to brain connectivity remains unknown.WhileMalan syn-
dromepatients display hypoplasia of the corpus callosum [5], the extent
of axonal disruption and subsequent structural organization has not
been studied. To address this, we performed diffusion tensor magnetic
resonance imaging (DTMRI) and tractography-based analyses on the
threemajor forebrain commissures, the corpus callosum, thehippocam-
pal commissure and the anterior commissure, of adult Nfix+/+ and
Nfix+/−mice. Inwildtypemouse brains, all three commissures revealed
well-defined white matter tract bundles and high fractional anisotropy
(Fig. 2a-l). In contrast, the commissures inNfix+/−mice revealed signif-
icantly reduced fractional anisotropy (Fig. 2m) within the corpus
callosum (t18 = 2.28, p = .035), the hippocampal commissure (t18 =
3.1, p = .006), and the anterior commissure (t18 = 3.796, p = .001).
Furthermore, compared to wildtypes, all three Nfix+/− forebrain
commissures (corpus callosum: t18 = 2.414, p = .02; hippocampal
commissure: t18 = 3.901, p = .001; anterior commissure: t18 = 4.108,
p = .0007) had significantly less axial diffusivity (Fig. 2n), while the
Nfix+/− anterior commissure (t18 = 3.22, p = .005) also exhibited sig-
nificantly reduced radial diffusivity (Fig. 2o). Taken together, these
data demonstrate that the forebrain commissures had loss of micro-
structural integrity and reduced directional coherence, indicative of ab-
normal fanning and bending of white matter tracts. Directionality maps
of Nfix+/− brains revealed that the fiber tracts of the major forebrain
commissures were indeed aberrantly dispersed (Fig. 3a-l). This was
most prominent in the anterior commissure (Fig. 3i-l), which showed
an abnormally high number of tracts in the dorsal-ventral direction
compared towildtypes. The tract density intensity of theNfix+/− hippo-
campal commissure (t18 = 3.086, p = .006) and anterior commissure
Fig. 1.Nfix+/− mice have expanded cerebral cortices and increased number of cortical neurons.
(n=4) brains shownat lowmagnification (caudal section as representative), panels (a′) and (b
the cingulate cortex and rostral somatosensory cortex using rostral sections, and retrosplenia
cingulate, retrosplenial, and somatosensory cortex of Nfix+/− mice were significantly larger
sections (n = 3 per genotype) using antibodies against Satb2 to identify cortical neurons in
counts were performed in a window of 1000 μm width by 6000 μm length by 15 μm depth w
significant increases in Satb2+ upper and Ctip2+ deeper cortical neuron number in both the
mean ± SEM. (ns) not significant, *p b .05; **p b .01, t-test. Scale bars: (b) = 1 mm, (b′) = 50
(t18 = 3.997, p b .0008) were also significantly decreased compared to
wildtypes (Fig. 3m), indicating that the axonal tracts within these struc-
tures were less densely packed.

To validate whether the abnormal fiber tracts in Nfix+/− mice iden-
tified by DTMRI tractography were recapitulated in vivo, we performed
fluorescent DiI labelling on the most severely affected white matter
tract, the anterior commissure. Results showed that the DiI had diffused
in a tight lateral direction within the anterior commissure of wildtype
brains (Fig. S3a), while the DiI diffused largely in a dorsal-ventral direc-
tion in the Nfix+/− anterior commissure (Fig. S3b). Hence, the axonal
tract diffusivity of the Nfix+/− anterior commissure in vivo supports
the DTMRI tractography data. Taken together, these data demonstrate
that the enlarged Nfix+/− brains display aberrant microstructural orga-
nization of the major forebrain commissures.

