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Models of Huntington disease (HD) recapitulate some neuropathological features of the disease. However, a
global natural history of neuroanatomy in a mouse expressing full-length huntingtin has not been conducted. We
investigated neuropathological changes in the YAC128 murine model of HD using magnetic resonance imaging
(MRI). Structures affected in human HD are reduced in the YAC128 mice both in absolute terms and in terms of
percentage of brain volume. Structures resistant to degeneration in HD, including the cerebellum and
hippocampus, are spared in the YAC128 mice. Segmentation of major white matter structures confirms specific,
progressive, loss of white matter in HD. In parallel with their specific volume loss, the YAC128 mice also show
progressive increases in total ventricular volume, similarly to human HD patients. Cortical atrophy in the YAC128
mice is layer specific, which is the observed pattern of cortical loss in human HD patients. Finally, we have used a
classification tree analysis to maximize separation of genotypes using all 62 structure volumes in an objective
manner. This analysis demonstrates that sub-cortical gray matter structures (striatum, globus pallidus, thalamus)
and cerebral white matter structures (corpus callosum, anterior commisure, fimbria) are the most discriminatory.
The high resolution of the current study enables robust measurement of subtle early pathological changes. The
use of mice furthermore enables us to address questions difficult to address in humans, including the sequential

changes of HD from baseline and the relation between MRI and stereological measures.

© 2011 Published by Elsevier Inc.

Introduction

Huntington disease (HD) is a neurodegenerative disorder presenting
with affective, cognitive and characteristic motor symptoms (Walker,
2007). The disease is caused by a trinucleotide expansion of a cytosine—
adenine-guanine (CAG) tract near the 5’ of the Huntington gene (HTT)
beyond 35 repeats (The Huntington Disease Collaborative Research
Group, 1993). While striatal and white matter atrophy is early and
pronounced in HD (Lukes et al., 1983; Simmons et al., 1986; Harris et al.,
1992; Aylward et al., 1997; Biackman et al., 1997), other regions of the
brain are also affected. Widespread loss of cortical volume has been
observed in HD patient brains (Dunlap, 1927; Backman et al.,, 1997;
Rosas et al.,, 2003). These changes are specific because cerebral atrophy
occurs while cerebellar loss does not—leading to significantly altered
cerebral/cerebellar ratios in adult HD patient brains (Dunlap, 1927;
Rosas et al., 2003). Outside of the cortico-striatal system and
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cerebellum, widespread specific volume loss has been described in
different areas in HD patients using MRI (Rosas et al., 2003).

Identification of pre-symptomatic HD mutation carriers has allowed
investigation of brain structure before the onset of motor symptoms.
Striatal volume reduction, as determined by MRI, precedes clinical onset
by as much as 15 years (Aylward et al.,, 2004; Van Oostrom et al.,, 2005;
Paulsen et al., 2008). Longitudinal MRI of mutation carriers demon-
strates progressive ventricular enlargement and caudate atrophy
(Hobbs et al., 2010a), the rate of which increases with disease burden
(Hobbs et al., 2009). Less restricted global analysis of brain volume
changes using voxel based morphometry reveals regionally selective,
escalating atrophy in both gray and white matter in HD mutation
carriers (Hobbs et al.,, 2010b).

The YAC128 model of HD expresses full-length mutant human
huntingtin under endogenous regulatory control and accurately re-
capitulates many signs and symptoms of HD, including selective striatal
degeneration (Slow et al., 2003; Van Raamsdonk et al., 2005d,e; Pouladi
et al, 2009). Deformation-based analyses in the YAC128 mouse at
8 months of age reveal regions of shrinkage (including cortex, striatum,
thalamus) as well as enlargement (including sensorimotor cortex and
cerebellum) (Lerch et al, 2008b). The R6/2 mouse model, which
expresses a short fragment containing exon-1 of mutant human
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huntingtin, has also been analyzed cross-sectionally with MRI using
both voxel-based morphometry (Sawiak et al., 2009a) and manual
volumetry methods (Sawiak et al., 2009b). Cross sectional analyses at
18 weeks reveals that the cortex and striatum are atrophic and the
lateral ventricles enlarged. Unlike human patients, who show loss of
palladial volume (Rosas et al, 2003), the R6/2 mice have palladial
enlargement at this stage. Longitudinal characterization of the R6/2
mice using automated morphological analysis reveals diffuse forebrain
atrophy in the cerebral cortex, striatum and hippocampus that occurs at
the same time (between 4-5 weeks), with approximately the same
effect size, while the cerebellum is spared (Zhang et al, 2010).
Surprisingly, given the widespread forebrain degeneration, the volume
of the lateral ventricles shows no specific enlargement with age.

