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Mouse models of Huntington's disease (HD) that recapitulate some of the phenotypic features of human HD,
play a crucial role in investigating disease mechanisms and testing potential therapeutic approaches.
Longitudinal studies of these models can yield valuable insights into the temporal course of disease progression
and the effect of drug treatments on the progressive phenotypes. Atrophy of the brain, particularly the striatum,
is a characteristic phenotype of human HD, is known to begin long before the onset of motor symptoms, and
correlates strongly with clinical features. Elucidating the spatial and temporal patterns of atrophy in HD
mouse models is important to characterize the phenotypes of these models, as well as evaluate the effects of
neuroprotective treatments at specific time frames during disease progression. In this study, three dimensional
in vivo magnetic resonance imaging (MRI) and automated longitudinal deformation-based morphological
analysis was used to elucidate the spatial and temporal patterns of brain atrophy in the R6/2 and N171-82Q
mouse models of HD. Using an established MRI-based brain atlas and mixed-effects modeling of deformation-
based metrics, we report the rates of progression and region-specificity of brain atrophy in the two models.
Further, the longitudinal analysis approach was used to evaluate the effects of sertraline and coenzyme Q10

(CoQ10) treatments on progressive atrophy in the N171-82Q model. Sertraline treatment resulted in significant
slowing of atrophy, especially in the striatum and frontal cortex regions, while no significant effects of CoQ10

treatment were observed. Progressive cortical and striatal atrophy in the N171-82Q mice showed significant
positive correlations with measured functional deficits. The findings of this report can be used for future testing
and comparison of potential therapeutics in mouse models of HD.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Huntington's disease (HD) is an autosomal dominant neurodegen-
erative disorder characterized by progressive motor, cognitive and
behavioral dysfunction, with underlying neuropathology that
includes selective neurodegeneration and atrophy, primarily in the
striatum and cerebral cortex (Ross and Tabrizi, 2011; Vonsattel et al.,
1985; Walker, 2007). Due to the progressive nature of HD, longitudinal
monitoring of the disease is particularly important, in order to study its
onset and progression and to evaluate the efficacy of therapeutic inter-
vention. Recent longitudinal studies of HD patients with behavioral and
imaging evaluation have shown great potential in achieving these goals
chool of Medicine, 334 Traylor

rights reserved.
(Aylward et al., 2010, in press; Paulsen et al., 2006; Tabrizi et al., 2010).
Among the metrics frequently used in imaging evaluation, atrophy of
the brain, particularly the striatum, is an important hallmark of HD,
and is known to begin long before the onset of motor symptoms
(Aylward et al., 2004).

Genetic mouse models of HD, that replicate certain phenotypic
features of human HD, are instrumental for understanding the disease
mechanisms, elucidating areas of the brain involved in structural and
functional decline, and evaluating potential therapeutic approaches.
There are different genetic mouse models used in HD studies (Beal
and Ferrante, 2004; Dedeoglu et al., 2003; Menalled and Chesselet,
2002; Ramaswamy et al., 2007), and no single model is known to
recapitulate the neuropathology of human HD in its entirety. Among
the available mouse models, fragment HD models, including the R6/
2 and N171-82Q lines, are widely used in preclinical trials since
they exhibit multiple phenotypes and pathology resembling those
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Table 1
Cohort sizes and time points for serial in vivo MRI scans for the R6/2 and N171-82Q
models of HD used in the study.

Genotype/treatment Number of
subjects

Time points for in vivo
MRI (age in weeks)

R6/2 study Wild-type (control) n=8 3, 4, 5, 6, 8, 10, 12
R6/2 n=7 3, 4, 5, 6, 8, 10, 12

N171-82Q
study

Wild-type (control) n=10 6, 10, 14
N171-82Q / vehicle n=6 6, 10, 14
N171-82Q / coenzyme Q10 n=6 6, 10, 14
N171-82Q / sertraline n=8 6, 10, 14
N171-82Q / sertraline+
coenzyme Q10

n=8 6, 10, 14
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of human HD, whereas full-length HDmouse models often have subtle
phenotypes, making it less feasible to use them in short preclinical
trials. Similar to the neuropathology of human HD, gross progressive
atrophy of the brain is also a characteristic phenotype observed in
mouse models of HD. Therapeutic trials in these models have shown
potential benefits of a number of different treatment drugs, including
sertraline, coenzyme Q10 (CoQ10), minocycline, and remacemide
(Ferrante et al., 2002; Peng et al., 2008; Stack et al., 2006). Longitudinal
studies in genetic mouse models of HD can provide valuable insights
into the spatial and temporal profiles of brain atrophy and how poten-
tial treatments affect these profiles. Conventionally, metrics of disease
progression in mouse models of HD include behavioral testing for
evaluation of functional impairment, and histology for neuropathology
and structural atrophy. Histology, while contributing significantly to
our understanding of the underlying pathology, cannot be used for
monitoring structural atrophy over time. In the absence of reliable
markers for longitudinal monitoring of neuropathological changes,
there is sparse information on the dynamically varying spatial and
temporal patterns of brain atrophy in these models.