3.4. Abnormal structural connectome of the Nfix+/− adult mouse brain

The structural abnormalities within the forebrain commissures of
Nfix+/− mice identified with DTMRI tractography led us to perform a
more comprehensive analysis of brain connectivity. To do this we con-
structed the structural connectome of 100 brain areas (nodes) through-
out the whole brain of Nfix+/− and wildtype mice. Using the NBS
toolbox, we performed connection-wise comparisons, which compares
each connection of the structural connectome, to identify individual
nodes that were significantly altered (either increased or decreased
connectivity) in the Nfix+/− brain compared to wildtypes. The degree
of change in a node corresponds to the number of different connections
made with that node. The connection-wise comparisons revealed two
main abnormal patterns. Firstly, Nfix+/− brains displayed significantly
increased connections (Fig. 4a-b) within the limbic system, including
the hypothalamus (degree 8), amygdala (degree 2–6), hippocampus
(degree 3), and thalamus (degree 1–4), as well as regions directly asso-
ciatedwith these brain areas such as the piriform cortex (degree 2). No-
tably, the anterior commissure (degree 5) also had significantly
increased connections, consistent with our tractography findings. In
contrast, Nfix+/− brains exhibited significantly reduced connections
(Fig. 4c-d) within the motor cortices (degree 1–2) primarily in the
right hemisphere and the prefrontal cortex (degree 2–4). Additionally,
a few sub regions of the limbic system (degree 1–4) also displayed
decreased connections linked with the prefrontal and motor cortices.
Together, these data indicate that heterozygosity of Nfix culminates in
abnormal connectivity between many crucial brain regions.

3.5. Adult Nfix+/− animals exhibit learning and memory impairments

Given that Malan syndrome patients display intellectual disability
[1,5] and that our data shows Nfix+/− brains have significant abnormal
cortical connectivity (Fig. 4), we posited that these animals might ex-
hibit deficits in cortically-controlled behavior. To test this, we examined
spatial learning and memory function using the APA task, which in-
volves the hippocampal-prefrontal cortex circuitry and is considered a
rodent model of higher cognitive function in humans [28,37]. The APA
task requires rodents to learn and avoid the location of a stationary
shock zone based on visual cues (Fig. 5a) over five consecutive days of
testing (with shocks) following a day of habituation (no shocks) to
the environment. During habituation, and over the testing paradigm,
there were no significant differences in the total distance travelled be-
tween Nfix+/− mice and controls (Fig. S4a-c), thus, indicating normal
Hematoxylin stained coronal sections of adult (a) Nfix+/+ control (n=4) and (b) Nfix+/−

′) at highermagnification. Thicknessmeasurements (black lines in a′ andb′)were taken of
l cortex and caudal somatosensory cortex on caudal sections. (c, d) The thickness of the
than Nfix+/+ animals. (e, f) Co-immunofluorescence was performed on coronal caudal
upper (II, III, IV) layers and Ctip2 to label neurons in deeper (V, VI) layer neurons. Cell
ithin the retrosplenial cortex (e′, f′) and somatosensory cortex (e″, f″). Results showed
retrosplenial and somatosensory cortices of Nfix+/− mice (g, h). Data are represented as
0 μm, (f) = 250 μm, (f”) = 100 μm.