We have conducted a cross-sectional MRI-based natural history of
brain structural changes in the YAC128 mouse. We used a mouse
model in order to understand the complete natural history of HD,
which is difficult in human patients. The extremely high resolution
afforded by long in situ scans and genetically identical mice enables us
to delineate the entire brain volume into 62 discrete structures, which
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empowers objective ordering of the importance of specific neuro-
pathological changes. Furthermore, mice afford us the opportunity to
make direct comparisons between MRI scans and stereological
measures, definitively linking striatal atrophy to neuronal cell loss.

Results
Natural history of neuropathological changes in YAC128 mice

Total brain volume in YAC128 mice at 1 month of age (396.03 +
4.4 mm?) is unchanged compared to WT mice (396.61 4+ 9.7 mm>; ¢-
testt=0.06, p=0.96). From 3 to 12 months of age, the average brain
volume in the YAC128 mice is 441.2 + 6.5 mm?> compared to 455.2 +
5.1 mm> in the WT mice (t-test t(51)=3.21, p=0.0023). This
significant 3% total brain volume loss from 3 months of age is
consistent with previously observed 4% total brain weight loss in the
YAC128 mice at 12 months of age (Van Raamsdonk et al., 2005d)
(Fig. 1A, two-way ANOVA genotype F(1,60) =6.03, p=0.0169).

Raw Volumes

Normalized Volumes

<

© 0.050 q

g = WT

E 0.045 1 I YAC128
“E’ 0.040 4 =] i i = ANOVA Summary
3 i = * o Factor p-value
i~ 0.035 © Age < 0.0001
< Genotype < 0.0001
©

= Interaction 0.6

= 0030 — . . .

N > ® NZ
Age (Months)

0.050
= wr

Il YAC128
0.0451

i i i l ’ ANOVA Summary
T i ! Factor p-value
0.040+ T Age 0.15
Genotype 0.67
Interaction ~ 0.12

0.035 T T T T
N o) ® N2

Age (Months)

Hippocampal Volume (Fold Brain)

Fig. 1. Total brain volumes, as well as hippocampal and striatal volume, in aging WT and YAC128 mice. A) Total brain volume is normal in the YAC128 mice at 1 month of age, but
decreased from 3 to 12 months of age (two-way ANOVA genotype F(1,60) =6.03, p=0.0169). B) Left—Striatal volume is normal at 1 month of age, but decreased from 3 to
12 months of age in the YAC128 mice (two-way ANOVA genotype F(1,60) =27.88, p<0.0001). Right—striatal volume as a percentage of total brain volume is decreased in the
YAC128 mice (two-way ANOVA genotype F(1,60) =17.62, p<0.0001). C) Left—Hippocampal volume is normal at 1 month of age, while a trend towards decreased volume is
observed from 3 to 12 months of age (two-way ANOVA genotype F(1,60) =3.96, p=0.051). Right—hippocampal volume as a percentage of total brain volume is unaltered in the
YAC128 mice (two-way ANOVA genotype F(1,60) =0.19, p=0.67). N=1 month (7 WT, 8 YAC128), 3 months (9 WT, 9 YAC128), 8 months (9 WT, 9 YAC128), 12 months (9 WT, 9
YAC128). Mean = “+", horizontal bars = quartiles. Post-hoc Bonferroni genotype comparisons ***p<0.001, **p<0.01, *p<0.05.
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Structure volumes can be normalized to total brain volume to correct
for general brain atrophy. As previously reported (Slow et al., 2003;
Lerch et al., 2008a), raw striatal volume is significantly reduced in the
YAC128 mice. Using MRI we detect significant volume loss as early as
3 months of age (Fig. 1B). At 1 month of age the average YAC128
striatum is 14.8 mm? & 0.19 while WT striata average 15.03 & 0.31 mm?
(Bonferroni multiple comparison t=0.59, p>0.05). From 3 to
12 months of age the average YAC128 striatum is 17.2+0.3 mm®
while WT striata average 18.4 +29 mm?, a decrease of 6.5% (Fig. 1B,
two-way ANOVA genotype F(1,60) =27.88, p<0.0001).

Normalized striatal volumes, expressed as a fraction of total
brain volume, show similar trends. At 1 month of age the average
YAC128 striatum is 3.74% total brain volume 4 0.05% while WT striata
are 3.79% 4+ 0.04% (Bonferroni multiple comparison t=0.93, p>0.05).
From 3 to 12 months of age the average normalized WT striatum is
4.04% 4 0.03% total brain volume while YAC128 striata average 3.90% +
0.03% total brain volume, a decrease of 3.5% (Fig. 1B right, two-way
ANOVA genotype F(1,60) =17.62, p<0.0001).

