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Social experience is essential for adolescent development and plasticity of social animals. Deprivation of the ex-
perience by social isolation impairs white matter microstructures in the prefrontal cortex. However, the effect of
social isolation may involve highly distributed brain networks, and therefore cannot be fully explained by a
change of a single region. Here, we compared the connectomes of adolescent socially-isolated mice and
normal-housed controls via diffusion magnetic resonance imaging. The isolated mice displayed an abnormal
connectome, characterized by an increase in degree and reductions in measures such as modularity, small-
worldness, and betweenness. The increase in degree was most evident in the dorsolateral orbitofrontal cortex,
entorhinal cortex, and perirhinal cortex. In a connection-wise comparison,we revealed thatmost of the abnormal
edges were inter-modular and inter-hemispheric connections of the dorsolateral orbitofrontal cortex. Further
tractography-based analyses and histological examinations revealed microstructural changes in the forceps
minor and lateral-cortical tracts that were associated with the dorsolateral orbitofrontal cortex. These changes
of connectomeswere correlatedwith fearmemorydeficits and hyper-locomotion activities induced by social iso-
lation. Considering the key role of the orbitofrontal cortex in social behaviors, adolescent social isolationmay pri-
marily disrupt the orbitofrontal cortex and its neural pathways thereby contributing to an abnormal structural
connectome.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Social experience is important for normal brain development and
plasticity of social animals, particularly during adolescence. Social isola-
tion not only induces stress but also deprives the animal of essential ex-
periences required for normal brain maturation and plasticity
(Blakemore and Mills, 2014; Fuhrmann et al., 2015), which have been
studied extensively in rodent animal models (Buwalda et al., 2011). Re-
cent studies have begun to examine the effect of social isolation on
white matter development: social isolation during the first two weeks
post-weaning causes detrimental hypo-myelination in the medial pre-
frontal cortex (PFC) (Makinodan et al., 2012), and chronic social isola-
tion during adolescence and young adulthood causes similar effects
(Liu et al., 2012). However, the effect of social isolation may involve

highly distributed brain regions, and therefore cannot be fully explained
by a change to a single brain region.

Instead of limiting analysis to particular regions or tracts, we can
model the complex system as a large-scale network or connectome
that fully describes the structural architecture of the brain (Sporns
et al., 2005). Recent advances in diffusion magnetic resonance imaging
(dMRI) and tractography have enabled the connectivity profiles of the
entire brain to be mapped, and have greatly promoted the exploration
of the human structural connectome (Sporns et al., 2005). These
dMRI-based studies of the human connectome have deepened our un-
derstanding of normal brain development and neurodevelopmental
disorders such as depression, schizophrenia, and autism (Griffa et al.,
2013; Zuo et al., 2012). In contrast to the multitude of discoveries re-
garding the human connectome, only one dMRI-based study investi-
gated the maturation of the mouse structural connectome, which
quantified the brain changes in connectivity during development and
revealed a nonlinear relationship between network measures and age
(Ingalhalikar et al., 2015).

In this study, we investigated how social isolation during adolescent
development affected brain's structural connectome.We acquired high-
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resolution ex-vivo dMRI from normal-housed controls and socially iso-
lated C57BL/6 mice. Based on dMRI, we created an atlas and performed
probabilistic tractography to construct the structural connectome. The
structural connectomes of the two groups were then compared via
graph-theory approaches (network-wise comparisons) (Rubinov and
Sporns, 2010) and network based statistics (connection-wise compari-
sons) (Zalesky et al., 2010). We then investigated the association be-
tween properties of the structural connectome and behavioral
phenotypes. Finally, we performed tractography-based analyses and
histology to examine the white matter tracts that may contribute to
the abnormal structural connectome. These comprehensive analyses
allow us to fully describe the structural connectome in socially isolated
mice and facilitate the understanding of social experience in adolescent
brain development and plasticity.

2. Materials and methods

2.1. Animals

Thirty-two C57BL/6 mice (18 males and 14 females) were divided
into two groups: control (C; 10 males and 7 females) and socially iso-
lated (I; 8 males and 7 females). Mice in the control group were
group-housed in standard transparent plastic cages (3 or 4 mice per
cage), while mice in the isolated group were housed separately (1
mouse per cage) from postnatal day 35 (P35) for 4 weeks. Behavioral
tests were performed from P57 to P61, including an open-field test
(1 day), a Y-maze spontaneous alternation test (1 day) and a fear condi-
tioning test (3 days). All mice were housed and handled in accordance
with the Queensland Animal Care and Protection Act 2001 and the cur-
rent NHMRC Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes (UQ ethics approval QBI/262/12/RSA).

2.2. Behavioral tests

The open-field test was used to assess novel environment-induced
locomotor activity (Walsh and Cummins, 1976). Mice were placed in a
transparent cage with the light intensity adjusted to 85 lx (Activity
Monitor system, MED Associates, Inc., St. Albans, VT, USA), and locomo-
tion was measured for 2 h using digital counters with infrared sensors.
One male socially isolated mouse and 6 female mice (3 controls and 3
socially isolated mice) were excluded from the open field test due the
failures of equipment.

The Y-maze spontaneous alternation test was used to assess spatial
working memory based on the animal's innate disposition to alternate
between arms of the maze (Dember and Fowler, 1958). The Y-maze
was composed of three connected transparent acrylic arms
(L40 cm × W10 cm × H22 cm) separated by 120°, and visual cues in-
cluding chairs, rubbish bins, boxes and curtains etc. were placed in the
room to assist the mice in distinguishing different directions. A camera
was positioned above the maze for video recording and the light inten-
sity was adjusted to 85 lx. The test lasted for 8 min and the sequence of
arm entries was recorded. The percentage of alternation was the num-
ber of trials containing consecutive entries into all three arms divided
by the number of all alternations.