Fig. 2.Nfix+/−mice display a loss of axonal tract integrity within themajor forebrain commissures. Fractional anisotropy heat maps of the corpus callosum, hippocampal commissure and
anterior commissure of adult (a, b, e, f, i, j)Nfix+/+ control (n=9) and (c, d, g, h, k, l)Nfix+/−mice (n=11) brains shown onmid-sagittal and coronal planes respectively. (m) Fractional
anisotropy of Nfix+/− corpus callosum, hippocampal commissure, and anterior commissure were significantly reduced compared to controls. (n) All three tracts in Nfix+/− had
significantly less axial diffusivity, which measures water motility in the parallel orientation to axonal bundles, than controls. (o) While only the anterior commissure had significantly
reduced radial diffusivity in Nfix+/− brains, which measures water motility in the perpendicular orientation to axonal bundles. Data are represented as mean ± SEM. (ns) not
significant, *p b .05; **p b .01; ***p b .001, t-test. Scale bar: (c, d) = 5 mm.
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locomotor function, exploratory behavior, and task participation, which
are in accordancewith previous SHIRPA and locomotor behavior assess-
ment of adult Nfix+/− animals [10]. Crucially, however, Nfix+/− animals
demonstrated significant learning and memory deficits compared to
wildtypes (Fig. 5b). Nfix+/− mice received significantly more shocks
than wildtypes (F1, 52 = 20.21) on days 3 (p = .001), 4 (p = .017),
and day 5 (p = .048) (Fig. 5c). The time to first shock measurement
on days 2 to 5 is indicative of long-termmemory function [38]. In com-
parison to wildtypes, Nfix+/− mice received their first shock signifi-
cantly earlier (F1, 52 = 8.584) on days 4 (p = .024) and 5 (p = .0001),
thus indicating relatively poor long-term memory (Fig. 5d). Short-
term memory can also be investigated in this task via an analysis of
the latency to the second entry to the shock zone [38]. Once again,
the latency to the second entry (F1, 52 = 9.986) was shorter on days 4
(p = .018) and 5 (p = .005) in Nfix+/− mice compared to wildtypes
(Fig. 5e). The maximum time Nfix heterozygotes avoided the shock
zone was also shorter than wildtypes (Fig. 5f). Interestingly, while
Nfix+/− mice showed significantly reduced learning and memory per-
formance compared to wildtypes (Fig. 4d-f), intra-genotype analyses
revealed that neither wildtype or heterozygous mice fully learned the
task, as the total number of shocks each cohort received was not signif-
icantly different between day 1 and day 5 of the test (Fig. S4d). How-
ever, intra-genotype analyses of different aspects of the test, including
time to first shock, time to second entry, and maximum time between
shocks revealed that both wildtype and heterozygous animals do
show improved learning and memory at day 5 compared to day 1
(Fig. S4e-g). This suggests that Nfix+/− mice can learn facets of this
task, albeit their performance is reduced in comparison to wildtypes.
Therewere no differences between genders per genotype in all analyses
(Fig. S4 h-i). Collectively, these results demonstrate that Nfix+/− mice
exhibit significant spatial learning and memory impairment in adult-
hood, and thus, may provide a useful model of intellectual disability in
Malan syndrome patients.

3.6. Adult Nfix+/− animals display abnormal social behavior

Malan syndrome patients exhibit autistic-like traits and elevated
anxiety [1,3,5]. A principal diagnostic criterion of autism is deficits in so-
cial interaction [39]. Although autism is a human disorder, rodents have
been extensively used to model some of its characteristic phenotypes,
including social behavior [40]. Additionally, social behavior is known
to involve the prefrontal cortex [41] and we have demonstrated that
Nfix+/− mice have abnormal connectivity within sub regions of the
frontal cortex (Fig. 4). Therefore, we next examined the social behavior
of Nfix+/− mice to model autistic-like traits in Malan syndrome. To do
this, we used the 3-chambered sociability task, which has been widely
used to model aspects of social interaction behavior in rodent models
[27,42,43]. The task involves the test mouse being placed within the



Fig. 3. Nfix+/− mice display aberrant directionality of axonal tracts within the major forebrain commissures. Directionality maps of the corpus callosum, hippocampal commissure and
anterior commissure of adult (a, b, e, f, i, j) Nfix+/+ control (n = 9) and (c, d, g, h, k, l) Nfix+/− mice (n = 11) brains shown on mid-sagittal and coronal planes respectively. (m) Tract
density intensity of Nfix+/− corpus callosum, hippocampal commissure, and anterior commissure were significantly decreased compared to controls. The color code (key) indicates the
direction of axon fiber tracts (red, dorsal-ventral; green, lateral-medial; blue, rostro-caudal). Data are represented as mean ± SEM. (ns) not significant, **p b .01; ***p b .001, t-test.
Scale bar: (c, d) = 5 mm.
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central chamber of a three chamber setup. The test mouse is allowed to
interact with two unfamiliar mice (same sex and size), called conspe-
cifics, in two separate trialswhere thefirst examines social approach be-
havior and the second trial assesses preference for social novelty [43].
During the habituation period of the task, where the test mouse was
allowed to explore all three empty chambers, Nfix+/− mice and
wildtypes showed no preference for either the left or the right chamber
(Fig. S4j-l), indicating comparable exploratory behavior. Furthermore,
there were no differences between genders per genotype for each trial
(Fig. S4 m).