The hippocampus is relatively spared in humans with early HD
(Rosas et al., 2003). The size of the hippocampus shows similar decrease
as total brain volume (Fig. 1C, two-way ANOVA genotype F(1,60) =
3.96, p=0.051). However, when normalized to total brain volume,
hippocampal volume is unaltered in the YAC128 mice at any time point
(Fig. 1C, two-way ANOVA genotype F(1,60) =0.19, p=0.67).

Ventricular enlargement and cerebellar preservation

Ventricular enlargement is a prominent feature of HD neuropa-
thology (Hobbs et al., 2010a). Raw ventricular volumes increase in
aging normal mice (Fig. 2A, left, age F(3,60)=93.4, p<0.0001;
genotype F(1,60)=2.37, p=0.13). Normalization of ventricular
volume to total brain volume reveals increases in proportional
ventricular space in the brains of YAC128 mice (Fig. 2A, right, two-
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way ANOVA genotype F(1,60)=13.25, p=0.0006). At 8 and
12 months of age the ventricles of the WT mice comprise 1.02% 4+
0.017% total brain volume, while the ventricles of the YAC128 mice
encompass 1.09%+0.018% total brain volume (t-test t(33)=2.93,
p=0.0062). This 6% increase in ventricular volume is robustly
detected because of the high sensitivity of our technique, with a
coefficient of variation between 1.6 and 6.8% in the imaged groups.

Relative preservation of the cerebellum in adult patients with HD
has long been noted (Dunlap, 1927). YAC128 transgene expression
has no effect on raw cerebellar volume (Fig. 2B, left, two-way ANOVA
genotype F(1,60)=0.04, p=0.85). When cerebellar volumes are
normalized to total brain volumes, increases in cerebellar volume are
observed in the YAC128 mice at 8 and 12 months of age (Fig. 2B, right,
two-way ANOVA genotype F(1,60) = 13.14, p = 0.0006; genotype/age
interaction F(3,60) =2.92, p=0.041). This demonstrates that while
total cerebellar volume is unchanged in the YAC128 mice, the
structure is relatively resistant to HD pathology, in agreement with
observations in human patients (Rosas et al., 2003).

White matter loss—corpus callosum

White matter loss is specific and pronounced in human HD patients
(Hobbs et al., 2010b). The largest brain structure comprised of
predominantly white matter is the corpus callosum, and specific
atrophy of the corpus callosum has been described in patients with
HD (Rosas et al., 2010). At 1 month of age the volume of the corpus
callosum in WT (15.9140.33 mm?) and YAC128 (15.83 +0.23 mm?)
mice is equivalent (Bonferroni post-test t=0.15, p>0.05). From 3 to
12 months, the volume of the corpus callosum is decreased in YAC128
mice, relative to WT mice (Fig. 3A, two-way ANOVA genotype F(1,60) =
21.08, p<0.0001; interaction F(3,60) =4.82, p=0.0045). The normal-
ized corpus callosum volume was lower in YAC128 mice (Fig. 3B, two-
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Fig. 2. Ventricular enlargement and cerebellar preservation in the YAC128 mice. A) Left—Ventricular volume increase with age, but is not significantly larger in YAC128 mice from 1 to
12 months of age (age F(3,60) =93.4, p<0.0001; genotype F(1,60)=2.37, p=0.13). Right—Ventricular volume as a percentage of total brain volume is progressively increased in
the YAC128 mice (two-way ANOVA genotype F(1,60)=13.25, p=0.0006). B) Left—Cerebellar volume is unchanged in YAC128 mice from 1 to 12 months of age (two-way ANOVA

genotype F(1,60) =
13.14, p=0.0006; genotype/age interaction F(3,60) =

0.04, p=0.85). Right—Cerebellar volume as a percentage of total brain volume is progressively increased in the YAC128 mice (two-way ANOVA genotype F(1,60) =
292, p=0.041). N=1 month (7 WT, 8 YAC128), 3 months (9 WT, 9 YAC128), 8 months (9 WT, 9 YAC128), 12 months (9 WT, 9