In recent years, in vivo magnetic resonance imaging (MRI) is being
increasingly used in longitudinal mouse studies (Lau et al., 2008;
Maheswaran et al., 2009b; McDaniel et al., 2001; Ward et al., 2008).
Previous MRI-based studies of mouse models of HD have been mostly
cross-sectional, with analyses based on manual volumetry to quanti-
tatively compare gross structural volumes (Ferrante et al., 2002;
Jenkins et al., 2005; Roberts et al., 2006; Sawiak et al., 2009) or defor-
mation based automated morphological analysis (Lerch et al., 2008).
Compared to manual volumetry, which relies on the accuracy of seg-
mentation techniques, deformation based analysis (Ashburner et al.,
1998) canprovide a fully automatedmethod formapping and identifying
progressive atrophy in the brain, requiring no a priori knowledge of the
structures likely to be affected. It can capture certain well localized
morphological changes, such as atrophy that occurs consistently in a
specific cortical region among subjects, whichmay be difficult to identify
by gross volumetric measurements. Two recent studies by our group
have demonstrated the feasibility of longitudinal in vivo MRI and its
use in detecting morphological differences between HD and wild-type
mouse brains (Cheng et al., 2011; Zhang et al., 2009). With longitudinal
imaging data, the parameters of interest include both group-wise
morphological differences as well as time-dependent changes in brain
morphology within each group, such as the spatiotemporally-varying
rates of growth or atrophy.

In the present study, we combined an established MRI-based
mouse brain atlas (Aggarwal et al., 2009) with longitudinal mixed
effects modeling (Fitzmaurice et al., 2004) to investigate the spatio-
temporal progression of brain atrophy in longitudinal MRI data
acquired from two widely-used fragment mouse models of HD, the
R6/2 and N171-82Q lines. The R6/2 is an early-onset model of HD,
with a short life span of 12–16 weeks depending on the CAG size,
and a well-studied progressive phenotype with gross striatal atrophy
(Mangiarini et al., 1996; Stack et al., 2005). The R6/2 is the most
commonly used transgenic mouse model of HD, and has also been
used to screen for potential therapeutics. However, since the early
disease onset and aggressive phenotypes in R6/2micemake it difficult
to use these mice in presymptomatic treatment trials, we used the
N171-82Q model for evaluation of the effects of sertraline and CoQ10

treatments on the progression of brain atrophy. Compared to R6/2
mice, the N171-82Q is a late-onset model of HD, that displays relatively
less aggressive phenotypes resembling human HD (Schilling et al.,
1999). The adult-onset and prolonged time course of disease symptoms
in N171-82Qmice allow a feasible experimental window for evaluating
treatments presymptomatically as well as postsymptomatically,
making it a useful model for therapeutic development (Hersch and
Ferrante, 2004). Here, atlas-based mapping of longitudinal MR images
and mixed-effects modeling of deformation based metrics allowed us
to map the degree and rate of progression of brain atrophy in the R6/2
and N171-82Q models of HD, and investigate the effects of sertraline
and CoQ10 treatments on the progression of regional atrophy in the
N171-82Q model.