The fear conditioning test was used to assess fear memory. Fear con-
ditioning is a form of classical conditioning involving the repeated
pairing of a non-threatening stimulus (conditioned stimulus) with an
aversive stimulus (unconditioned stimulus) (Maren, 2001). The fear
conditioning protocol we employed was similar to a previous study
(Pattwell et al., 2011), including one conditioning day followed by two
test days. On the conditioning day, mice were placed in a mouse test
chamber (Coulbourn Instruments, Whitehall, PA, USA) inside a sound-
attenuated box with white walls and an electrified floor grid. After a
2-minute acclimation, micewere conditionedwith three pairs of condi-
tioning and un-conditioning stimuli (CS–US) that consisted of a 30-
second tone (5 kHz, 70 dB) coincident with a 1-second, 0.7-mA foot

shock delivered through the electrified floor grid. Individual pairings
were separated by a 30-second inter-trial interval. After the final CS–
US pairing, mice remained in the chamber for 1 min before being
returned to their home cages. Twenty-four hours later, mice were
assessed for contextual fear memory, which was carried out in the
same chamber as the conditioning day. Freezing behavior was scored
during the 5.5 min in the chamber used for the contextual fear condi-
tioning. Forty-eight hours later, mice were assessed for cued fear mem-
ory in a new chamber with black walls and a smooth green plastic floor.
After a 2-minute acclimation, mice were presented with three 30-
second tones (5 kHz, 70 dB) separated by an inter-trial interval of
30 s. After the last tone, mice stayed in the chamber for 1 min before
being returned to their home cages. Freezing behavior was scored dur-
ing the 30-second tone presentations for the tone (cued) fear
conditioning.

2.3. Diffusion MRI data acquisition

After behavioral tests, mice were perfused and prepared for MRI
scanning. The animals were anesthetized with lethabarb (VIRBAC PTY,
Australia) and perfused with 0.1 M phosphate buffered solution (PBS;
BioWhittaker, USA) followed by 4% paraformaldehyde (pH 7.4; Sigma-
aldrich, USA) in PBS, and further post-fixed for 24 h. The brain samples
were then stored in 0.1 M PBS with 0.02% sodium azide (Sigma-aldrich,
USA). BeforeMRI scanning, the brainswere immersed in 0.1M PBSwith
0.2% gadopentetate dimeglumine (Magnevist, Bayer, Leverkusen,
Germany) for four days to enhance MRI contrast. Diffusion-weighted
magnetic resonance images were acquired using a 16.4T vertical bore,
small animal MRI system (Bruker Biospin, Rheinstetten, Germany;
ParaVision v5.0) equipped with Micro2.5 imaging gradient and a
15 mm linear surface acoustic wave coil (M2M, Brisbane, Australia).
Three-dimensional diffusion-weighted spin-echo sequences were ac-
quired using the following parameters: repetition time = 400 ms, echo
time = 20 ms, δ/Δ= 2.5/12 ms, field of view = 18.99 × 11.16 × 8 mm,
matrix = 190 × 112 × 80, bandwidth = 50 kHz, 30 direction diffusion-
encoding with b-value = 5000 s/mm2, 2 b0 images acquired without
diffusion-weighting and 0.1 mm isotropic resolution. Acquisition time
for one brain was 15 h with 1.5 partial Fourier encoding acceleration in
the phase dimensions.

2.4. Construction of structural connectomes

Nodes and edges are two key components of structural
connectomes. Below, we first explain how the atlas was constructed
to define the nodes (Fig. 1A–B), and then describe how the edges be-
tween each pair of nodes were computed via probabilistic tractography
(Fig. 1C–D).

2.4.1. Atlas construction: defining nodes
The first step of network constructionwas to define regions of inter-

est (ROIs) as nodes (Fig. 1A–B). Two ex-vivoMRI-based atlases of adult
C57BL/6 mouse were utilized to create these ROIs: one from the Centre
for Advanced Imaging at The University of Queensland (CAI atlas) and
the other from the Mori lab of Johns Hopkins University (JHU atlas).
The CAI atlaswas created using the same16.4T small animalMRI system
as the current study (Ullmann et al., 2013), whichprovided fine-grained
parcellations of the mouse neocortex but lacked the subcortical struc-
tures. The JHU atlas provided subcortical structures but the cortex was
not parcellated (Chuang et al., 2011). The JHU template (T2 image)
was first spatially transformed (affine transformation followed by non-
linear deformation) to the CAI template (T2 image) by Advanced Nor-
malization Tools (ANTs, http://stnava.github.io/ANTs/), and then ROIs
from the two atlases were merged to form a combined atlas with 78
ROIs (39 on each hemisphere, see Supplementary Table S1) that covered
all major cortical and subcortical brain regions. The combined atlas was
mapped (affine transfromation followed by nonlinear deformation) to
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each subject (b0 image) by ANTs and used for probabilistic tractography.
As olfactory bulbs of several subjects were damaged during brain extrac-
tion, we excluded the olfactory bulbs from the analyses to prevent any
bias introduced by the damage. Thus, a total of 76 ROIs were included
for probabilistic tractography and connectome analyses.

