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Abstract

Neurofibromatosis type-1 (NF1) is a common neurogenetic disorder and an important cause of
intellectual disability. Brain-behaviour associations can be examined /n vivo using morphometric
magnetic resonance imaging (MRI) and diffusion tensor imaging (DT]I) to study brain structure.
Here, we studied structural and behavioural phenotypes in heterozygous Nf1 mice (Nf1*/-) using
T2-weighted imaging MRI and DT, with a focus on social recognition deficits. We found that
Nf1*/~ mice have larger volumes than wild-type (WT) mice in regions of interest involved in
social cognition, the prefrontal cortex (PFC) and the caudate-putamen (CPu). Higher diffusivity
was found across a distributed network of cortical and subcortical brain regions, within and
beyond these regions. Significant differences were observed for the social recognition test. Most
importantly, significant structure—function correlations were identified concerning social
recognition performance and PFC volumes in Nf1*/~ mice. Analyses of spatial learning
corroborated the previously known deficits in the mutant mice, as corroborated by platform
crossings, training quadrant time and average proximity measures. Moreover, linear discriminant
analysis of spatial performance identified 2 separate sub-groups in Nf1*/~ mice. A significant
correlation between quadrant time and CPu volumes was found specifically for the sub-group of
Nf1*/~ mice with lower spatial learning performance, suggesting additional evidence for
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reorganization of this region. We found strong evidence that social and spatial cognition deficits
can be associated with PFC/CPu structural changes and reorganization in NF1.
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learning

Neurofibromatosis type-1 (NF1) is a relatively frequent neurogenetic disorder with a
prevalence of 1/3500 worldwide. Mutations in the NF1 gene lead to loss of function of
neurofibromin which is a negative regulator of cellular proliferation and differentiation
(Theos & Korf 2006). Its role on synaptic plasticity, learning and memory is also well
documented (Costa & Silva 2003; Shilyansky et al. 2010a, b).

Intellectual disabilities occur in up to 50% of NF1 children; they may manifest as cognitive
slowing, memory disturbances, difficulties in solving strategic problems, visuospatial
impairments, deficits in motor coordination, mental flexibility and affective disorders
(Diggs-Andrews & Gutmann 2013; Ribeiro et al. 2012; Silva et al. 1997; Violante et al.
2013; Zoller et al. 1997). Recent evidence suggests that social cognitive deficits are common
in NF1 and that this condition qualifies as an autism spectrum disorder (Lehtonen et al.
2013; Loitfelder et al. 2015; Plasschaert et al. 2015; Pride et al. 2013, 2014; Walsh et al.
2013).

As in NF1 subjects, behavioural studies in mouse models of NF1 have identified spatial
learning (Shilyansky et al. 2010a,b) and motor coordination (van der Vaart et al. 2011)
deficits. Studies with NF1 mouse models showed that increased Ras/MAPK (mitogen-
activated protein kinases) signalling result in higher GABA (gamma-aminobutyric acid)
release during learning and consequently in deficits in hippocampal long-term potentiation
(LTP) that could account for the spatial learning and memory deficits of these mutant mice
(Costa et al. 2002; Cui et al. 2008). Interestingly, treatment with lovastatin reversed the
molecular, electrophysiological and learning deficits of these mice. Transcranial magnetic
stimulation studies in NF1 patients also identified cortical potentiation deficits that seemed
to be caused by enhanced inhibition and that could be reversed by treatment with lovastatin
(Mainberger et al. 2013).

Shilyansky et a/. (2010a,b) identified similar working memory deficits in Nf1*/~ mice that
resemble the human phenotype. In mice, the working memory deficits seemed to be caused
by increased GABA neurotransmission in prefrontal cortex (PFC) and striatum. Human
studies revealed working memory deficits, and functional magnetic resonance imaging
(FMRI) studies indicated that these deficits were correlated with hypoactivation of PFC
circuits, a result consistent with the idea that enhanced inhibition accounts for working
memory deficits in NF1.