Materials and methods

Animals and treatment groups

All animal experiments were performed in accordance with the
procedures approved by the Animal Research Committee at the
Johns Hopkins University School of Medicine. Transgenic R6/2 mice
were maintained by breeding heterozygous R6/2 males with females
from their background strain (F1 of CBAxC57BL/6). Both male and
female mice, with CAG repeat size ranging from 103 to 112 were
used in the R6/2 study. For the N171-82Q study, transgenic N171-
82Q mice were obtained by breeding heterozygous male N171-82Q
mice with wild-type females from their background strain
(B6C3F1). Only male mice with CAG repeat size of 82 were included
in the N171-82Q study, since significant gender-based variability in
N171-82Q mice has been previously reported (Duan et al., 2004).
Genotyping of the offspring and determination of the CAG repeat
size was performed by PCR assay on tail DNA (Laragen Inc., Los
Angeles, CA, USA). For each study, wild-type (WT) littermate mice
were used as controls. Starting at 6 weeks of age, the transgenic
N171-82Q mice were divided into four treatment groups: vehicle-
treated with daily intraperitoneal (i.p.) injection of 0.2% Tween-80
(n=6), sertraline-treated with daily i.p. injection of sertraline
(10 mg/kg, Toronto Research Chemicals, Canada) dissolved in 0.2%
Tween-80 (n=8), CoQ10-treated with 1% CoQ10 (Kaneka Corporation,
Pasadena, TX, USA) supplemented in the chow (n=6), and
combination-treated with both sertraline via daily i.p. injection and
CoQ10 supplemented in the chow (n=8). The mice were housed in
cages in groups of 3–5 on a 12 h light/dark cycle with ad libitum
access to food and water. Table 1 summarizes the groups of animals
used in this study.

In vivo MRI

Since the R6/2 is an early-onset model of HD, serial in vivo MR
images of the R6/2 and age-matched control mouse brains were
acquired starting at 3 weeks of age. To account for the rapid brain
growth during the early postnatal phase, images were acquired
weekly up to 6 weeks of age, and thereafter biweekly up to
12 weeks of age. For the N171-82Q model, which is an adult-onset
model of HD, the transgenic and control mice were imaged starting
at 6 weeks of age with subsequent scans at 10 and 14 weeks of age.
Longitudinal imaging of these mice and measurements of structural
volumes were reported previously (Cheng et al., 2011; Zhang et al.,
2009) and are briefly described here. All in vivo MRI studies were
performed on a horizontal-bore 9.4 Tesla NMR spectrometer (Bruker
Biospin, Billerica, MA, USA), equipped with an animal imaging probe
and a physiological monitoring system to monitor the ECG,
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respiration rate and body temperature. A 40-mm diameter birdcage
coil was used as the RF transmitter and receiver. Three dimensional
T2-weighted images were acquired using a fast spin echo (FSE)
sequence with an echo time (TE) of 40 ms, pulse repetition time
(TR) of 700 ms, echo train length of 4, flip angle of 40°, two signal
averages, and native spatial resolution of 0.1×0.1×0.25 mm3. The
imaging time was about 50 minutes per mouse. During imaging,
mice were anesthetized with 1% isoflurane mixed with oxygen and air
(1:3 ratio) via a vaporizer. The ambient temperature was maintained
at 30 °C throughout the scan via a heating block built into the gradient
system.

Generation of strain-specific reference brain atlases

To establish a common coordinate space for spatial normalization
and analysis of the longitudinal in vivo images, reference brain atlases
based on the background strains for each model were generated. For
the R6/2 model, a population-averaged MR brain atlas based on T2-
weighted in vivo images from C57BL/6 mice (n=9, 12 week old)
was used as the reference template. For the N171-82Q study, the
wild-type control cohort (n=10, 6 week old) was used to create a
background strain-specific reference atlas for image mapping. The
details of the atlas generation procedure have been described in
(Aggarwal et al., 2009; Kovacevic et al., 2005). Briefly, signals from
non-brain tissue in the images were manually removed (skull strip-
ping). The brain image of one mouse, with brain volume close to the
median value of the control population, was chosen as the reference
(I0) for initialization of the atlas generation algorithm. The brain images
were intensity-normalized and rigid aligned to I0, and the voxel-wise
mean of the aligned images was computed to generate an averaged
template (I1). This I1 template was used for affine transformation of
the individual images, and the affine-transformed images were then
averaged to generate the template for the next step (I2). The single-
subject images were then warped to the averaged template I2 using
nonlinear transformations generated by large deformation diffeo-
morphic metric mapping (LDDMM), which generates topology-
conserving diffeomorphic transformations that map the morphological
differences between the reference template and each brain image in the
form of deformation vector fields (Miller et al., 2002). This procedure
was repeated until the averaged image generated by subsequent
iterations revealed no visible change. The warped images from individ-
ual subjects were then averaged to generate the reference brain atlas.
Segmentation and labeling of major brain structures in the reference
brain atlas were performed according to (Aggarwal et al., 2009).