2.4.2. Probabilistic tractography: defining edges
The second step of network construction was to compute the edges

between each pair of nodes via probabilistic tractography (Fig. 1C–D).
Probabilistic tractography was performed using in-house scripts based
on MRtrix2 (http://www.brain.org.au/software/), using similar proce-
dures optimized for C57BL/6 adult mice (Calamante et al., 2012;
Moldrich et al., 2010). Constrained spherical deconvolution was
employed to model multiple fiber orientations in each voxel, with a
maximum harmonic order lmax = 6 which determines the ‘sharpness’
of the fiber orientation distributions (FOD) (Tournier et al., 2007). Prob-
abilistic fiber-tracking was performed using second order integration
over the fiber orientation distributions algorithm (step-size = voxel-
size/10 = 0.01 mm; curvature values = 0.05). To ensure that
tractography was restricted to white matter tracts, any streamline
length below 0.5 mm was discarded and the tracking was terminated
when fiber orientation distribution amplitude was b0.1. Tracts were
generated independently for each pair of ROIs, where one ROI was
used as a seed, the other as a target and vice versa. Tracking stopped
when 5000 streamlines were selected or 500,000 were generated for
each tract. The number of streamlines reaching a target region (selected
streamlines) divided by the total number of streamlines generated was
calculated as the connectivity probability from the seed region (i) to the
target region (j). Since probabilistic tractographywas performed in both
directions (i to j and j to i), the final connectivity probability (weighted
edge) of i and j was computed by averaging these two probabilities.
These connectivity probabilities composed the structural connectome
of each mouse, which was represented as a symmetric 76 × 76 connec-
tivity matrix.

2.5. Comparison of structural connectomes

Comparisons of structural connectomes between the two groups of
mice were performed at the network level by graph-theory analyses

(network-wise) and at the individual connection using the network-
based statistic (connection-wise). Graph-theory analyses were con-
ducted using the GRETNA (Wang et al., 2015) (https://www.nitrc.org/
projects/gretna/), and the connection-wise comparisons were per-
formed using the Network Based Statistic Toolbox (Zalesky et al.,
2010) (NBS; https://sites.google.com/site/bctnet/comparison/nbs).

2.5.1. Network-wise comparisons
Network sparsity was defined as the ratio between the real number

of connections and the maximum possible number in a network. As 76
ROIswere involved in the tractography, themax number of connections
excluding self-connections would be 5700 (76 × 76 − 76). However,
the brain was not a full-connected network, but was a sparse network
that had less number of connections than the maximum possible num-
ber. Unlike deterministic tracking, probabilistic tractography generated
spurious connections with extremely small connectivity probabilities
between pairs of unconnected regions. Thus, a threshold was required
to identify these false-positive connections before further network anal-
yses. To avoid the bias from one single threshold, the network analyses
were conducted using a series of thresholds, ranging from 10% network
sparsity (5700 × 0.1 = 570 connections) to 30% sparsity (5700 × 0.3=
1710 connections), which corresponded to probability thresholds from
0.01 to 0.05 (Supplementary Figure S1).

To compare structural connectomes between the two groups, the
following graph theoretical measures were computed under different
thresholds (Rubinov and Sporns, 2010).

1) Degree. Weighted degree of a node is the sum of edge weights
linking to the node. The weighted degrees of all nodes were aver-
aged to obtain the network degree.

2) Betweenness. Betweenness centrality of a node is the percentage of
all shortest paths that contain the node (Brandes, 2001). The be-
tweenness of all nodes was averaged to obtain the network
betweenness.

3) Small-worldness. Clustering coefficientmeasures hownodes in a net-
work tend to cluster together by calculating the fraction of thenode's
neighbors that are also neighbors of each other (Watts and Strogatz,
1998); and characteristic path lengths measures the efficiency of in-
formation transferred on a network by calculating the average

Fig. 1. Flow chart of structural connectome construction. (A) Creating a combinedMRI atlas based on the CAI atlas (cortical regions) andMori atlas (subcortical regions). (B) Transforming
the combined MRI atlas to the space of each animal. (C) ROI-to-ROI probabilistic tracking based on the combined MRI atlas. (D) Constructing the connectivity matrix as a structural
connectome for each subject. (E) Network analyses and comparisons.
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distance between pairs of nodes (Watts and Strogatz, 1998). A
small-world network is originally characterized by high clustering
coefficient as regular lattices and small characteristic path lengths
as random graphs for binary networks (Watts and Strogatz, 1998).
The small-world network can be generalized as having high effi-
ciency of information transfer at both the global and local scales
(high global and local efficiencies), a concept that is valid for both bi-
nary andweighted networks (Latora andMarchiori, 2003). Network
global efficiency was calculated as the inverse of the harmonic mean
of the shortest path length between all pairs of node. Local efficiency
of a node was the global efficiency of the neighbourhoods (sub-
graph) of the node, and local efficiencies of all nodes were averaged
to obtain network local efficiency. Both network global efficiency
and network local efficiency were normalized to the corresponding
averaged measures of matched random networks that were gener-
ated 100 times using the Markov-chain algorithm (Maslov and
Sneppen, 2002). The small-worldness was calculated as the ratio be-
tween the normalized local efficiency and the normalized global ef-
ficiency (Wang et al., 2015).

4) Modularity. The structural network can be segregated into several
modules or communities. The modularity (Q) measures the differ-
ence between the actual number of intra-modular connections and
the expectednumber for the samemodules in randomized networks
(Danon et al., 2006). Here, we used a greedy optimization algorithm
to optimize the network modularity (Clauset et al., 2004; Danon
et al., 2006). Generally, networks with high modularity have dense
connectionswithinmodules, but sparse connections between differ-
ent modules, indicating a strong partition of the network.

These networkmeasures were calculated for each subject under dif-
ferent thresholds. The effect of isolation on these measures was exam-
ined by two-way analysis of variance (ANOVA), where the group
factors (control and socially isolated groups) and the threshold factors
were fitted to the model. The two-way ANOVA allowed us to examine
whether the group factors were significant or not. Meanwhile, the
area under a curve (AUC) for each networkmeasure was also calculated
to provide a scalar independent of specific threshold selection (Wang
et al., 2015). In brief, the AUCwas calculated by doing a definite integral
between two thresholds (Fig. 2B). The AUC of each network measure
and node measure was compared between groups by Welch two-
sample t-test. Correlations between these network measures and

behavioral performance were also analysed. P-values for multiple com-
parisons were corrected using the Holm–Bonferroni method (Holm,
1979) if and when necessary. All statistical analyses were conducted
using R language (https://www.r-project.org/).