In parallel with studies that identified social cognition deficits in NF1 (Lehtonen et a/. 2013;
Plasschaert et al. 2015; Pride et al. 2013, 2014; Walsh et al. 2013), selective social learning
deficits have also been identified in mice heterozygous for the Nf1 gene (Nf1*/"), and
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related to changes in GABA neurotransmission (Molosh ef a/. 2014). Consistent with
previous electrophysiological findings in the hippocampus (Costa et al. 2002; Cui et al.
2008), studies in the amygdala have indeed suggested that social cognition deficits in Nf1*/~
mice are caused by enhanced GABA neuro-transmission that lead to deficits in LTP (Molosh
et al. 2014). Deletion of the p21 protein-activated kinase (Pak1) gene reversed the amygdala
molecular and electrophysiological deficits and rescued the social learning deficits of these
mice (Molosh et al. 2014). However, these therapeutic approaches may only reverse
functional deficits and not the structural changes induced by abnormal cell proliferation
during development.

Other studies revealed that phenotypic changes are not confined to neurons and identified
mild astrocytic abnormalities in Nf1*/~ mice. Rizvi et a/. (1999) observed an increased
number of astrocytes in periaqueductal grey (PAG) and nucleus accumbens (Acc) of Nf1*/~
mice, as well as increased astrocyte sizes in PAG. Gutmann et a/l. (2001) showed that
astrocytes from Nf1*/~ mice have reduced cell attachment, actin cytoskeletal abnormalities
as well as increased cell motility.

Structural brain abnormalities have been documented in NF1 patients, although their relation
to learning and social cognition deficits remains elusive. Increases in the volume of cortical
and subcortical structures have been frequently observed and are summarized in Table 1
(Balestri et al. 2003; Cutting et al. 2000; Duarte et al. 2014; Greenwood et al. 2005;
Margariti et al. 2007; Moore et al. 2000; Pride et al. 2014; Steen et al. 2001). Magnetic
resonance imaging (MRI) and diffusion tensor imaging (DTI) studies pointed to a
generalized change in mean diffusivity (MD) associated with volumetric changes (for a
summary see also Table 1) (Filippi et al. 2013; Karlsgodt et a/. 2012; Santos 2011; Wignall
et al. 2010; Zamboni et al. 2007).

It has been difficult to relate these structural findings with the cognitive impairments
observed in NF1. Accordingly, the relation of grey matter (GM) changes with attention or
social-cognitive deficits remains controversial (Cutting ef al. 2002; Greenwood et al. 2005;
Moore et al. 2000; Pride et al. 2014).

Although some studies of Nf1 mice models have been conducted using MRI, they were
focused just on high-intensity lesions in T2-weighted images (Robinson et a/. 2010;
Rosenbaum ef a/. 1999). Brain studies comparing MRI findings in Nf1 mouse models and
NF1 subjects would be invaluable in validating these models. Additionally, structural deficits
might emerge as key biomarkers for clinical investigation, and these deficits can also be
studied in mouse models. In this study, we addressed brain morphometry in Nf1*/~ mice, in
key regions involved in social cognition, using T2-MRI as well as DTI, as well as the
relation between the structural phenotypes of these mice and social cognition deficits.

Materials and methods

Mice models

Nf1*/~ mice were F1 hybrids from a cross between C57BL/6NTac and 129T2/SvEmsJ. All
experiments used littermates as controls and were done with the experimenter blinded to
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genotype. A total number of 13 wild-type (WT, 4 males and 9 females) and 15 Nf1*/~ (8
males and 7 females) mice were randomly chosen for behavioural assessment and MRI/DTI
studies (due to technical reasons, 1 Nf1*/~ mouse and 4 WT mice were excluded from the
structural studies). Animals were group housed (2-4) on a 12h light/dark cycle in vivarium
at University of California Los Angeles (UCLA), CAU and CNC.IBILI. All included
animals were healthy (discomfort score 0). Experimenters were blind for genotype. All mice
completed successfully the behavioural component of this study at UCLA, USA, and were
then transported to the University of Coimbra, Portugal, for structural studies.

All efforts were made to reduce animal stress along the experimental stages and
transportation, and both groups were submitted exactly to the same procedure to minimize
group effect. The phenotype for the animal model is stable up to 10 months of age, and all
the measurements were comprised between this period: behavioura tests between 3 and 5
months of age and MRI/DTI acquisitions between 6 and 8 months of age.