In trial 1, the test mouse was allowed to explore and initiate social
contact with the first conspecific mouse held inside a wired cage, or
an identical empty wired cage (Fig. 6a). We first performed compari-
sons within genotypes and found that throughout the total 5-min pe-
riod of trial 1 (F1, 118 = 14.67; Fig. 6b-c) wildtype animals spent
significantly (p = .0003) more time with the first conspecific mouse
compared to the empty chamber. In contrast, Nfix+/− mice demon-
strated no significant (p= .311) differences in the time spent between
the first conspecific mouse and the empty chamber. However, within
the first minute of trial 1 (F1, 104 = 32.86; Fig. 6d), both wildtype (p =
.0002) and Nfix+/− mice (p = .0002) interacted with the first conspe-
cific mouse significantly longer than the empty chamber. Comparisons
between genotypes throughout the total 5-min period (F1, 118 =
0.169, p = .682) and in the first minute (F1, 118 = 1.873, p = .174) of
trial 1 revealed that wildtype and heterozygous animals spent a similar
amount of time with both the first conspecific mouse and the empty
chamber. Together, these data suggest that while Nfix+/− and wildtype
animals spent similar amount of time interacting with the unfamiliar
mouse, heterozygous mice displayed no overall social preference for
the unfamiliar mouse over an empty chamber.
In trial 2, a novel conspecific mouse was introduced into the
previously empty cage (Fig. 6e). During the 5-min period of trial 2
(F1, 114 = 2.393; Fig. 6f-g), both wildtype (p = .108) and Nfix+/− mice
(p N .999) did not show any differences in the time spent with the
novel conspecific mouse compared to the first conspecific mouse. This
could be because the first conspecific and novel conspecific mice were
littermates with no distinguishing features, and thus, the social novelty
may have dissipated quickly. Therefore, we again examined the first
minute of introducing the novel conspecific mouse (F1, 102 = 3.314;
Fig. 6h). Interestingly, while the wildtype animals (p = .013) spent a
significantly longer time with the novel conspecific mouse compared
to the first conspecific mouse, Nfix+/− mice (p N .999) showed no pref-
erence for either the novel or first conspecific mice. Indeed, comparison
between genotypes (F1, 102 = 2.782) revealed that wildtype animals
spent significantly (p= .009) longer interacting with the novel conspe-
cific mouse than heterozygous animals, while time spent with the first
conspecific mouse showed no differences (p N .999) between geno-
types. Collectively, these data reveal that adult Nfix+/− mice demon-
strate abnormal social behavior. Importantly, our investigation of
learning and memory function and social behavior indicate that the
neuroanatomical changes in Nfix+/− brains likely contribute to deficits
in cortically-controlled behavior, which may model intellectual disabil-
ity featured in Malan syndrome patients.