Diffeomorphic mapping to the reference atlas

Serial MR images of the transgenic and wild-type mice in each
study were manually skull-stripped using the DiffeoMap software
(www.mristudio.org), and aligned to the background strain-specific
reference atlas using a rigid transformation model with six degrees of
freedom. Intensity normalization of the aligned images to the reference
atlas was done using a piece-wise linear function to equalize the mean
intensities of the white matter, grey matter and cerebrospinal fluid
regions. The normalized images were then nonlinearly warped to the
reference atlas using intensity-based transformations generated by
LDDMM. For longitudinal analysis of morphological changes, Jacobian
maps of the transformations generated by LDDMM were computed
for each subject at each time point. The determinant of the Jacobian
provides a quantitative metric for measuring the local, voxel-wise
shrinkage or expansion of the subject image relative to the reference
atlas (Toga and Thompson, 2003). The Jacobian determinant was trans-
formed to logarithmic scale (referred to as log-Jacobian in the following
sections) to better approximate a normal distribution in order to allow
the use of mixed-effects models for statistical analysis.
Longitudinal statistical analysis

Longitudinal local volumetric changes at each brain voxel, as mea-
sured by the derived log-Jacobian values, were modeled using linear
mixed effects (LME) models. Because repeated measurements from
the same subjects cannot be treated as independent observations,
standard regression techniques are not valid for longitudinal data.
LME models were used since they include a subset of the regression
parameters as random effects, thereby accounting for the intra-
subject covariance (Pinheiro and Bates, 2000). Longitudinal modeling
of voxelwise log-Jacobian was carried out using LMEmodels with age,
genotype, and interaction between age and genotype (and interaction
between age and treatment, for the N171-82Q model) as the
independent variables. For the R6/2 study, a linear splines model
with a knot at 5 weeks of age was used:

Yij ¼ β1 þ β2tij þ β3 tij−5
� �

þ
þ β4Gi þ β5tijGi þ β6 tij−5

� �
þ
Gi

þ b1i þ b2itij þ εij ð1Þ

which included fixed effects for age (β2 and β3), genotype (β4), and the
interaction of age with genotype (β5 and β6), and random intercept
(b1i) and slope (b2i) terms to account for within-subject variability. tij
denotes the age (in weeks) of the ith subject at the jth observation, Gi

denotes the genotype (0 for wild-type, 1 for R6/2 transgenic) and εij is
the residual error term. The term (tij-5)+ is equal to (tij-5) when
tij>5, and equal to zero otherwise. Since brain growth in the mouse is
known to continue during the early postnatal phase, we used linear
splines to allow modeling of different rates of change for different age
spans during the course of the study. For the N171-82Q study, the
log-Jacobian values were fit to the following LME model:

Yij ¼ β1 þ β2tij þ β3Gi þ β4tijvehi þ β5tijCoQ i þ β6tijseri
þ β7tijcombi þ b1i þ b2itij þ εij ð2Þ

which included fixed effects for age (β2), genotype (β3), and interaction
between age and treatment (β4, β5, β6 and β7), as well as random inter-
cept (b1i) and slope (b2i) terms.Gidenotes the genotype (0 forwild-type,
1 for N171-82Q transgenic), and vehi, CoQi, seri and combi denote the
treatment group (1 for vehicle-, CoQ10-, sertraline- and combination-
treated mice respectively, and 0 otherwise). Voxel-wise statistical test-
ing for the estimated fixed effects parameters was based on the Wald
statistic compared to a t-distribution with the degrees of freedom asso-
ciated with each test (Fitzmaurice et al., 2004). To avoid Type I errors,
the resulting statistical maps were corrected for multiple comparisons
using the false discovery rate (FDR) set at 0.05 (Genovese et al., 2002).
The longitudinal statistical analysis software was implemented in
Matlab 7.5 (Mathworks Inc., Natick, MA).

Behavioral testing

Motor performance of the N171-82Q and wild-type littermate mice
was assessed at 6, 10 and 14 weeks of age using a rotarod apparatus
(Columbus Instruments, Columbus, OH), in which the time the mouse
remains on the rod at accelerating speeds from 4 to 40 rpm was
measured. The rotarod is a widely-used test designed to monitor
motor coordination in mice (Jones and Roberts, 1968). Each mouse
was initially trained for 5 min followed by a 1-h rest period. Mice
were then placed back on the rotarod for three trials (each of
maximum 5 min and separated by a 30-min rest period) at accelerating
speeds of 4 to 40 rpm. Testing was performed on three consecutive
days, by which time a steady baseline level of performance was
attained. The mean score of the trials on the three testing days was
used for statistical analysis. Pearson's product correlation coefficient
was used to test for association between imaging and behavioral
measures.

http://www.mristudio.org
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Results