YAC128). Mean=“~+", horizontal bars = quartiles. Post-hoc Bonferroni genotype comparisons ***p<0.001, **p<0.01, *p<0.05.
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C. Cerebral vs. Cerebellar White Matter
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Fig. 3. Callosal atrophy in the YAC128 mice. A) The corpus callosum is normal at 1 month of age, but decreased in size between 3 and 12 months of age (two-way ANOVA genotype F(1,60) =
21.08, p<0.0001; interaction F(3,60) =4.82, p=0.0045). B) The corpus callosum as a percentage of total brain volume is progressively decreased in the YAC128 mice (two-way ANOVA
genotype F(1,60) =8.72, p<0.0045; interaction F(3,60) =3.96, p=0.039). C) Top—Sample segmentation of cerebral and cerebellar white matter (cerebral structures include the corpus
callosum in orange/purple; cerebellar structures include the arbor vitea in green/blue. Bottom—The ratio of cerebral to cerebellar white matter is significantly increase in the YAC128 mice at
12 months of age (genotype F(1,60) = 7.78,p=0.0071). N=1 month (7 WT, 8 YAC128), 3 months (9 WT, 9 YAC128), 8 months (9 WT, 9 YAC128), 12 months (9 WT, 9 YAC128). Mean =“+",
horizontal bars = quartiles. Post-hoc Bonferroni genotype comparisons ***p<0.001, **p<0.01, *p<0.05.

way ANOVA genotype F(1,60) =8.72, p<0.0045; interaction F(3,60) =
3.96, p=0.039).

As a further investigation of the regional specificity of pathology in
the YAC128 mouse, we compared white matter loss in the cerebrum
(Fig. 3C, rostral structures—corpus callosum in orange/purple) vs. the
cerebellum (Fig. 3C, caudal structures, green/blue). The ratio of
cerebral to cerebellar white matter is progressively reduced in the
YAC128 mice (Fig. 3C, genotype F(1,60) =7.78, p=0.0071), confirm-
ing that the observed white matter loss is specific to the cerebrum.

Global, multivariate, signatures of pathology in the YAC128 mice

In order to objectively determine which structures maximally
distinguish the YAC128 and WT mice we fit classification trees to
volumes from 12-month-old mice. This determines which variables
(structures) are most powerful in distinguishing levels of a factor
(genotype). Maximally informative structures were then removed
from the data set and the analyses re-run with the reduced set to rank
the relative ability of each structure to distinguish between WT and
YAC128 mice.

Table 1 presents the five most discriminatory structures in the raw
and normalized data sets. In both data sets a consistent set of
structures are most useful for discerning YAC128 from WT mice—
particularly sub-cortical gray matter (striatum, globus pallidus and
thalamus) and cerebral white matter (fimbria, corpus callosum and
anterior commisure). In the normalized data set, the cerebellar cortex
has high discriminatory ability based on its relative increase in
YAC128 mice. These structures are in excellent agreement with
human studies, which highlight many of the same regions as affected
early in human HD (Rosas et al., 2003).

Stereological validation of observed early striatal atrophy

In order to validate the present findings, we performed detailed
stereological determination of striatal volume of WT and YAC128 mice
at 1 and 3 months of age. At 1 month of age WT striatal volume
(Fig. 4A, 10.83 + 0.4 mm?®) is equivalent to YAC128 striatal volume
(Fig. 4A, 10.91+0.2; t-test t(14)=0.20, p=0.85). By 3 months,
however, YAC128 striatal volume (Fig. 4A, 12.94+ 0.2 mm?) is
significantly lower than WT mice (Fig. 4A, 13.7+0.3 mm?, t(59) =
2.05, p=0.045). These data demonstrate that while striatal volume
loss is subtle in the YAC128 mice at 3 months of age (5.3%), it is
decreased. MRI and stereological techniques are significantly

Table 1
Objective neuropathological signatures of HD in YAC128 mice.

Data Rank Structure F-value p-value Linear model
RZ
Raw 1 Striatum 13.86  0.002 0.48
Raw 2 Fimbria 9.80 0.0069 0.40
Raw 3 Corpus callosum 7.18  0.017 0.32
Raw 4 Thalamus 594 0.028 0.28
Raw 5 Anterior commisure (posterior) 10.89  0.0049 0.42
Norm 1 Corpus callosum 18.62  0.0006 0.55
Norm 2 Globus pallidus 22.03  0.00029 0.60
Norm 3 Striatum 1569 0.0013 0.51
Norm 4 Cerebellar cortex 13.54  0.0022 047
Norm 5 Anterior commisure (posterior) 1534  0.0014 0.51