All experimental protocols at the UCLA were approved by the Chancellor's Animal
Research Committee of the University of California, Los Angeles, in accordance with
National Institutes of Health (NIH) guidelines. At the University of Coimbra, animal
experiments were conducted according to the European Council Directives on Anima Care
(2010/63/UE) and to the National Authorities

MRI acquisition

In vivo image acquisitions were conducted with a 9.4T magnetic resonance small animal
scanner (BioSpec 94/20, Bruker Corporation, Ettlingen, Germany), at the Institute for
Nuclear Sciences Applied to Health (ICNAS), University of Coimbra. Animals were
anesthetised with isoflurane (delivered through the system E-Z SA800, Euthanex, Palmer,
PA, USA), with constant temperature monitoring (Haake SC 100, Thermo Scientific,
Waltham, Massachusetts, USA) and assessment of cardiorespiratory function (1030, SA
Instruments Inc., Stony Brook, NY, USA).

For volumetric analyses, T2-weighted images were acquired in coronal planes using a
RARE sequence: repetition time (TR) = 3800 ms; echo time (TE) = 33 ms; 10 averages;
pixel size of 0.0781 mm x 0.0781 mm and slice thickness of 0.5 mm without spacing
between slices (total head 256 pixels x 256 pixels x 34 slices)

For diffusivity analyses, DTI images were acquired using an EPI (echo-planar imaging)
sequence with 85 gradient directions; b-value = 1000 second/mm?2; TR = 3000 milliseconds;
TE = 18.5121 milliseconds; pixel size = 0.1563 mm x 0.1563 mm and slice thickness = 0.5
mm, without spacing between slices (total head 128 pixels x 128 pixels x 21 slices).

Volumetric analysis

For the analyses of brain structure volumes, images were pre-processed and segmented in
Matlab R2012b, version number 8, including the following steps. (1) Correction of magnetic
field inhomogeneity generated from the surface coil: the corrections were implemented
using intensity curves from T2-weighted images obtained for an homogeneous phantom, and
acquired with the same coil and system configuration. (2) Images were co-reregistered to the
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same space of a reference volume using rigid transformation (this reference was created
from the mean of seven co-registered brain volumes, apart from this study). (3) The heads
were skull-stripped using a binary mask. (4) Brain intensities were normalized to match the
range of a custom made template. (5) Images were segmented (labelled) into 27 structures
following the Markov Random Field approach (Fischl et a/. 2002), and using a custom made
template. (6) After automatic segmentation, manual corrections were performed in the
structures of interest (i.e. PFC, caudate putamen -CPu- and the hippocampus) to further
minimize potential errors resulting from the procedure inaccuracies. We implemented this
procedure in Matlab, where the T2-weighted image and the corresponding segmentation are
superimposed, and after visual inspection, the operator redefines the misaligned borders of
the structures of interest using a cursor (7) The volume values were computed by
multiplying the number of voxels labelled as belonging to each structure of interest, by the
voxel size. An example of the images resulting from the T2-weighted sequence and the
resulting segmentation is presented in Fig. 1. (8) Independent samples #tests were
implemented for each structure, to depict the existence of significant differences between
volumes of WT and Nf1*/~ mice (significance level = 5%). (9) The testing of a gender effect
in the measured volumes was performed using analysis of variance (anova).

We analysed fractional anisotropy (FA), radial diffusivity (RD) and the A1 diffusion tensor
eigenvalue, involving the following steps. (1) Eddy current correction was applied using the
FDT diffusion toolbox of the FMRIB's Software Library (FSL). (2) Using the same software
and toolbox, parametric maps were constructed, including images with inactive diffusion
gradient (b0), MD, FA, A1, A2 and A3 maps (see Figure S1, Supporting Information, for
representative data). (3) Using the b0 maps, images from each mouse were co-registered to
the same space. First, b0 images from WT mice were co-registered with the b0 map of one
mouse; next, we computed the mean from b0 maps of all WT mice; finally, the b0 maps
from all WT and Nf1*/~ mice were co-registered to the mean-b0 map, and the resultant
transformation matrix was applied to the remaining parametric maps. In this step, an affine
transformation with nine parameters was applied, using Matlab R2012b. (4) The RD maps
for each mouse were constructed as (12+ A3)/2. (5) The maps were smoothed using the
Statistical Parametric Mapping, version number 8 (SPM8) software, with an isotropic
Gaussian kernel, FWHM (full width to half maximum) [mm] =[0.5 0.5 0.5]. (6) Statistical
analyses for comparison between WT and Nf1*/~ characteristics were first performed
through independent samples Student's #tests in a voxel-by-voxel wise.