Longitudinal monitoring of morphological changes in the wild-type
mouse brains

Longitudinal MRI of the WT cohorts showed that morphological
changes in the mouse brains were dynamic and spatially non-
uniform (Fig. 1). Significant and rapid increase in local tissue volume
as measured by the derived log-Jacobian maps was observed in the
CBAxC57BL/6 mouse brains up to 5 weeks of age, in several regions
including areas in the cerebellum, dorsal striatum and hippocampus,
while a large part of the thalamus and ventral striatum showed no
significant change. From 5 to 12 weeks, the dorsal striatum and
hippocampus still showed significant increase in local tissue volume,
but at a much lower rate than before. Similar patterns were found in
the B6C3F1 mice between 6 and 14 weeks of age. The olfactory bulbs
in CBAxC57BL/6 and B6C3F1 mice were found to undergo moderate
but significant local volumetric increase in all age spans included in
this study. The lateral ventricles also showed significant enlargement
throughout up to 14 weeks of age. Significant progressive decrease in
local tissue volume, as indicated by a negative rate of change of log-
Jacobian valueswith age, was observed in several cortical regions (Fig. 1).
Fig. 1. Longitudinal changes in the wild-type mouse brains. The color-coded maps show rate
effects (LME) modeling overlaid on the reference brain atlas. Only regions with statistically s
the CBA×C57BL/6 and B6C3F1 strains are shown. Plots of log-Jacobian at selected voxel loc
and the overall growth curves estimated by the LME model fitting (bold lines). * indicates st
(FDR) set at 0.05.
Longitudinal monitoring of brain atrophy in the mouse models of HD

Our longitudinal data showed progressive and region-specific
atrophy in the two mouse models studied here. To distinguish
changes associated with atrophy in the R6/2 brains from those due
to normal growth and maturation of the WT brains shown in Fig. 1,
differences in the rates of change of log-Jacobian between groups
(age×genotype interaction) were examined (Fig. 2). At 3 weeks of
age, the R6/2mice showedno significant atrophy in the brain compared
to theWT cohort. From 3 to 5 weeks of age, the rate of atrophy was the
highest in the neocortex and piriform cortex (with significant differ-
ences from the WT cohort), while the rest of the brain showed only
mild or no atrophy. From weeks 5 to 12, regions in the striatum,
thalamus, hippocampus and piriform cortex had significant rates of
atrophy (Fig. 2), whereas the cortical regions did not show significant
progression of atrophy in this phase.

Compared to the R6/2 model, the N171-82Q mice showed a
relatively late onset of brain atrophy (Fig. 3), with no significant
differences from the WT cohort observed at 6 weeks of age. After
6 weeks, significant progression of atrophy in the N171-82Q mice
was detected in brain regions including the neocortex, striatum,
hippocampus, piriform cortex and amygdala (Fig. 3).
of local tissue volume change (measured by log-Jacobian) obtained by the linear mixed
ignificant (false discovery rate=0.05) age-related changes within different age spans in
ations within the cerebellum and cortex show the individual trajectories (open circles)
atistical significance after correction for multiple comparisons with false discovery rate



Fig. 2. Spatiotemporally-varying rate of atrophy in the R6/2 mouse model of HD. a) Color-coded maps showing the average rate of atrophy in the week 3 to 5 and week 5 to 12 age
spans are overlaid on orthogonal sections from the reference atlas. The color bar represents the difference in fitted slopes of log-Jacobian between the R6/2 and wild-type control
cohorts, with negative values indicating progressive atrophy in the R6/2 brain compared to controls. b) Statistical maps (false discovery rate=0.05) showing regions with significant
differences in the fitted slopes of log-Jacobian between the R6/2 and control brains overlaid on the reference atlas. The log-Jacobian profiles at selected voxel locations are plotted in
(c), showing the individual trajectories (open circles) and the overall LME model fit (bold lines) for the wild-type (WT) and R6/2 cohorts. Structural abbreviations are: Cx: cerebral
cortex, Cb: cerebellum, CPu: striatum, Hi: hippocampus, LV: lateral ventricle, Th: thalamus.
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Treatment effects on brain atrophy in the N171-82Q mouse brain

To evaluate the effects of sertraline, CoQ10, and combination of
sertraline and CoQ10 treatments on atrophy in the N171-82Q model
of HD, differences in the rates of change of log-Jacobian between
the treatment and sham (vehicle-treated) cohorts were examined.
Longitudinal log-Jacobian analysis showed that sertraline treatment
resulted in significant slowing of the progression of atrophy in the
N171-82Q mouse brain, as the rate of atrophy in the sertraline-
treated group was significantly lower compared to the vehicle-
treated group, and this decrease in atrophy was localized to the
striatum and frontal cortex regions (Fig. 4). No treatment effect was
observed in the piriform cortex or amygdala, areas that also showed
progressive tissue atrophy in this model. We found no significant
effect of CoQ10 treatment on regional atrophy in the N171-82Q
brain (data not shown). Mice treated with a combination of sertraline
and CoQ10 also showed significant decrease in the rate of atrophy
compared to the vehicle-treated group, and the brain regions with
significant treatment response were similar for both sertraline and
combination treatments (Fig. 4). Statistical testing for differences in
regional atrophy between the sertraline- and combination-treated
cohorts showed no significant differences between the two
treatments.