4. Discussion

NFIX haploinsufficiency has recently been identified as causative
for Malan syndrome [1,5]. Other than basic clinical assessment
of these patients, our understanding of the developmental processes
leading to Malan syndrome is unclear. Germline null Nfix knockout



Fig. 4. Structural connectome mapping reveals abnormal inter-nodal connectivity within adult Nfix+/− mouse brain. Connection-wise comparisons between Nfix+/− brains (n = 11)
compared to Nfix+/+ controls (n = 9) was performed using Network Based Statistic analysis. The extent component (total number of connections) and primary threshold (t = 3.5, p
= .0012) results were used to create an illustration. Brain nodes are represented as circles scaled in size according to the degree of change in a node, which corresponds to the number
of different connections made with that node. Abnormal nodes are shown in sagittal (a, c) and axial (b, d) views. (a, b) Nodes that had increased connectivity in Nfix+/− compared to
controls are depicted in red, (c, d) while nodes with decreased connectivity shown in blue. (a, b) Compared to controls, Nfix+/− brain show significantly increased node degree
predominantly within the limbic system, including the hippocampus, hypothalamus, amygdala, and thalamus, as well as regions directly associated with these brain areas. (c, d)
Meanwhile, Nfix+/− brain show significantly decreased node degree within sub regions associated between the prefrontal cortex, motor cortex, and a few limbic structures. All colors
and node size are used for demonstration only. Key: Am – amygdala, An – accumbens nucleus, Ant com – anterior commissure, Cl – claustrum, Cp – caudate putamen, Dhf - dorsal
hippocampal fissure, End - endopiriform nucleus, Fra - frontal association cortex, Fmcc - forceps minor of the corpus callosum, Hp - hippocampus, Hyp – hypothalamus, Inc. – internal
capsule, Lgp – lateral globus pallidus, Laot – lateral olfactory tract, Lo - lateral orbital cortex, M1 - primary motor cortex, M2 - secondary motor cortex, Pag – periaqueductal gray, Pir -
piriform nucleus, Sep – septum, Sc - superior colliculus, Thal –thalamus, Vhipf - ventral hippocampal commissure inclusion, Vmo - ventromedial orbital cortex. L - left, R – right.
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mice (Nfix−/−) have several similar characteristics to Malan syndrome
patients. For example, Malan syndrome patients have skeletal
malformations and visual impairment [5]. Similarly, Nfix−/− mice have
also been shown to have severe skeletal defects [13,14] and delayed
eye development [9]. Malan syndrome patients occasionally have a
small callosal body and dilated ventricles [3,5]. These traits are also
displayed by Nfix−/− mice, which have dysgenesis of the corpus
callosum and hydrocephalus [9,13,44]. Previously, Nfix−/− mice were
shown to exhibit enlargement of the cingulate cortex at early postnatal
ages [9], however, as these animals failed to survive past weaning age
further analyses were unable to be performed. Importantly, the under-
lying causes leading to macrocephaly and the affected cortical regions
responsible for intellectual disability in Malan syndrome remain un-
known. In the present study, we have used adult Nfix+/− mice to
model these cortical phenotypes of Malan syndrome. Volumetric MRI
and histological analyses demonstrated that Nfix+/− mice exhibit



Fig. 5.Nfix+/−mice exhibit learning andmemory deficits. (a) AdultNfix+/+ control (n=26) andNfix+/−mice (n=28) performed the active place avoidance task for 10min each day for
5 days. (b) Representative images of Ethovision™XT tracking shown on day 1 and day 5. (c) Nfix+/− mice had a consistently higher rate of being shocked compared to controls. (d) The
time to first shock indicates the mouse remembering to avoid the shock zone at the start of each day. Nfix+/− mice received their first shock significantly earlier compared to controls
during the final two days. (e) The latency period from the first shock to second entry into shock zone reflects the working memory of mice avoiding the shock zone. Again, during the
last two days, Nfix+/− mice were shocked significantly quicker compared to controls. (f) The maximum time that control mice avoided the shock zone was consistently longer than
the Nfix+/− mice. Data are represented as mean ± SEM. (ns) not significant, *p b .05; **p b .01; ***p b .001, two-way ANOVA.
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megalencephaly, where the increase in brain volume is underpinned by
anoverall increase in cell number. Tractography-based analyses of these
heterozygous brains further revealed aberrant microstructural integrity
ofmajor commissural tracts and critical changes in structural connectiv-
ity throughout major cortical regions. Importantly, Nfix+/− mice exhib-
ited learning and memory impairment, as well as abnormal social
behavior, reminiscent of intellectual disability and autistic features
characterized inMalan syndrome patients. Collectively, the phenotypes
of the heterozygousNfixmouse closely parallels the syndromic features
of Malan syndrome patients.