The significance level was set at 2= 5% followed by false discovery rate (FDR) correction
for multiple comparisons (Q = 5%). (7) Also, the averages of diffusivity parameters were
computed over the structures of interest using binary masks, and analysed by independent
samples Student's #tests (significance level = 5%).

Behavioural assessment

Morris water maze—In the hidden-platform version of the Morris water maze, mice were
trained with two trials per day for five consecutive days [inter-trial interval (ITI) = 1 min].
This training regimen is ideal to not over train the mice, and better detect a difference
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between Nf1*/~ and WT phenotypes. In each training trial, mice were released from a
different starting position, and then were allowed to search for the escape platform for 60
seconds. The platform was submerged 1 cm under the surface of the water. Once a mouse
found the platform, it was left there for 15 seconds. If a mouse did not find the platform
within 60 seconds, it was guided to the platform and allowed to remain on the platform for
15 seconds before being removed from the pool. Memory was assessed in probe trials that
were given after completion of training. During the probe trials, the platform was removed
and the mice were allowed to search for it for 60 seconds. Data were acquired and analysed
using WaterMaze software (Actimetrics, Wilmette, Illinois, USA).

Social recognition—The social recognition task included training and test sessions.
Before training, mice were handled 2 min per day for 3 days, and then habituated to an
experimental box for 10 min for another 2 days. During the 10 min training session, mice
were allowed to explore the box for 5 min. Then they were exposed and interacted with an
ovariectomized (OV) female mouse (3—6 month old, 129/SvJ — #000691 — purchased from
Jackson Lab) that was placed under a wired cylinder for another 5 min. During the test
session (24 h after training), mice were placed back into the experimental box and allowed
to interact with two OV females one familiar and one novel.

Analyses of the behavioural data—For social recognition performance, we compared
the time spent with a novel vs. a familiar mouse, for WT and Nf1*/~ mice, (paired sample
Student's £tests, significance level of 5%). We also computed a two-way ANOVA to test for
an interaction between genotype and social stimulus type. For the water maze probe tests,
three parameters were analysed: the time spent in the training quadrant, the number of
platform crossings and the proximity to the training platform. For quadrant time, we
compared the time the mice spent in the training quadrant vs. the average time they spent in
the other three quadrants. For platform crossings, we compared the number of crossings of
the site where the training platform was during training vs. the average number of crossings
in comparable sites in the other three quadrants. These analyses were implemented through
two-way ANOVA tests. We also evaluated the average proximity to the training platform,
with independent samples Student's £test.

Correlation between volumetric and behavioural data

We assessed the correlation between brain structure volumes and social recognition
performance (fraction of time spent with a novel mice), at a significance level of 5%,
followed by FDR correction.

Spatial performance revealed a clustering pattern consistent with variable phenotypic
penetrance: a cluster of Nf1*/~ mice showing performances similar to WT mice (higher
performance cluster), while another cluster of Nf1*/~ mice showed considerably reduced
performance levels, which were linearly separable (see below) from the higher performance
cluster. This justified the calculation of correlations separately for each cluster.

To get an overall measure of spatial learning performance, we first combined the
measurements from the spatial learning task into a unique combined index (Index,, egn 1).
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The discriminant index for quadrant time (Index o7, eqn 2) and the discriminant index for
platform crossings (Indexpc, eqn 3) are shown below:

Time in training quadrant

Index, =—: - — P -
Time in training quadrant+average time in other quadrants (2)

Crossings in training quadrant

Index, .= .
"¢ Crossings in training quadrant+average crossing in other quadrants (3)

The normalised proximity (Proximity p, egn 4) was computed as:

Distance; — Distancemin

Proximity =1 —
Y Distanceax — Distancemin (4)

where Distance,is the mean distance to the platform for each mouse, Distancemnax and
Distancen, are the maximum and minimum average distances overall for the Nf1*/~ group.
Thus, the combined index will have values closer to zero for animals with lower
performance, and values closer to one for animals with higher performance.