2.5.2. Connection-wise comparisons
TheNBSwas used to identify connections thatweremost affected by

social isolation. The NBS is a nonparametric technique to control the
family-wise error rate (FWER) when comparing every connection of a
network (Zalesky et al., 2010). Although operating directly on raw net-
work matrices, the NBS requires a primary threshold to construct a set
of suprathreshold links for later permutation testing. The primary
threshold only affects its sensitivities, but not the control of the FWER
(Zalesky et al., 2010). A range of primary thresholds were examined
from t = 2.5 to t = 3.5, and the results based on the threshold with
the highest statistical significance (the lowest FWER-corrected p-value
of any components) were selected for presentation. The patterns of sig-
nificant connections were examined, and correlations between these
connections and behavioral performances were also tested.

2.6. Tractography-based analyses

The above analyses of structural connectome suggested that the for-
ceps minor and the lateral-cortical tracts may be affected by the social
isolation (see Results). To reconstruct these tracts, seed regions of inter-
est (ROIs) at the PFC andwaypoint/target ROIsweremanually drawnon
the CAI template (Supplementary Figure S2) and spatially transformed
(affine transfromation followed by nonlinear deformation) to each sub-
ject (b0 image) by ANTs. Subsequently, ROIs were used to create the
streamlines of the forceps minor of the corpus callosum (fmi, Supple-
mentary Figure S2A) and the lateral-cortical tracts (lc, Supplementary
Figure S2B). ROIs were independently verified by another investigator
with expertise in C57BL/6 mouse brain anatomy and were similar to
those used in our previous study (Moldrich et al., 2010). The probabilis-
tic tractography was performed using the same approach as the con-
struction of structural connectome. Each tract was generated
independently for each hemisphere and the tracking stopped when
10,000 streamlines were selected for each tract. A series of streamline
thresholds (the number of streamlines passing through a voxel) from
25 streamlines to 500 streamlines were used to exclude voxels outside
of the tract-of-interest, and the best thresholds were chosen to build a

Fig. 2. Network-wise comparison reveals an abnormal structural connectome in socially isolated mice. (A) Network measures across different network sparsities. The structural
connectome of socially isolated mice displays an increase in network degree, but reductions in network betweenness, small-worldness and modularity. (B) A demonstration of “area
under the curve” (AUC). (C) The AUC of these networkmeasures across all network sparsities. Values are presented asmean± SEM for each group. *p b 0.05, **p b 0.01, and ***p b 0.001.
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binary mask for each tract (Supplementary Figure S3). Diffusion-tensor
properties, including fractional anisotropy (FA), mean diffusivity (MD),
radial diffusivity (RD) and axial diffusivity (AD), were averaged for each
tract and compared between the two groups. Comparisons of diffusion-
tensor properties using non-optimal streamline thresholds also pro-
duced similar patterns to those of optimal thresholds (data not
shown). The analyses were performed separately for each hemisphere,
expect for the forceps minor where the left and right tracts form one
commissural tract.

2.7. Histological examinations

Histology was performed on 7 controls and 6 socially isolated mice
(all males). We investigated the densities of total cells (DAPI+), oligo-
dendrocytes (Olig2+/CC1+), as well as myelin content using the in-
tensity of myelin basic protein (MBP+). Fluorescence z-stack images
of the forceps minor (Bregma 1.18 mm ± 0.06 mm) for the sections
with anti-Olig2 and anti-CC1 antibodies were obtained on a Zeiss Axio
Imager with ApoTome using a 20× objective. For the sections with
anti-MBP antibody, fluorescence images were obtained using a 10× ob-
jective (1 image for eachhemisphere permouse). Imageswere analysed
using FIJI/ImageJ (Schindelin et al., 2012). The densities of total cells
(DAPI+) and oligodendrocytes (OLIG2+/CC1+) were estimated
using a threshold-based method. For the sections with anti-MBP anti-
body, the analysis was performed on raw images (without any prepro-
cessing),where the intensity of thefluorescence signalswas averaged in
the forceps minor. Detailed histological protocols were described in
Supplementary Methods - Immunofluorescence.

3. Results

3.1. Abnormal structural connectome in socially isolated mice

We constructed structural connectomes of mouse brains (Fig. 1C–D)
and examined the effect of social isolation on network measures by
two-way ANOVA (Fig. 2A). Socially isolated mice had a higher network
degree than controls (F(1,20)= 29.32, p b 0.001, corrected), suggesting
a higher overall connectivity probability in socially isolated mice. Con-
trary to the degree, socially isolated mice showed significant reduction
relative to controls in betweenness (F(1,20) = 110.44, p b 0.001,
corrected), small-worldness (F(1,20) = 44.36, p b 0.001, corrected),
and modularity (F(1,20) = 122.70, p b 0.001, corrected). The between-
nessmeasures the influence of each node on the information transfer in
a network (Brandes, 2001); the small-worldness quantifies the effi-
ciency of information transfer at both the global and local scales
(Watts and Strogatz, 1998); and the modularity characterizes the qual-
ity of segregating a network into modules or communities (Girvan and
Newman, 2002). The changes in these network features indicate an ab-
normal network structure in the socially isolated mice (Fig. 2A). Similar
analyseswere also conducted on binary networks, whichproduced sim-
ilar results to the weighted networks (Supplementary Figure S4).

We also compared “the area under the curve” (AUC) of these net-
work measures between the two groups using Welch's two-sample t-
test (Fig. 2C). Consistently, the socially isolated mice had significant re-
ductions in betweenness (t(29.80) = 3.48, p = 0.0064, corrected),
small-worldness (t(29.98)= 2.23, p= 0.033, uncorrected), andmodu-
larity (t(29.37)= 2.60, p= 0.042, corrected). The degree was higher in
socially isolatedmice, but not significantly (t(25.95)=−1.21, p=0.24,
uncorrected) (Fig. 2C).