Macrocephaly is a cardinal feature ofMalan syndrome; however, the
underlying causes leading to enlargement of head circumference is not
clear. To date, MRI scans of patients have reported relatively normal
brain structure [5]. Could the increased head circumference of these pa-
tients be underlined by a global enlargement of brain size?
Macrocephaly and megalencephaly can be associated within the same
developmental disorder, where cerebral overgrowth can lead to in-
creased head size [6–8]. Additionally, megalencephalic symptoms are
syndromic and are often associated with developmental delay, intellec-
tual disabilities, and behavioral problems [7,8], symptoms that are all
found in Malan syndrome [5]. To our knowledge, there has not been
any specific assessment of brain size within Malan syndrome patients.
Here, we reveal that Nfix heterozygosity in mice results in an overall
increase in the number of neurons and glia within the adult neocortex
leading to an expansion of cortical thickness (Fig. 1) and thus, culminat-
ing in increased neocortical volume (Table 1). The increase in cell num-
ber is likely due to the role of NFIX as a crucial regulator of NSC
differentiation [15]. Harris and colleagues [15] showed thatNfix deletion
leads to prolonged self-renewal of NSCs in the embryonic mouse fore-
brain, resulting in the overproduction of neurons and astrocytes. Fur-
thermore, transcriptomic sequencing analyses of the human fetal
brain have shown enrichment of the NFI family of transcription factors
as key regulatory elements during neurodevelopment [45]. In line
with this, our data indicate that an increased period of progenitor cell
self-renewal, and hence ultimately more post-mitotic progeny, could
underlie themacrocephalic phenotype ofMalan syndromepatients. No-
tably, while our data shows that Nfix heterozygous animals have an in-
creased corpus callosum volume, this is in contrast to the typical corpus
callosum hypoplasia occasionally exhibited by Malan syndrome pa-
tients. We propose that future clinical assessment of Malan syndrome
patients should further examine brain size to validate whether Malan
patients have megalencephaly in addition to macrocephaly.

Currently, detailed neuroanatomical and behavioral studies are also
lacking in Malan syndrome patients [5]. Here, we demonstrate that dis-
ruption in the structural connectivity of the brain manifest as deficits in
cortically-controlled behavior. These findings provide key insights into