Correlation of structural atrophy with functional outcome

To determine if there is an association between progressive struc-
tural atrophy and behavioral phenotype deficits in the N171-82Q
mice, we evaluated the correlation between rotarod performance
scores and structural volume measures from MRI. The rotarod scores
correlated positively with cortical and striatal volumes at 14 weeks in
N171-82Q transgenic mice (r=0.557, p=0.007 and r=0.494,
p=0.02, respectively), but not in WT mice (Fig. 5 a, b). There was a
relatively stronger correlation between the rotarod scores at

image of Fig.�2


Fig. 3. Spatiotemporal progression of brain atrophy in the N171-82Q mouse model of HD. a) Maps showing the average rate of atrophy in the N171-82Q mouse brain. The color bar
represents the difference in fitted slopes of log-Jacobian between the N171-82Q and wild-type cohorts, with negative values indicating progressive atrophy in the N171-82Q brain
compared to controls. Anatomical locations of the sections are indicated in the scout image of the mid-sagittal section. b) Statistical maps (false discovery rate=0.05) showing
regions with significant differences in the fitted slopes of log-Jacobian between N171-82Q and control brains overlaid on the reference atlas. The log-Jacobian profiles of the
N171-82Q and wild-type (WT) cohorts at the indicated voxel locations are plotted in (c), with the bold lines representing the overall LME model fit. Structural abbreviations
are: A: amygdala, Cb: cerebellum, Cx: cerebral cortex, CPu: striatum, Hi: hippocampus, Th: thalamus.

2091M. Aggarwal et al. / NeuroImage 60 (2012) 2086–2095
14 weeks and the relative changes in cortical and striatal volumes in
N171-82Q mice from 6 to 14 weeks of age (r=0.797, pb0.0001 and
r=0.723, pb0.0001, respectively) (Figs. 5 c, d). Further, to evaluate
if attenuation of regional atrophy with sertraline and combination
treatments had an association with functional improvement in
N171-82Q mice, wemanually selected a region of interest (ROI) within
the frontal cortex and striatum, where significant treatment effect was
detected based on log-Jacobian analysis (as shown in Fig. 4). There
was a strong positive correlation between the 14 week rotarod scores
and the relative change in Jacobian values from 6 to 14 weeks of age
averaged over the selected ROI (r=0.809, pb0.0001) (Fig. 5 e). These
results indicate that progressive tissue atrophy in the cortex and
striatum correlates with the severity of motor symptoms in the N171-
82Q model of HD, and both functional and imaging measures provide
complementary metrics to evaluate and grade disease severity and
treatment response in this model.
Discussion

The findings of the present study demonstrate the potential of
longitudinal deformation-based morphological analysis of in vivo
MR images to elucidate the complex spatiotemporal dynamics of
age-related growth and progression of structural atrophy in the
brain. Themouse brain is known to undergo age-relatedmorphological
changes, especially in the early postnatal phase that is characterized by
rapid structural growth and development (Chuang et al., 2011;
Wingert, 1969). Similar to the findings of our study, volumetric
increases with age in the hippocampus, olfactory bulbs, ventricles and
cerebellum, as well as age-related reduction in volume in the cerebral
cortex have been reported in previous MRI-based longitudinal studies
in different wild-type mouse strains (Lau et al., 2008; Maheswaran et
al., 2009a,b). Elucidating the growth patterns of normal mouse brains
will facilitate further understanding of howbrain development in trans-
genic mouse models deviates from normal development.