The combined index was then used to divide the Nf1*/~ mice into two groups matched in
size (high and low performance mice), and then we submitted it to 3D linear discriminant
analysis (LDA) for testing accuracy and precision of this division (Fig. 2). The presence of
maximum accuracy and precision encouraged us to proceed with the correlation analysis for
each cluster separately.

Results

Volumetric analysis

Significant group differences were found in the PFC, CPu and hippocampus, and volumes
were higher for Nf1*/~ mice in all these regions (Fig. 3). No volumetric correlation with
animal sex (PFC: £=0.5359, F=0.4; CPu: £=0.3028, F=1.12; hip -pocampus: P
=0.1286, £=2.52) and no sex—genotype interactions (PFC: £=0.1863, F=1.88; CPu: P
=0.9829, F=0; hippocampus: £=0.1678, F=2.06) were found, when analysed by ANOVA.

DTl analysis

From the voxel-based analysis, and using a significance level of 5% followed by FDR
correction, we found significant group differences concerning MD maps. MD was higher in
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Nf1*/~ mice in cortical structures (including the PFC), septum, striatum, globus pallidus,
hippocampus, thalamus, PAG and midbrain (Fig. 4). With a voxel-based analysis, no
significant differences were found for FA maps.

When assessing the average of diffusivity parameters over the main structures of interest,
significant differences were seen for all of them, as presented in Table 2. For all the
structures of interest and for all the parameters evaluated, higher diffusivity values were
observed in Nf1*/~ mice

Moreover, comparisons between right and left hemispheres revealed significantly different
MD values in the structures of interest, as shown in the Table 3. No differences were
observed for FA maps

Behavioural assessment

We replicated previous findings (Costa et al. 2002; Cui et al. 2008; Shilyansky et al. 2010a,
b) of impaired spatial learning performance in Nf1*/~ mice. As expected, WT mice but not
Nf1*/~ mice crossed the site where the platform was during training more often than
comparable sites in the other three quadrants (Fig. 5a). Unlike Platform crossings, which
require that mice cross the exact site where the platform was during training, quadrant time
simply measures the time the mice spent in the quadrant where the platform was during
training With this less spatially stringent measure, we found evidence that some Nf1*/~ mice
acquired some spatial information Although the fraction of time spent in quadrant did not
show a genotype x place interaction, the average time the WT mice spent in the training
quadrant compared to the other three quadrants is significantly higher, while analysis of the
performance of Nf1*/~ mice showed similar searching time in the target quadrant vs. other
quadrants (Fig. 5b).

However, as previously reported, their performance is not uniform (Silva et a/. 1997) and
LDA of spatial performance identified at least two clusters (see below). Finally, average

proximity was significantly different between the WT and the Nf1*/~ mice used for MRI
analysis (Fig. 5¢).

In the platform crossing measure during probe trials, Nf1*/~ mutants crossed the training
platform site significantly less frequently than WT mice (this is a more sensitive measure
than latency, see Figures S2 and S3; two-way anova, = 0.0156, 126 = 6.693; multiple
comparison: WT, 7=13, £=0.0004; Nf1*/~, n=15, P=0.6117). In % time spend in
quadrant, WT mice showed significantly higher searching time in target quadrant than other
quadrants; Nf1 */~ mutants showed similar searching time in target quadrant vs. other
quadrants (Figure S4; two-way anova, P= 0.1317 F 1 o6 = 2.422; multiple comparison: WT,
=13, P=0.0006; Nf1*/~, n= 15, P=0.0683).

Previous studies had shown that Nf1*/~ mice display mild deficits in water maze task in
comparison to WT mice. In this experiment, we used three common measures to quantify
learning. Two of the measures, platform crossing and proximity, showed significant
genotype-related interaction between WT and NF1*/~. The other measure, % of time spent
in quadrant, did not show genotypes x place interaction. Nevertheless, a planned comparison
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showed that WT mice exhibit significant learning (more time in platform quadrant than other
quadrants) while NF1*/~ mice do not, as previous studies showed. All together, these results
demonstrate that that NF1*/~ display learning deficits in water maze task.

From the test for social cognition assessment, we found that unlike WT mice, which spent
significantly more time with the novel mouse, Nf1*/~ mice did not discriminate between
novel and familiar mice (Fig. 5d), a result that confirms their social cognition deficits
(Molosh et al. 2014). A two-way ANOVA also suggested an interaction between genotype
and type of social stimulus (F= 3.57, £=0.06) although at a marginal significance level.