Fig. 6.Nfix+/−micedisplay abnormal social behavior. AdultNfix+/+ control (n=29) andNfix+/−mice (n=32)performed the 3-chambered sociability task for 5min in two trials. (a) Trial
1 examined social approach behavior and (e) trial 2 tested preference for social novelty. (b, e) Representative images of Ethovision™XT tracking shown in trial 1 and 2. (b, c) In the total 5-
minperiodof trial 1, control animals spent significantlymore timewith the conspecificmouse compared to the empty cage, thus, indicating social approach.Nfix+/−mice demonstratedno
difference in the time spent with the conspecific mouse compared to the empty cage. (d)Within the first minute of trial 1, control and Nfix+/− animals spent significantly longerwith the
conspecific mice compared to the empty cage. (e, g) During the total period of trial 2, control and Nfix+/− adult mice showed no differences in the time spent interacting with the novel
conspecificmouse compared thefirst conspecificmice. (f, h) However, during thefirstminute of introducing the novel conspecific in trial 2,Nfix+/+mice displayed significant preferential
interactionwith the novel conspecificmice over thefirst conspecificmice, comparativelyNfix+/−mice showed no preference for social novelty. Data are represented asmean± SEM. (ns)
not significant, *p b .05; **p b .01; ***p b .001, two-way ANOVA.
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the intellectual disability and autistic-like traits featured in Malan syn-
drome patients. Notably, structures within the limbic and frontal cortex
circuitry were significantly affected in the Nfix+/− mouse brain (Fig. 4).
These animals further exhibited learning and memory impairments
(Fig. 5), and abnormal social behavior (Fig. 6). The interconnected struc-
tures of the limbic system are critical in memory consolidation, emo-
tional processing, such as anxiety, fear and aggression, and stress-
response [46,47], while the prefrontal cortex is responsible for execu-
tive functions and moderating social behaviors [41,46]. Interestingly,
Malan syndrome patients have been reported to exhibitmoderate to se-
vere intellectual disability, autistic spectrum disorder traits, high anxi-
ety levels, sensitivity to noise, and aggressive behavior [1,3,5]. The
association between changes in brain connectivity and abnormal be-
havior have previously been reported in other developmental disorders,
such as autism spectrum disorder. Neuroimaging studies of autistic pa-
tients reported increased connectivity in the basal ganglia and
paralimbic-limbic system [48], and decreased connectivity in the sup-
plementary motor area and sub regions of the prefrontal cortex
[48,49]. Aberrant axonal integrity of the anterior commissure and cor-
pus callosum was also found in autistic patients [50] and in mouse
models of autism spectrum disorder [51]. This correlates with our
tractography data, which shows that Nfix heterozygous brains have a
loss of axonal integrity in the corpus callosum, anterior commissure,
and hippocampal commissure (Fig. 2 and Fig. 3). Deficits in learning
and memory function in Nfix+/− mice is likely underlined by reduced
hippocampal neurogenesis [17], which is known to be critical for learn-
ing and memory function [52,53]. Collectively, it is likely that intellec-
tual disability and autistic-like traits exhibited by Malan syndrome
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patients is underlined by deficits in hippocampal neurogenesis and ab-
errant structural connectivity within the limbic-prefrontal circuitry.
However, as detailed cognitive and behavioral studies are still lacking
in Malan syndrome patients, future cognitive assessment of Malan syn-
drome patients could involve structural MRI and connectome analyses
to provide insight into the cortical abnormalities underlying the intel-
lectual disability in these patients.

Further studies are required to understand the abnormal develop-
mental processes leading to Malan syndrome. For example, in vitro as-
says could be used to assess whether Nfix deficiency disrupts neurite
growth and axonal guidance, processes that may underlie the aberrant
axonal integrity of commissural tracts found in adult Nfix+/− brains.
The generation, and subsequent migration, of cortical neuronal popula-
tions could also be examined using BrdU/EdUpulse-chase labelling. Fur-
ther characterization of the cellular populations within the Nfix
heterozygous neocortex may also include additional layer specific
markers, such as Tbr1, Brn1 and Cux1, as well as an analysis of the
ratio of excitatory and inhibitory neurons. NFIX is also expressed by
many mature neurons within the rodent neocortex [16], but the role
of NFIX in these cells is completely undefined. Electrophysiological ex-
periments would further provide insights into how overgrowth and ab-
normal connectivitywithinNfixheterozygous brainsmay affect changes
in circuit-level plasticity and function. Moreover, while social interac-
tion behavior is a key diagnostic measure of autism spectrum disorder,
other key features include repetitive stereotypic behaviors and commu-
nication deficits [40]. To assess repetitive behaviors, further assays can
include the automated 16-hole nose poke task to assess restricted inter-
est [40], and/or examine home-cage stereotypes [54]. Communication
within rodents can be assessed using ultrasonic vocalization tests and/
or olfactory habituation/dishabituation to urinary pheromones tests
[40].

In conclusion, bymodelling brain structure and behavior inNfix het-
erozygous mice, we provide a significant conceptual advance in our un-
derstanding of the factors underlying Malan syndrome. These findings
suggest that future assessments of Malan syndrome patients could ex-
amine the presence ofmegalencephaly and high-resolution neuroimag-
ing, such as DTMRI and tractography.
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