Our findings in the R6/2 and N171-82Q mouse models of HD are
consistent with the known pathological findings in these models.
The R6/2 is a juvenile onset model of HD, with neuropathological
symptoms reported as early as 30 days of age (Stack et al., 2005). In
the present study, we observed significant and widespread brain
atrophy that began around 3 weeks of age, and progressed to regions
including the cortex, striatum, hippocampus, thalamus and piriform
cortex (Fig. 2). Although the exact mechanisms of neuronal degener-
ation in this model are not fully understood, detailed histological
analyses have shown evidence of neurodegeneration occurring in the
striatum, cortex and hippocampus (Ferrante et al., 2003; Iannicola et
al., 2000; Turmaine et al., 2000), while differences in overall structural
volumes in these regions between R6/2 and wild-type mice have also
been reported by ex vivo high resolution MRI (Sawiak et al., 2009).
Compared to the R6/2 mice, the N171-82Q model of HD has a longer
N-terminal fragment of huntingtin and shows a relatively delayed
onset of disease symptoms (Beal and Ferrante, 2004). Histology-based
studies in this model have reported neuronal degeneration in the
cortex, striatum, amygdala, hippocampus and piriform cortex (Saydoff
et al., 2006). Significant progressive atrophy in these brain regions
was detected in N171-82Q mice in the present study (Fig. 3).

With longitudinal morphological analysis, we were able to estimate
the rate of progressive atrophy throughout the brain in the R6/2 model
from 3 to 12 weeks of age. An interesting observation in the present
study was that significant progressive atrophy in the R6/2 cortex was
observed predominantly in the early postnatal phase up to 5 weeks of
age, and was relatively less evident in later stages (Fig. 2). Our observa-
tion in the R6/2mice is in contrast to clinical observations in humanHD,
where cortical atrophy has been observed towards later stages of the
disease (Aylward et al., 1998). In comparison, progressive atrophy in
other brain regions in R6/2 mice, e.g., the striatum and thalamus, was
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Fig. 4. Effects of sertraline and combination of sertraline+coenzyme Q10 (CoQ10) treatments on the rate of progressive brain atrophy in the N171-82Q model of HD. a) Color-coded
maps showing the average rates of atrophy from 6 to 14 weeks of age are overlaid on the reference atlas. Color-bar indicates the differences in fitted slopes of log-Jacobian between
vehicle-, sertraline- or combination-treated groups and the wild-type control group. a) Statistical maps (false discovery rate=0.05), showing regions with significant longitudinal
differences between the treatment and sham (vehicle-treated) groups, with positive values of the t-score indicating lower rates of atrophy in the treatment groups. Log-Jacobian
profiles at the indicated voxel locations are plotted in (b), with the bold lines indicating the overall linear mixed effects (LME) model fits for the treatment and sham groups. Blue
dashed lines indicate the LME model fit for the wild-type control cohort.
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observed mainly after 5 weeks of age. Using toluidine blue staining, a
study by Stack et al. has reported progressive increase in the number
of degenerating neurons in the R6/2 striatum from 5 to 12 weeks of
age (Stack et al., 2005).

We also demonstrated the use of longitudinal analysis to examine
effects of different treatments on progressive brain atrophy. Significant
decrease in the rate of progressive atrophy was observed in N171-82Q
mice treatedwith sertraline, primarily in the striatumand frontal cortex
regions. Sertraline is an antidepressant drug belonging to the class of
selective serotonin reuptake inhibitors (SSRIs), that has been shown to
have neuroprotective effects in HD mice by increasing brain-derived
neurotrophic factor (BDNF) and neurogenesis (Peng et al., 2008).
Previous histology-based studies have demonstrated amelioration of
striatal atrophy and improved motor performance in N171-82Q mice
treated with sertraline (Duan et al., 2008). While the effect of sertraline
treatment on progressive cortical atrophy observed in the current study
remains to be investigated by histological analysis, these findings
indicate that imaging measures can provide sensitive metrics for longi-
tudinal evaluation of disease severity and therapeutic response in
mouse models of HD. In the present study, we observed no significant
effect of CoQ10 treatment on the rate of progressive atrophy in N171-
82Q mice and no significant difference between sertraline treatment
and the combined treatment. CoQ10, a cofactor in the mitochondrial
electron transport chain and a potent antioxidant, had been shown to
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Fig. 5. Scatter plots showing the relationship between rotarod performance (latency to fall in seconds) and MRI-based volumetric measures in the N171-82Q HD mice. a, b) The
rotarod scores at 14 weeks were positively correlated with cortical and striatal volumes at 14 weeks in N171-82Q mice (solid lines, r=0.557, p=0.007 and r=0.494, p=0.02,
respectively), but not in wild-type mice (dashed lines). c, d, e) The 14 week rotarod scores showed a stronger correlation with the relative change in cortical and striatal volumes
from 6 to 14 weeks (volume at 14 weeks normalized with respect to volume at 6 weeks) (r=0.797, pb0.001and r=0.723, pb0.001, respectively); and with the mean change in
Jacobian within a region of interest (ROI) in the frontal cortex and striatum that showed significant treatment effects on the rate of atrophy (r=0.809, pb0.001). Each data point
represents one subject, with the color indicating the genotype and treatment group: wild-type (WT) controls, and N171-82Q transgenic HD mice treated with vehicle (HD-veh),
sertraline (HD-ser) or combination of sertraline and coenzyme Q10 (HD-ser/coQ10).
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have therapeutic effects in mouse models of HD in previous studies.
While CoQ10 treatment has been shown to attenuate weight loss in
N171-82Qmice, therewas no increase in survival or alteration of neuro-
degenerative processes in the brain (Schilling et al., 2001). Given these
findings, further studies with a larger cohort size may be necessary to
derive conclusive evidence of the effects of CoQ10 in this model. These
results indicate that the longitudinal morphological analysis approach
can be potentially used to analyze and compare the effects of different
treatments quantitatively.