Structures were ranked by their ability to discriminate between YAC128 and WT mice
at 12 months of age using a classification tree algorithm (Breiman et al., 1984). In each
data set (raw and normalized volumes) the most informative structure was identified,
and a linear model constructed. The identity of the first 5 structures in each data set,
along with the statistic, p-value and r? from the linear model for each, is reported.
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Fig. 4. Stereological validation of observed striatal volume loss. A) Striatal volume was
measured using stereology at 1 and 3 months of age. Striatal volume is unchanged in
YAC128 mice at 1 month of age (t-test t(14)=0.20, p=0.85), but decreased by
3 months of age (t-test t(59) =2.05, p=0.045). B) Striatal volume, as determined by
stereology, is correlated with MRI-detected striatal volume (r* = 0.44; test of non-zero
slope F(1,42) =32.6, p<0.0001). N=1 month (7 WT, 9 YAC128), 3 months (32 WT, 29
YAC128). Mean = “+", horizontal bars = quartiles.

correlated (Fig. 4B, r> = 0.44; test of non-zero slope F(1,42)=32.6,
p<0 .0001). The extent of the correlation (r?=0.44), however,
suggests that the information obtained by each technique is not
identical and that they provide independently useful information.

Progressive, layer specific, cortical thinning

We have observed specific alterations in cortical thickness at
8 months of age in the YAC128 mice, particularly in the sensorimotor
cortex (Lerch et al., 2008b). In an attempt to link these observations to
the described sub-cortical atrophy we undertook a study of cortical
neuropathology in the YAC128 mice. In human HD patients, cortical
thinning is layer-specific, with projection layers III, V and VI showing
more loss than non-projection layers (Hedreen et al., 1991). Based on our
changes observed in our MRI studies, we analyzed cortical thickness
coronal brain slices near the bregma (Lerch et al., 2008b). Layer I of the
primary motor cortex, the most superficial molecular layer, is normal in
the YAC128 mice at 3, 8 and 12 months of age, with a trend towards
increased thickness (Fig. 5D, two-way ANOVA genotype F(1,55) =3.07,
p=0.085). This same trend towards increased thickness has been
observed in human HD patient brains (Hedreen et al,, 1991). The granule
layer, layer IV, is also unchanged in the YAC128 mice at these time points
(Fig. 5D, two-way ANOVA genotype F(1,55)=0.68, p=0.41). In
contrast, the superficial projection layer, layer II/Ill, shows significant
progressive thinning at these coordinates (Fig. 5D, two-way ANOVA
genotype F(1,55) =4.24,p = 0.044). The deep projection layers, V/VI, are
also significantly thinner in the YAC128 mice, (Fig. 5D, two-way ANOVA
genotype F(1,55)=3.2, p=0.077; genotype/age interaction F(2,55) =
3.71, p=0.031). These data demonstrate progressive, layer-specific,
atrophy in the cortex of the YAC128 mice.

Progressive, layer specific, neuronal shrinkage and loss

In humans cortical thinning is associated with specific cortical
projection neuron loss, particularly in projection layers (Ill and V/VI)
(Hedreen et al., 1991; Heinsen et al., 1994). Using stereological
techniques we counted and estimated the cross-sectional area of
cortical NeuN-immunoreactive neurons in layers II/Ill and V/VI of WT
and YAC128 mice. At 3 months of age WT mice have equivalent
numbers of neurons to YAC128 mice in both layers II/IIl (Fig. 6A, 258 +9
vs. 263 & 11 neurons/layer, respectively) and V/VI (Fig. 5E, 32549 vs.
333+ 11 neurons/layer, respectively). By 12 months of age YAC128
mice have significantly less neurons than WT mice in both layers II/III
(Fig. 6A, 269412 vs. 2394 11 neurons/layer, respectively, Bonferroni
post-hoc t=3.57, p<0 .01) and V/VI (Fig. 5F, 355+ 15 vs. 293 +12
neurons/layer, respectively, Bonferroni post-hoc t=3.58, p<0 .01).
These data demonstrate progressive loss of cortical neurons in layers II/
III (two-way ANOVA age F(1,27)=0.36, p=0.55; genotype F(1,27) =
5.27, p=0.03; interaction F(1,27) =7.1, p=0.013) and V/VI (two-way
ANOVA age F(1,27) =0.18, p=0.67; genotype F(1,27) =4.70, p=0.04;
interaction F(1,27) = 7.9, p=0.009) in YAC128 mice.

Neurodegeneration of cortical neurons may be associated with
alterations in cortical neuron size. These effects could contribute to the
observed thinning of the cortex of YAC128 mice (Fig. 5). Using
stereological techniques, we measured NeuN-reactive cortical neuronal
size in layers II/Ill and V/VIin WT and YAC128 mice at 3 and 12 months
of age. At 3 months of age, we find equivalent size distributions in WT
and YAC128 mice in both layers II/Ill and V/VI (Fig. 6B). By 12 months of
age, we find an earlier and steeper peak in the size distribution in
YAC128 mice in both layers II/Ill and V/VI, demonstrating a shift in the
population to smaller neurons (Fig. 6B). In order to determine the
significance of this loss of larger neurons we analyzed the proportion of
cell soma larger than 150 um? in each data set. YAC128 mice have a
significantly reduced proportion of large neurons in layer V/VI and a
trend towards reduction in layer I/l (layer II/IIl ¢(28)= —1.89,
p=0.074; layer V/VI t(28) = —2.07, p=0.047). Thus, YAC128 mice
have atrophy of the projection neuron layers of the cortex, which is
associated with both shrinkage and loss of neurons.