Correlation between volumetric and behavioural data

We found a significant correlation between PFC volumes in the Nf1*/~ group and social
discrimination performance as measured by the fraction of time spent with novel mice (P=
0.0206; r=-0.601; Fig. 6) and this correlation survived to FDR corrections. In contrast, no
such correlation was found for the WT mice (P=0.853, r=-0.0787; Fig. 6). Although the
nature of this analysis is not causal, it agrees with the notion that the PFC has a critical role
in social functioning (Adolphs 2009).

Analyses of spatial learning in the Nf1*/~ group with lower performance uncovered a
significant correlation between the Index orand CPu volumes (P = 0.0447; r=0.7658). We
did not found significant correlation between parameters related to spatial learning and the
other investigated structures (i.e. PFC and hippocampus). Despite the correlational nature of
observations, they are in line with the notion of a dampened contribution to learning.

Discussion

In this study, featuring a structure—function correlation approach, we found indications for
an important role of the PFC in the social cognition deficits in the Nf1*/~ mouse model. The
PFC and CPu were chosen as regions of interest for analyses because previous human
studies had already shown impairments in these structures (Cutting et a/. 2002; Duarte et al.
2014; Greenwood et al. 2005; Karlsgodt et al. 2012; Loitfelder et a/. 2015; Shilyansky et a/.
20104, b; Steen et al. 2001; Violante et al. 2013). Despite their correlational (non-causal)
nature, these results are interesting because they point to an important role of high-level
structures such as the PFC in social cognition, in addition to the amygdala (Molosh et a/.
2014).

Our studies also suggest that compensatory mechanisms in the CPu may be associated with
spatial learning impairments in underperforming Nf1*/~ mice. Although not the main focus
of this article, these results are relevant because of the known interaction, often of
competitive nature, between the hippocampus and basal ganglia structures during learning
(Poldrack & Rodriguez 2004).

The volumetric analyses developed in this study, revealed higher volumes in key brain
regions of interest in Nf1*/~ mice, including the PFC, CPu and hippocampus. These results
are largely consistent with structural studies in NF1 patients, where increases in white matter
(WM) and GM volumes were frequently observed (Duarte et al. 2014; Karlsgodt et al. 2012;
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Margariti et al. 2007; Pride et al. 2014), as opposed to GM reductions in a few other regions
(Cutting et al. 2002; Duarte et al. 2014; Pride et al. 2014; see also, Table 1).

Concerning brain diffusivity we found a widespread, beyond our regions of interest, cortical
and subcortical increase in MD, as shown from MD maps, which is also consistent with
studies in NF1 patients (Filippi ef a/. 2013; Santos 2011; Table 1). Importantly, the average
diffusivities over the structures of interest also showed increases on MD and FA, due to
increases in both RD and A1. No major axonal disorganization or disruption seems to be
present in Nf1*/~ mice brains, and the MD and FA differences could be a consequence of
increased spacing between axons. This notion is also consistent with a study in NF1 patients
by Violante et al. (2013). Moreover, inter-hemispheric differences in MD were also
observed, which a pattern often found in neurodevelopmental disorders due to their slightly
distinct developmental trajectory (Table 3).

The PFC, CPu and hippocampus showed differences in both volumetric and DTI analyses.
These brain structures are known to be involved in a wide range of cognitive functions.
Concerning the hippocampus, a clear relationship has been previously established with
impairments in spatial learning and working memory which have been related to
abnormalities in gabaergic mediated inhibition identified in the hippocampus (Costa ef al.
2002; Cui et al. 2008). These seem to also be present in the PFC and CPu (Shilyansky et a/.
2010a,b).

Social discrimination deficits had been previously recognized in Nf1*/~ mice (Molosh et a/.
2014). Compared to WT mice, the Nf1*/~ mice showed reduced preference for novel
conspecifics during a social memory test given 24 h after the initial social interaction. These
findings are consistent with evidence in human behavioural and structural studies indicating
that NF1 patients have social cognition impairments consistent with the autistic spectrum
(Lehtonen et al. 2013; Plasschaert et al. 2015; Pride et al. 2013, 2014; Walsh et al. 2013).
Importantly, a significant linear correlation was observed between PFC volumes and social
discrimination ability in the Nf1*/~ group, as measured by the fraction of time spent with
novel mice. This result does not allow for causal inference but supports the hypothesis that
in addition to the amygdala (Molosh et a/. 2014), alterations in PFC in Nf1*/~ mice (and also
in NF1 patients) contribute to the social deficits of these mice. This finding is consistent
with a recent human study in NF1 patients, suggesting an important role for the frontal
cortex in social cognition performance (Loitfelder et a/. 2015).