In this study, we found significant correlation between cortical
and striatal atrophy and motor deficits in the N171-82Q model of
HD. As seen from the findings in Fig. 5, in the N171-82Q cohorts
treated with sertraline and combination treatments, there was
amelioration of regional atrophy in the cortex and striatum, and these
mice also exhibited decreased motor dysfunction. These findings
suggest that functional deficits in this model, as evidenced from a
decrease in the time spent on the rotarod, may be a consequence of
progressive neuronal atrophy and loss of tissue volume in the cortex
and striatum. Furthermore, rotarod scores in N171-82Q mice showed
a stronger correlation with the changes in cortical and striatal volumes
from 6 to 14 weeks of age, as compared to volumes measured at
14 weeks (Fig. 5). This difference reflects the existent morphological
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variability in the mouse brain, and indicates that longitudinal measure-
ments of volumetric changes over time, that are not affected by inter-
subject variability, may be more reliable and sensitive metrics for
assessment of disease severity in mouse models of HD, as compared
to cross-sectional measurements.

It is necessary to point out some limitations of our approach. First,
we used LME models with linear splines to model the voxel-wise
longitudinal changes in log-Jacobian in the whole brain. However,
different regions in the brain may differ in growth and maturation
profiles, for instance local volumetric measures at specific cortical
regions in the present study were observed to peak at 4 weeks of
age, suggesting that a single model may not be optimal to model
the growth profiles of all structures in the brain. Future studies for
mapping growth profiles in the brain may thus require more complex
region-specific models to appropriately represent the changing
structural morphologies. Second, the accuracy of our approach is
determined by the level of accuracy of image mapping and the spatial
variability in the locations of HD-related morphological changes
among subjects. A good example is the lateral ventricles. Enlargement
of the ventricles has conventionally been used as an index of patho-
logical damage in HD. As seen in Fig. 2, local volumetric enlargement
in the R6/2 mice compared to WT controls was also observed in the
present study in the 5 to 12 week age span, but these differences did
not reach statistical significance. The dramatic change in ventricular
shapes and its variability often pose a challenge for analysis based on
image mapping to capture, as shown in Zhang et al. (2009). In the
future, further improvement in the accuracy of our image mapping
techniquesmay be necessary to enhance the sensitivity of the longitu-
dinal analysis approach to capture such variability in morphological
changes. Third, serial in vivo MRI of the WT and transgenic mice in
this study required the animals to undergo anesthesia at the experi-
mental time points. Some previous studies have shown potential
effects of anesthetic exposure during early development in mice and
rats in regards to neurohistopathological changes, including the
potency of isoflurane to cause neurodegeneration in neonatal mice
(Jevtovic-Todorovic et al., 2003; Liang et al., 2010). Since the precise
effects of anesthesia at subsequent postnatal stages on morphological
changes in the brain are not completely understood, the effects of
anesthetic exposure on the longitudinal morphological findings in
the present study cannot be ruled out.

To summarize, in this study longitudinal analysis based on in vivo
MRI was applied to elucidate the spatiotemporal progression of brain
atrophy in the R6/2 and N171-82Q mouse models of HD. The findings
presented here will be important for future testing of potential ther-
apeutics in these models of HD, and the techniques can also facilitate
relatively high-throughput automated anatomical phenotyping in
other mouse models of neurodegenerative disorders. The ability to
follow the progression of brain atrophy longitudinally in mouse
models will aid our understanding of these disorders and facilitate
testing the efficacy of pharmacological intervention.
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