Discussion

This study demonstrates specific recapitulation of the early human
neuropathological signature of HD in aging YAC128 mice. Total brain
volume is significantly reduced in the YAC128 mice from 3 to
12 months, but normal at 1 month of age. The pattern of pathology is
specific, particularly once normalized to total brain volume. The basal
ganglia are particularly sensitive to mutant huntingtin expression,
accompanied by progressive ventricular enlargement. The cerebel-
lum, which is uniquely preserved in human HD, is progressively
enlarged, as a fraction of total brain volume, in the YAC128 mice.
Careful consideration of the cortical pathology observed in the
YAC128 mice demonstrates that it is regionally specific with respect
to layer. This cortical pathology is associated with loss and shrinkage
of neurons in projection layers and does not occur until after the
development of striatal volume loss.

Global brain atrophy is a symptom of HD but is likely not the ideal
target for early intervention. The most specific changes observed likely
reflect the ideal targets for intervention and therefore become key
endpoints in future trials. Data presented here suggests that relative
striatal (Fig. 1B), ventricular (Fig. 2A), cerebellar (Fig. 2B) and white
matter (Fig. 3B) volumes are progressive, highly sensitive, markers of
HD pathology in the YAC128 mice. They highlight basal ganglia atrophy,
as well as more widespread atrophy, which is nevertheless discrete. An
important advantage of the post-mortem mouse tissue to study HD
neuropathology is the high resolution achievable. Using a high field
strength (7.0 T) and a long scan (~12 hours) results in voxel sizes of
0.032 mm? vs. 1 mm? voxels commonly achieved in human studies with
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1.5 T scans (Paulsen et al., 2006). This resolution allows us to delineate
the entire volume of the brain into a large number of structures,
providing sufficient data to objectively analyze global patterns of
neurodegeneration. Choosing regions of interest invariably biases
investigators towards known sites of pathology. As an example of the
insights gained by this approach, we find that cerebral white matter
structures are highly predictive of genotype, while cerebellar white
matter structures are poor at separating WT and YAC128 mice. This
confirms that the cerebellum is relatively spared in early HD and
extends it by highlighting the fact that the white matter of these
structures also displays regionally selective vulnerability.

Analysis of the volume of individual structures in the YAC128 mice
demonstrates a dynamic pattern of degeneration. Basal ganglia
structures are decreased in volume, as predicted (Fig. 1), but the onset
of these changes is significantly earlier than expected (Slow et al., 2003).
Striatal volume, the most widely studied endpoint in MRI studies (Slow
et al., 2003; Van Raamsdonk et al., 2005a-e), decreases in the YAC128
mice between 1 and 3 months of age and remains decreased until
12 months of age. This loss of striatal volume persists after normaliza-
tion for total brain size. The hippocampus is generally smaller in the
YAC128 mice, in line with total brain size decreases, but its relative
volume is unchanged at all time points investigated. A number of
structures are similarly unaffected including the hypothalamus,
medulla, olfactory bulbs and amygdala. This consideration of relative
volumes reinforces the uniquely vulnerable nature of the striatum to
pathological tissue loss in HD (Paulsen et al., 2008; Hobbs et al., 2010a).
A number of white matter structures, including the corpus callosum, are
also progressively atrophic in the YAC128 mice in relative terms (Fig. 3).
White matter loss has been widely described in early stage HD patients
(Rosas et al., 2003; Rosas et al., 2006; Hobbs et al., 2010b) yet has
received relatively little attention in the mouse model literature. Our
results suggest that white matter measures are highly specific, early and
progressive and should be considered in future pre-clinical trials.

Cerebellar volume is also of interest in HD because relative sparing of
the cerebellum occurs in adult human patients (Dunlap 1927; Rosas
et al., 2003). The natural history provided here suggests pronounced
progressive increase in the cerebellar volume in the YAC128 mice, when
considered as a fraction of total brain volume. This is the clearest
described mouse analog to the preservation of cerebellar volume in
human HD patients. Within the CNS the cerebellum expresses the
highest levels of mutant huntingtin (Strong et al., 1993; Li et al., 1993).
Despite this high expression, the cerebellum is uniquely insensitive to
mutant huntingtin's toxic effects. This highlights the uniqueness of HD
pathology, even within the poly-glutamine disorders.