Interestingly, a significant correlation was observed between the Index orand CPu volumes
in underperforming Nf1*/~ mice. CPu volumes were also found to be increased in NF1
patients (Violante et a/. 2013). This finding is consistent with that of striatal networks being
largely prone to functional reorganization (Poldrack & Rodriguez 2004).

The findings reported here suggest an avenue for future research. For example, some of the
authors have previously observed that lovastatin reverses the behavioural phenotype of
Nf1*/~ mice (Li et a/. 2005). It remains an outstanding question whether structural and
neurochemical impairments could be reversed. Nevertheless, the former might only be
partially reversible, given the nature of neural proliferation during development.
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To conclude, in this structure—function phenotyping study, we found evidence that suggests a
role for the PFC and the CPu in the social cognition deficits found in the Nf1*/~ mouse
model. Importantly, changed PFC volumes were related to social deficits observed in Nf1*/~
mice. The structural and functional findings reported here may be relevant for longitudinal
studies of cognitive function in NF1, and they may also instruct current and future efforts to
find a treatment for cognitive and social deficits in this population.
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Figure 1.
(a) Anatomical (T2-weighted) images and (b) the resulting segmentation, from a subset of

slices including PFC, CPu and the hippocampus.
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Figure 2. Result from LDA (with maximum accuracy and precision) on dividing Nf1+~ mice in
two groups based on water maze test performance

Spherical and star markers represent the high and low performance groups, respectively.
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Figure 3. Volume measurements for WT and Nf1*/~ mice on: PFC (P=0.0268,t=-2.42, df =

17), hippocampus (P <0.0001, t = -5.77, df = 21), CPu (P = 0.0007, t = -4.16, df = 16) and
accumbens (P = 0.8139, t = -0.24, df = 14)

Statistical results were obtained from independent samples #test. Mean values (black

shapes) and standard deviation bars are represented.
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Figure 4. Regions with significant statistical differences (green) concerning MD maps distributed
along the cortex, striatum, globus pallidus, thalamus, hippocampus, midbrain and PAG

The results were obtained from independent samples #tests with 5% of significance level,
followed by FDR correction (Q = 5%). In the figure, statistical data are superimposed to b0
images, and the plane positions are indicated with reference to the anterior commissure
(AC).
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Figure 5. Results from the water maze and social recognition tests (mean values and standard
deviation)

(a) Platform crossings vs. average crossings in other quadrants, two-way ANOVA, P=
0.0156, F 26 = 6.693; multiple comparisons: WT A= 0.0004 and Nf1*/~ P=0.6117. (b)
Time in training quadrant vs. average time in other quadrants, two-way ANOVA, P=0.1317,
F1 26 = 2.422; multiple comparison: WT = 0.0006 and Nf1*/~ P=0.0683. (c) Average
proximity, for WT vs. Nf1*/~ mice (2= 0.0448, t= -2.15, df = 19). (d) Fractions of time
with familiar mouse vs. fraction of time with novel mouse, for WT (P=0.0156, = -2.85, df
=11) and Nf1*/~ (P=0.3328, r= -1.01, d f = 13) mice; two-way ANOVA, interaction term
P=0.06, F=3.57.
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Figure 6.

Linear correlation between PFC volumes and % time with novel mice: WT (diamond
markers; 7= —-0.0787; P=0.853) and Nf1*/~ mice (round markers; r= -0.601; 2= 0.0206).
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Table 3
Comparison of MD values between right and left hemispheres in the PFC, CPu and

hippocampus

PFC CPu Hippocampus

WT Pvalues
t
df
Nf1+-  Pvalues
t
df

0.4825 0.1592  0.0082
-0.74 1.55 3.49

8 8 8
0.0157 0.0083 0.00005
-2.78 311 5.95

13 13 13
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