The group difference in the network degree was relatively small and
not as significant as other measures (Fig. 2), suggesting that the high
connectivity probabilities may be concentrated between a few nodes.
We compared the nodal degree between groups and identified brain re-
gions with significantly higher degree in the socially isolated mice (Fig.
3), including the right dorsolateral orbitofrontal cortex (Dlo.R;
t(25.54) = −4.35, p = 0.014, corrected), entorhinal cortex (Ent.R;

t(25.82) = −4.20, p = 0.021, corrected), and perirhinal cortex (Pr.R;
t(29.98) = −4.38, p = 0.010, corrected). The left parts of these brain
regions also had a higher degree in the socially isolated mice, although
these measurements did not reach statistical significance.

3.2. Abnormal inter-modular and inter-hemispheric connectivity in socially
isolated mice

Network-wise comparisons revealed abnormalities in global and
local (nodal) measures, but did not show which connections were af-
fected by social isolation. By using the network based statistics (NBS),
we compared each connection of the structural connectome between
groups. The connection-wise comparisons unveiled three major pat-
terns (Fig. 4). First, most of the abnormal edges were inter-modular
and inter-hemispheric connections, which explain the higher modular-
ity in the socially isolated mice. Second, most of the abnormal edges
were connected with the prefrontal regions, especially the dorsolateral
orbitofrontal cortex, suggesting that disruptions in the connectivity of
the prefrontal cortices may be a major contributor to the abnormal
structural connectomes of the socially isolatedmice. Third, these abnor-
mal connections had higherweights in the socially isolatedmice than in
controls, consistent with the network-wise comparisons. These three
patterns were consistent under different primary thresholds required
for the NBS analyses (Fig. 5).

3.3. Abnormal structural connectomes are associated with abnormal
behaviors

We assessed the influence of social isolation on locomotor activity,
spatial working memory, and fear conditioning (Fig. 6). Compared
with the control group, the socially isolated mice showed significantly
higher locomotor activity (t(19.80) = −2.60, p = 0.034, corrected) in
the open-field test, and lower freezing behaviors in both the context
fear conditioning (t(29.43) = 2.89, p = 0.022, corrected) and the tone
fear conditioning tests (t(29.87) = 4.81, p b 0.001, corrected). The so-
cially isolated mice exhibited normal spatial workingmemory function,
as no difference was found in the Y maze spontaneous alternation test
(t(28.88) = 1.11, p = 0.28, uncorrected).

Having observed significant changes in the structural connectome of
mice reared in isolation during adolescence, we were interested to in-
vestigatewhether these changes also correlated with significant behav-
ioral abnormalities induced by social isolation. As shown in Fig. 7A, the
modularity was negatively correlated with locomotor activities
(R = −0.70, p b 0.001, corrected), and positively correlated with con-
textual fear conditioning (R = 0.51, p b 0.005, corrected) and tone
fear conditioning (R=0.59, p b 0.001, corrected). These correlations be-
tween network property and behaviors suggest that structural
connectomewas strongly associatedwith brain functions and behaviors
(Fig. 7A).

We further investigated the correlations between abnormal edges
(using their connectivity probabilities) and behavioral deficits (Fig. 7B
and Supplementary Table S2). Both contextual and tone fear condition-
ing were significantly correlated with edges that were linked to brain
regions implicated in fear memory, including the prefrontal cortices
(Dlo, Fra, Vmo), anterior cingulate cortex (Ac), hypothalamus (Hyp),
entorhinal cortex (Ent), perirhinal cortex (Pr), ectorhinal cortex (Ect),
secondarymotor cortex (M2), and primary auditory cortex (A1). Similar
correlations were also observed for locomotion activities, but were
more widespread, with extra edges that linked to the endopiriform nu-
cleus (End), caudate and putamen (Cp), retrosplenial area (Rsp), sec-
ondary somatosensory cortex (S2) and secondary visual cortex (V2l).
Most of these regions were connected with the prefrontal cortices by
abnormal edges, indicating that structural connectivities of the prefron-
tal regions are important for these behaviors.
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Fig. 3. Significant difference in nodal degree is observed. (A) Socially isolatedmice show significantly higher nodal degree (AUC) than controls in the right dorsolateral orbitofrontal cortex
(Dlo.R), entorhinal cortex (Ent.R), and perirhinal cortex (Pr.R). (B) Bar graph of the nodal degree (the area under the curve, AUC) in these regions for the two groups. Values are presented
as mean ± SEM for each group. *p b 0.05.

Fig. 4.Connection-wise comparison reveals abnormal inter-modular and inter-hemispheric connectivities in socially isolatedmice. (A) The transverse viewof the abnormal edges. (B) The
sagittal view of the abnormal edges. The Network Based Statistics analysis under the primary threshold (t = 3.0) is selected for the presentation, as its result shows the highest statistical
significance (p = 0.016) (Fig. 5). The size of a node represents the number of abnormal connections associated with that node. The color of a node represents the module to which it
belongs. Colored lines are the abnormal within-module connections, and gray lines are the abnormal inter-module connections. All colors are determined by the modularity analysis
on the averaged connectivity matrix across subjects, and are used for the purpose of demonstration only. The full name of each abbreviation is listed in Supplementary Table S1.
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3.4. Abnormal white matter tracts contribute to abnormal structural
connectomes

The dorsolateral orbitofrontal cortexwas themost affected region in
the structural connectome. By combining results of probabilistic
tractography and neural-tracing data of Allen Brain Altas (http://
connectivity.brain-map.org/), we investigated structural connectivity
profiles of the dorsolateral orbitofrontal cortex, and identified two
major white matter tracts (Fig. 8), including 1) the forceps minor,
which connects the two hemispheres of the prefrontal regions via the

genu of the corpus callosum; and 2) the lateral-cortical tracts, which
pass through a collection of lateral cortical regions.