Increased total ventricular volume is obvious in human HD brains
(Dunlap 1927). MRI-based investigations into both symptomatic and
pre-symptomatic carriers of the HD mutation support the idea of
increased ventricular volume as a very sensitive marker for the atrophy
of surrounding tissue (Hobbs et al, 2010a; Paulsen et al., 2006).
Processing of tissue by removal from the skull is associated with the
induction of artifacts that preclude using ventricular space as a sensitive
endpoint in histological trials. We find that relative ventricular size is
significantly increased in the YAC128 mice, most obvious at 8 months of
age (Fig. 2) validating the idea that CNS atrophy is associated with
detectible ventricular enlargement. The R6/2 mice, by contrast show
increased ventricular volume that does not specifically increase with
time despite atrophy of the surrounding tissue (Zhang et al., 2010). The
fact that striatal volume is decreased in the YAC128 mice by 3 months of
age, while significant ventricular enlargement is not observed until
8 months suggests that ventricular enlargement is not due only to
striatal volume loss but must originate in losses in other regions of the
brain. This argues for specific early atrophy in the YAC128 mice (e.g. in
the striatum), followed by more diffuse atrophy, which is apparent in
increased relative ventricular and cerebellar volumes.

A crucial question about MRI in the preclinical setting is whether
these studies correlate with data collected in human HD patients.

Because of its unique vulnerability (Vonsattel et al.,, 1985; Dunlap
1927), a number of MRI studies in human patients have focused on
the striatum. Striatal volume loss is more severe in human HD patients
than YAC128 mice (Table 2). However, the inherent variability of
human data dictates that the effect size of striatal volume loss in pre-
symptomatic to early HD is comparable to 3-12 month old YAC128
mice (Table 2). These data suggest that there is an inverse relationship
between severity and specificity of disease symptoms in mice.

It is critical for the prioritization of human drug trials that
interventions be tested in models that accurately reflect the human
condition at a given state (Table 3). As an example, excitotoxic activation
of glutamate receptors has been proposed to underlie HD pathology (Fan
and Raymond, 2007). Synaptic susceptibility to excitotoxicity is known to
be age-dependent in both R6/2 (Cepeda et al, 2003) and YAC128
(Graham et al., 2009) mice. This suggests that anti-excitotoxic drugs
should be tested in models, and at stages, in which they would be likely to
help. R6/2 mice have reduced striatal spontaneous excitatory post-
synaptic currents by 5 weeks of age (Cepeda et al., 2003), a time at which
they begin to show diffuse forebrain atrophy (Zhang et al., 2010). Testing
anti-excitotoxic compounds for effectiveness in R6/2 mice at this stage is
thus likely to fail, regardless of their true efficacy and usefulness in human
HD patients. By contrast, the YAC128 mice show enhanced susceptibility
to excitotoxicity until 6 months of age (Graham et al., 2009). which we
now show is coincident with their specific striatal volume loss (Fig. 1).
More diffuse brain atrophy that we now show occurs later (Figs. 2, 3, and
6) coincides with a loss of vulnerability to excitotoxicity (Graham et al.,
2009). Memantine, a non-competitive NMDAR antagonist, is effective in
reducing behavioral and striatal atrophy at 12 months of age when
treatment is initiated in YAC128 mice at 2 months of age (Okamoto et al.,
2009). Based on our current understanding, we predict that later (i.e.
“symptomatic”) treatment with memantine would be unlikely to protect
YAC128 mice from striatal volume changes or more diffuse brain atrophy.
The appropriate advancement of pre-clinical candidates to human trials
requires a deep understanding of both the targeted pathway and the
pathology of the model used.

Methods
Mice
YAC128 mice (Slow et al., 2003) were maintained on the FVB/N]

strain. Each timepoint was comprised of an approximately equal
number of male and female mice. Mice were genotyped and housed as

Table 2
Comparison of HD mouse model and human HD patient striatal volumes derived from
MRI results.

Study Population Volume decrease Effect size—Cohen's
(%) d?

Human Presymptomatic 13 0.88
(Paulsen et al., 2006)

Human At motor onset 24 (caudate) 1.9
(Hobbs et al., 2010a)

Human Symptomatic 33 (caudate) 2.0
(Rosas et al., 2003)

Human Symptomatic 40 (putamen) 3.6
(Rosas et al., 2003)

R6/2 mice 3 months 30 9.5
(Zhang et al., 2010)

YAC128 mice 1 month 1.5 0.48

YAC128 mice 3 months 32 0.93

YAC128 mice 8 months 32 0.88

YAC128 mice 12 months 44 1.39

Data were collected from the indicated studies and compared to YAC128 data from the
current study.
@ Cohen's d = (Control Mean — HD Mean)/Pooled Standard Deviation.
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Table 3

Comparison of early vs. late MRI-detected structural changes in HD mouse models and HD patients.