We reconstructed the forceps minor and lateral-cortical tracts using
probabilistic tractography and compared average diffusion-tensor
properties between two groups for each tract. Socially isolated mice
showed significantly higher fractional anisotropy (t(29.06) = −2.45,
p = 0.021, uncorrected) and lower radial diffusivity (t(24.90) = 2.41,
p = 0.023, uncorrected) in the forceps minor (Fig. 9A). No significant
difference were observed in mean diffusivity (t(26.07) = 1.27, p =
0.22, uncorrected) and axial diffusivity (t(28.43) = 0.25, p = 0.80,

Fig. 5.Network Based Statistics analyses under different primary thresholds. Network Based Statistics (NBS) requires a primary threshold to construct a set of suprathreshold links for later
permutation testing. A range of primary thresholds were examined from t = 2.5 to t = 3.5, and the threshold (t = 3.0) results in a components with the highest statistical significance.
Meanwhile, two different measures can be used for the NBS. One is the component extent that is the total number of connections the component comprises, and the other is the
component intensity that is the sum of test statistic values across all connections comprising the component (Zalesky et al., 2010). Size of a node represents the number of abnormal
connections associated with that node. Color of a node represents the module to which it belongs. Colored lines are the abnormal within-module connections, and gray lines are the
abnormal inter-module connections. All colors are determined by the modularity analysis on the averaged connectivity matrix across subjects, and are used for the purpose of
demonstration only.

Fig. 6. Social-isolated mice show hyper-locomotor activities and deficits in fear conditioning. Values are presented as mean ± SEM for each group. *p b 0.05, **p b 0.01, and ***p b 0.001.
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uncorrected) of the forceps minor. Radial diffusivity of the left lateral-
cortical tracts was significantly lower in the socially isolated mice (Fig.
9A, t(28.60) = 2.20, p = 0.036, uncorrected), but this was not the
case for the right lateral-cortical tracts (t(29.94) = 1.51, p = 0.14, un-
corrected) although the patterns of changes were similar. Lateral-
cortical tracts showed no significant difference in fractional anisotropy,
mean and axial diffusivities (p N 0.05, uncorrected). As the size of white
matter tracts may affect the estimation of diffusion-tensor properties,
we also compared the volume of these tracts and found no significant
difference between groups (p N 0.05, uncorrected).

DiffusionMRI revealedmicrostructural changes in the forcepsminor
and the lateral-cortical tracts that were induced by social isolation. We
performed Immunohistochemical analyses to investigate the micro-
scopic structural changes that could underlie the diffusionMRI findings.
We targeted at the forceps minor, because 1) the lateral-cortical tracts

are a collection of fibers that are too extensive to be sampled; 2) as a
part of the corpus callosum, the forcepsminor is anwhitematter bundle
that covers a few brain sections and can be accurately sampled in histo-
logical experiments; and 3) the corpus callosum has been well studied
for both its structure and function and is the most commonly used
“model” in diffusion MRI research. The density of total cells (DAPI+)
and oligodendrocytes (CC1+/Olig2+), and the intensity of myelin
basic protein (MBP+) were measured in the forceps minor (Fig. 9B).
The socially isolated mice had significantly higher cell density (Fig. 9C;
t(10.99) = −7.22, p b 0.001, uncorrected) than the controls. As the
dominant cell type in the forceps minor (N80% of the total), oligoden-
drocytes were also present at a significantly higher density in the so-
cially isolated mice (Fig. 9C; t(8.68) = −2.63, p = 0.028,
uncorrected).We did not observe any difference in the intensity of my-
elin basic protein (Fig. 9C; t(10.83) = −0.27, p = 0.79, uncorrected).

Fig. 7. Structural connectome is correlated with behavioral performances. (A) The network properties that are correlated with behaviors. Modularity is significantly correlated with
locomotor activities and fear conditioning (B) The abnormal connections are correlated with locomotor activities and fear conditioning. The full name of each abbreviation is listed in
Supplementary Table S1, and the correlations of each connection are listed in Supplementary Table S2.
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4. Discussion

Based on diffusion MRI and probabilistic tractography, we have
identified the abnormal patterns in the structural connectome of so-
cially isolated mice, characterized by reducedmodularity and increased
inter-hemispheric connections from prefrontal regions. These abnor-
malities were correlated with behavioral deficits caused by the social
isolation, and the white matter changes in the forceps minor and
lateral-cortical tracts contributed to the abnormal connectome. These
results suggest that social experience during adolescence is an impor-
tant modulator of the structural connectome.

4.1. Orbitofrontal cortex, white matter tracts and abnormal structural
connectome

Themost distinct features of the abnormal connectomewere the ab-
normalities associated with the dorsolateral orbitofrontal cortex (Dlo).
Most of the abnormal edges were connected to the Dlo (Fig. 4). With
higher connectivity probabilities in the socially isolated mice, these ab-
normal edges caused the higher nodal degree in the Dlo aswell as in the
entorhinal cortex and perirhinal cortex that were connected with Dlo
(Fig. 3 and Supplementary Figure S5). Abnormal edges from the Dlo
may also reduce themodularity in socially isolatedmice (Fig. 2). Gener-
ally, a network with high modularity has dense within-module connec-
tions, but sparse between-module connections. Most of the abnormal
edges were inter-modular or inter-hemispheric (Fig. 4), which tended
to increase the between-module connections and reduce the modular-
ity in socially isolatedmice. Based on the above observations, we believe

that the changes in the Dlo and its neural pathways, including the for-
ceps minor and lateral-cortical tracts (Fig. 8), may be the main contrib-
utor to the abnormal structural connectome of socially isolated mice.

Tractography-based analyses and histological examinations re-
vealed microstructures changes in these tracts, which were character-
ized by an increase in fractional anisotropy (for the forceps minor)
and a decrease in radial diffusivity (for the forceps minor and lateral-
cortical tracts). Targeting the forceps minor, we revealed an increase
of cell density in the socially isolated mice, which could hinder the dif-
fusion of water and contribute to the alterations in fractional anisotropy
and radial diffusivity. We didn't observe significant changes in axial dif-
fusivity, indicating that most cells in the forceps minor are aligned in
parallel to the tract rather than randomly aligned. Supporting this as-
sumption, the majority of cells in the forceps minor are oligodendro-
cytes, which tend to be aligned along axons (Baumann and Pham-
Dinh, 2001). These changes in diffusion-tensor properties and oligoden-
drocytes indicate a change in myelination (Zhang J et al. 2012). How-
ever, we didn't observe any significant changes in the intensity of
myelin basic protein (MBP). Two factors may explain this; first, the in-
tensity of MBP staining cannot be used to adequately quantify the
level of myelination. Although the antibody against MBP is commonly
used to localize myelin, the intensity of staining decreases when com-
pact myelin sheaths are present, as MBP in sheaths is less accessible to
antibodies (Sternberger et al., 1978). Thus,we cannot drawa conclusion
about the amount of myelination solely based on the current evidence.
Second, the forceps minor has the high density of small axons and large
proportion of unmyelinated axons (Lamantia and Rakic, 1990; Aboitiz
et al., 1992). Meanwhile, the high density of axons is likely associated

Fig. 8. The structural connectivity profiles of the dorsolateral orbitofrontal cortex. (A) Probabilistic tractography from the seed of the right dorsolateral orbitofrontal cortex (Dlo.R).
(B) Axonal projection mapping of the Dlo.R in C57BL/6 mice from the Mouse Connectivity database of Allen Brain Atlas (http://connectivity.brain-map.org/). Note that the Allen Brain
atlas has different cortical parcellations to the CAI atlas (Ullmann et al., 2013). We selected an injection site (red dot) that was closest to the Dlo.R. Both probabilistic tractography and
axonal projection mapping reveal two major tracts of Dlo.R, including the forceps minor (Fmi) and lateral-cortical tracts (Lc). Scale bar = 2 mm.
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with a high density of oligodendrocytes (Simons and Trajkovic, 2006).
Thus, the change in the oligodendrocytes may be more substantial
than the change in myelination.

We observed several “lateralized” changes in the socially-isolated
mice. The left lateral-cortical tracts showed significant abnormalities
in the white matter microstructures (Fig. 9), whereas the right lateral-
cortical tracts displayed a similar trend but not as significant as the left
tracts. Meanwhile, we identified more abnormal inter-hemispheric
edges that connected the right Dlowith brain regions of left hemisphere
than the abnormal edges connecting left Dlowith right hemisphere (Fig.
4). These “lateralized” changes were consistent with each other, as
these edges connecting right Dlo with left hemisphere had to pass
through abnormal left lateral-cortical tracts. These asymmetric changes
may be caused by structural and functional asymmetries of the brain re-
gions connected by the tracts. For example, the rodent hippocampus has
asymmetric spine morphology, glutamate receptor distribution and
synaptic plasticity (Kawakami et al., 2003; Kohl et al., 2011; Shinohara
et al., 2008). In addition, hippocampal long-term memory processing
is lateralized in mice, as silencing the left hippocampus impairs long-

term memory, whereas silencing the right hippocampus does not
(Shipton et al., 2014). Since lateral-cortical tracts connect the
entorhinal-hippocampal system, the asymmetries of the hippocampus
may contribute to the asymmetric changes of these tracts. However, be-
sides the asymmetries of the hippocampus, we know few about the
structural and functional asymmetries in rodent brains, and therefore,
the above explanations on our “lateralized” findings requires further
investigation.

4.2. Orbitofrontal cortex, social experience and axonal pruning

The orbitofrontal cortex is a key brain region essential for social-
emotional behaviors (Adolphs, 2001). The development of the
orbitofrontal cortex and its neural pathways is influenced and modu-
lated by environmental changes. During adolescence, the major change
is a dramatic transition in social roles from dependent juveniles into in-
dependent adults (Smetana et al., 2006). Here, we demonstrated that
the orbitofrontal cortex and its connections were particularly sensitive
to the effect of adolescent social isolation, suggesting that social

Fig. 9.Abnormalwhitemattermicrostructures in socially-isolatedmice. (A)DiffusionMRI detects abnormalities in the forcepsminor and lateral-cortical tracts of socially isolatedmice. The
unit of radial diffusivity is ×10−4 mm2/s. (B) Representative immunofluorescence images of the forceps minor for DAPI+ (blue, all cells), Olig2+ (green, oligodendrocytes and
oligodendrocytes lineage cells), and CC1+ (red, mature oligodendrocytes) viewed with a 20× objective (scale bar = 50 μm), and MBP+ (red, myelin basic protein) using a 10×
objective (scale bar = 300 μm). More representative immunofluorescence images were provided in Supplementary Figure S6. (C) Socially isolated mice have a significantly higher
density of total cells (DAPI+) and oligodendrocytes (OLIG2+/CC1+) than the controls. The units of cell density is cells/104μm2. Values are presented as mean ± SEM.
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experience is essential for the structural remodelling of social-
emotional circuitry. Without social experience, the structural remodel-
ling of the orbitofrontal cortex and its neural pathways may be
disrupted, resulting in an abnormal structural connectome.