Examples of successful interventions

Species/model Stage Age Structural changes

R6/2 mouse (Zhang et al., 2010) Early 4 weeks Ventricular enlargement
R6/2 mouse (Zhang et al,, 2010) Late 12 weeks

YAC128 mouse Early 1-3 months

YAC128 mouse Late

8-12 months Ventricular enlargement, relative cerebellar

Htt intrabody (Southwell et al., 2009), creatine
(Ferrante et al., 2000)

Forebrain atrophy with cerebellar preservation
Striatal volume loss, reduced brain volume

Memantine (2 months) (Okamoto et al., 2009;
Milnerwood et al., 2010)
Cystamine (7 months) (Van Raamsdonk et al., 2005b)

preservation, relative corpus callosum loss, cortical

neuronal loss
Human HD patients Striatal volume loss

Human HD patients

Early-Onset
Late-Death

None

Gross basal ganglia loss and ventricular enlargement, None

cortical atrophy, gliosis, striatal and cortical cell loss

Neuroanatomical changes at different stages of disease are compared between the R6/2 and YAC128 mouse models of HD, as well has human HD patients. Examples of successful

therapeutic interventions at given stages are indicated.

previously described (Slow et al., 2003), and all animal experiments
were conducted in accordance with protocols approved by the
University of British Columbia Committee on Animal Care.

Tissue preparation and MRI acquisition

Mice were terminally anesthetized and transcardially perfused
with phosphate buffered saline, followed by 4% ice-cold paraformal-
dehyde in PBS. Heads were removed and skulls post-fixed in 4%
paraformaldehyde. Skulls were enhanced in PBS with 2 mM Prohance
(Bracco Diagnostics). A 7.0 T MRI scanner (Varian Inc., Palo Alto, CA)
with a 6 cm inner bore diameter insert gradient set was used for all
MRI scans. Parameters used for anatomical MRI scans were: T2-
weighted, 3D fast spin echo, with a TR of 325 ms, and TEs of 10 ms per
echo for 6 echoes, four averages, field-of-view of 14x14x25 mm?>
and matrix size of 432x432x 780 resulting in 0.032 mm isotropic
resolution (Henkelman et al., 2006).

MRI volume segmentation

Volumes were then segmented into 62 anatomical structures using
automated image registration techniques (Dorr and Lerch, 2008;
Collins et al., 1995; Lerch et al., 2007). Briefly, all MRIs were aligned to
a consensus space using initial linear registrations followed by
iterative non-linear deformations of all images. At the end of this
procedure a pre-existing atlas, wherein each voxel in the brain was
assigned one of 62 anatomical structure labels, was deformed towards
the consensus space of all scans in this study. Volumes were then
determined by integrating the Jacobian determinant of each scan's
deformation field—an index of local volume expansion or contraction
—across each of the 62 anatomical structures. These methods has been
validated using both simulations (Spring et al, 2007) and by
comparison to stereology (Lerch et al., 2008a; Spring et al., 2010).

Immunohistochemistry

After MR acquisition 25 pm serial coronal sections were cut on a
cryostat microtome (Microm Int. GmbH). Every eighth section was
stained using antibody NeuN (1:1000, MAB377, Millipore). Biotinylated
secondary antibodies (Vector) were used at 1:200 prior to signal
amplification with an ABC Elite kit (Vector) and detection with DAB
(Pierce).

Stereology

Stereology was conducted as previously described (Van Raamsdonk
et al,, 2005d). Briefly, the striatum was outlined and volume quantified
using Stereolnvestigator software (Microbrightfield Bioscience) with
8 coronal sections stained with NeuN equally spaced 250 um apart
beginning at bregma +0.02 mm. Neuronal counts and sizes were

measured as described (Van Raamsdonk et al., 2005d). The thickness of
each layer (I, II/1II, IV and V/VI) in the primary motor cortex was with the
Stereoinvestigator software “measure” tool.

Statistics

Longitudinal measures of neuroanatomical structures were consid-
ered as raw volumes, or as normalized volumes (divided by total brain
volume for each mouse). Volumes were analyzed by factorial ANOVA
followed by Bonferroni post-hoc tests. Two-way ANOVAs were
performed using Prism 4.0 software, and density plots and classification
tree analysis were done using R language and environment including
the “tree” package.
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