Axonal pruning may be one component of disrupted structural re-
modelling in the orbitofrontal cortex. During early brain development,
the brain generates exuberant immature projections (Low and Cheng,
2006). Many of these immature axons are pruned or eliminated during
postnatal development, with the remaining connections maintained to
form functioning circuits (Cressman et al., 2010; Low and Cheng,
2006). Pruning of axons are experience-induced and are largely shaped
by environmental influences (Blakemore, 2008). Since social experience
is the major environmental stimulus during adolescent development,
social deprivation may disrupt the normal axonal pruning of neural
pathways involving the orbitofrontal cortex, leaving socially isolated
animals with overabundant immature axons. These immature axons
tend to increase connectivity probabilities and thus increase the net-
work degree of the affected regions. The organization of immature
axons may also affect the modularity and small-worldness of neural
structures. From adolescence to young adulthood, axonal pruning
mainly occurs in the prefrontal regions and related pathways
(Cressman et al., 2010; Koss et al., 2014). In linewith this, the prefrontal
cortex, especially the orbitofrontal cortex, becomes the most affected
region in the structural connectome of socially isolated mice. Mean-
while, the changes in axons may be accompanied by other remodelling
events, including oligodendrocytes maturation andmyelination (Fields,
2010; Simons and Trajkovic, 2006). These changesmay compose the bi-
ological basis of the abnormal structural connectome in the socially iso-
lated mice, and worth investigation in the future.

4.3. Structural connectome and behavioral deficits

The abnormal structural connectome of socially isolated mice may
account for their behavioral deficits. Network properties, especially
modularity, displayed strong correlations with both fear memory and
locomotor activities (Fig. 7A). As themodularity of mice brain networks
increases as themicemature (Ingalhalikar et al., 2015), the lower mod-
ularity of socially isolated mice indicates that their brain circuits for
these behaviors may be not fully matured. This strong association sug-
gests that the structural connectome is an important endo-phenotype
that provides a link between brain abnormalities and behavioral
deficits.

In addition to whole brain properties, we also identified connection-
wise correlations in brain regions that were highly related to fearmem-
ory (Fig. 7B). Most of these connections are linked to the key regions of
fear memory circuits, including the prefrontal regions (Dlo, Vmo, and
Fra), anterior cingulate cortex, hypothalamus, and amygdala. We also
observed correlations between fear memory and connections of the
ectorhinal, perirhinal, and entorhinal cortices. As important cortical in-
terfaces of limbic systems, these regions receive information from all
sensory regions and have extensive reciprocal connections with the
amygdala, hippocampus, and prefrontal regions (Burwell et al., 1995;
Majak and Pitkanen, 2003; McDonald and Mascagni, 1997; Pitkanen
et al., 2000; Swanson and Cowan, 1977). Inactivation or lesions of
these regions impair normal functions of fear learning and memory
(Baldi and Bucherelli, 2014; Baldi and Bucherelli, 2015; Baldi et al.,
2013; Burwell et al., 2004; Corodimas and LeDoux, 1995; Hebert and
Dash, 2004; Howse et al., 2003; Ji and Maren, 2008; Majak and
Pitkanen, 2003; Maren and Fanselow, 1997; Sacchetti et al., 1999).
Their structural connectivity and functions explain their correlations
with fear memory. Connection-wise correlations with locomotor activ-
ities are more widespread than those with fear memory, as more re-
gions and connections may affect general locomotor functions.
Interestingly, none of these connection-wise correlations are higher or
more significant than the network-wise correlation for modularity
(Fig. 7A and Supplementary Table S2), indicating that the overall

structural connectome can explain more of the individual variance in
behavioral performances than any single connection.

4.4. Limitation and future direction

The main technique used in this study was diffusion MRI. This pow-
erful imaging technique helped us to identify microstructural changes
in the white matter of socially isolated mice, which contributed to the
abnormalities in the structural connectome. As diffusion MRI visualizes
biological tissues bymapping the diffusion of watermolecules of tissues
(Johansen-Berg and Behrens, 2013; Mori and Zhang, 2006), the
diffusion-tensor properties lack sensitivity and only indirectly reflect
microstructural changes to tissues, and therefore cannot directly pin-
point the pathology. To overcome this limitation, we need to resort to
other techniques to scrutinize the non-specific findings revealed by dif-
fusion MRI. We performed immunohistochemical analyses and proved
that the changes in diffusion-tensor properties were not false-positive,
but changes in axons and myelination were not directly investigated.
Future studies utilizing more specific imaging techniques, such as elec-
tron microscopy, will help to fully characterize white matter micro-
structural changes in axons and myelination.

Another limitation of this studywas the “ex-vivo” scanning. Diffusion
MRI technique is well-known for its “non-invasive” and “in-vivo” map-
ping of white matter structures and structural connectome. The “non-
invasive” feature allows longitudinal scanning, which is useful for
studying the development and changes of structural connectome. In ad-
dition, “in-vivo” scanningwith functionalMRI is commonly used tomap
functional connectivity and functional connectome, which is an impor-
tant complement to structural connectome (Smith et al., 2013; Sporns,
2013). However, we failed to take advantage of the “non-invasive” as-
pect of MRI techniques, as our animals were perfused and specimens
were subsequently scanned. Due to the small size of the mouse brain,
images with a high spatial resolution are required to delineate the mi-
crostructures of the brain (Zhang et al., 2012), which makes the “in-
vivo” scanning of mice brains quite challenging. Meanwhile, the animal
ethics requirement that living animals cannot be anesthetized too long
poses another challenge for acquiring high-resolution in-vivo diffusion
images. Thus, we resorted to ex-vivo diffusionMRI aswith the resolution
afforded by the technique (0.1 mm3) we were able to characterize
major white matter tracts in the mouse brain.

In conclusion, adolescent social isolation disrupts the structural
connectome ofmice, characterized by decreasedmodularity and abnor-
mal inter-hemispheric connections from the orbitofrontal cortex. The
altered structural connectome is mainly contributed by abnormal neu-
ral pathways of the orbitofrontal cortex, including the forceps minor
and lateral cortical tracts, the cellular basis of whichwarrants further in-
vestigation in the future.
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