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Abstract. Structural magnetic resonance imaging (MRI) is a powerful tool to visualize 3D neuroanatomy and assess pathology
and disease progression in neurodegenerative disorders such as Huntington’s disease (HD). The development of mouse models
of HD that reproduce many of the psychiatric, motor and cognitive impairments observed in human HD has improved our
understanding of the disease and provided opportunities for testing novel therapies. Similar to the clinical scenario, MRI
of mouse models of HD demonstrates onset and progression of brain pathology. Here, we provided an overview of the
articles that used structural MRI in mouse models of HD to date, highlighting the differences between studies and models
and describing gaps in the current state of knowledge and recommendations for future studies.
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INTRODUCTION

Huntington’s disease (HD) is a neurodegenerative
disorder with a known genetic cause.! It is autoso-
mal dominant and caused by a CAG repeat expansion
in the huntingtin gene (HTT). A CAG repeat length
greater than 39 results in full penetrance of the
disease and the CAG repeat length is positively cor-
related with disease severity.” HD is characterized by
psychiatric disturbances, motor and cognitive impair-
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ments and premature death. While clinical diagnosis
involves cognitive and motor symptoms and confir-
matory genetic testing, structural magnetic resonance
imaging (MRI) is often used as a biomarker of dis-
ease and to establish disease progression.> MRI may
also serve as a marker of treatment efficacy.* Large
human observational studies using structural MRI
have revealed that striatal volume loss occurs early
in HD (more than 15 years before motor symptoms
present),s_8 with other brain structures, such as the
cortex, hippocampus and thalamus, impacted later in
disease.”~!? Clinical findings with respect to white
matter volume in HD are more varied but have shown
it is also impacted early in disease progression,®!3

ISSN 1879-6397 © 2024 — The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).


mailto:lcahill@mun.ca
https://creativecommons.org/licenses/by-nc/4.0/

280 J. Hanrahan et al. / MRI in Mouse Models of Huntington’s Disease

with the largest changes in the frontal lobe.® The
rate of brain volume loss has been associated with
CAG repeat length.'*15 At the time of clinical diag-
nosis, MRI typically reveals large volume loss in the
striatum compared to controls (30-52% loss of the
caudate, 33—69% loss of the putamen and 37% loss
of the nucleus accumbens).!~!® Preclinical animal
models play an important role in studying neurode-
generative diseases like HD. The use of experimental
mice allows for genetic manipulation of the HTT gene
and invasive experimental assays (e.g., histology,
immunohistochemistry), improving our understand-
ing of the mechanisms of HD and providing an avenue
to test therapies and potential treatments. Imaging
technologies used to study experimental mice are the
same as those used clinically. Preclinical MRI sys-
tems at high magnetic field strength are often used to
study the whole mouse brain as they provide high spa-
tial resolution and good tissue contrast.'® The high
anatomical reproducibility of mouse age-matched
wild type brains (~5%) means that small differences
in brain structure can be detected in mouse models
of disease.? The majority of mouse models with a
motor or cognitive deficit suggestive of a neurologi-
cal disease have been shown to have abnormal brain
anatomy using MRI?! and the non-destructive nature
of MRI means it can be paired with behavioral testing
and biochemical markers post-imaging.

This review intends to provide an overview of the
structural brain MRI findings from mouse models
of HD. The search for this review was conducted
using PubMed and Web of Science databases up to
May 2024 using the following search terms: ‘“Hunt-
ington”, and “Mouse”, and “MRI”, or “Magnetic
Resonance Imaging”. Full-length English language
peer reviewed, or preprint studies that use structural
MRI to study a mouse model of HD were included.
Those not using a mouse model of HD (n=15),
missing an untreated (e.g., no oral gavage or injec-
tions) control group (n=19), or not using structural
T1-weighted or T2-weighted anatomical brain MRI
(n=32) were excluded.

PRECLINICAL MRI

MRI measures signal emitted from hydrogen
atoms (mostly water and fat) after application
of a radio-frequency pulse. Spatial localization is
achieved using varying magnetic gradients and image
contrast depends on the density of hydrogen atoms
and the local tissue microenvironment.”? MRI is often

used to study the brain because it is non-invasive
and provides excellent contrast between different
brain structures. Preclinical MRI of mouse brains has
become a powerful tool in biomedical research; how-
ever, compared to clinical human MR imaging, the
smaller size of the mice presents a challenge. This is
addressed with the use of stronger gradients, closer
fitting imaging coils, longer scan times and higher
magnetic field strengths. An increase in magnetic
field strength (measured in Tesla (T)) results in an
increase in the signal sensitivity (increased signal-to-
noise ratio), allowing for increased image resolution
and image fidelity that can be used to detect subtle
differences in tissue and physical structure. Imaging
at ultrahigh magnetic fields (e.g., 16.4 T) can suffer
from susceptibility imaging artifacts (e.g., from the
iron in blood and at air-tissue interfaces) and was only
used for ex vivo imaging in the articles described in
this review.

Structural MRI provides information about brain
volume on the macroscopic and mesoscopic level.
This review excluded studies of brain microstruc-
ture that can be imaged in HD mice using MRI
approaches such as diffusion tensor imaging. >3~
All of the structural MRI articles included in this
review used anatomical T2-weighted MRI, an imag-
ing method that provides the optimal image contrast
between grey matter, white matter and cerebrospinal
fluid based on differences in T, relaxation times. This
high image contrast enables delineation of anatom-
ical brain structures. Structure volumes (in mm?)
can be measured in the brain using manual volume-
try, where trained neuroanatomists segment/define
specific regions of interest in the brain, or using auto-
mated image analysis algorithms that can segment the
whole brain into different anatomic regions.

Structural MRI is only one of many techniques
used to study and monitor HD clinically. For more
information on other MR imaging approaches to
study mouse models of HD, we recommend a
recent review article.?® While outside of the scope
of this review, it is important to note that several
of the 37 articles that met our inclusion criteria
also included additional MRI techniques to study
other aspects of HD pathology. These included
magnetic resonance spectroscopy to measure brain
metabolites,>’ ! T2 relaxivity to measure tissue
composition,>>—33 diffusion tensor imaging to mea-
sure white matter tracts,>:3%37 functional MRI
(fMRI) to measure cerebral blood flow,38-3° magnetic
resonance angiography to visualize vasculature and
measure cerebral blood volume,*0 resting state fMRI
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to measure brain connectivity,*! quantitative magne-
tization transfer for myelin imaging3’ and dynamic
contrast enhanced MRI to measure blood-brain bar-
rier permeability.3%-40

MOUSE MODELS OF HD

There are over 20 different mouse models of HD
used in scientific research, with the decision to use
a particular model dependent on which aspect of
HD you want to model (motor, cognitive, or psy-
chiatric disturbances).*?> The models vary in terms
of how they are engineered, the CAG repeat length,
and the severity of disease onset/progression. Models
can be grouped into 3 categories: N-terminal trans-
genic, full-length transgenic and full-length knock-in
models.*3 N-terminal transgenic animals carry a por-
tion including the CAG repeat region of the 5’ end of
the human HTT gene, full-length transgenic models
carry the full HTT artificial gene in a yeast or bac-
terial chromosome, and full-length knock-in models
involve the introduction of CAG repeats directly to
the mouse Htt gene (Hdh) via recombination. The
most studied HD mouse model is the R6/2, an early
onset N-terminal transgenic model that has signif-
icant striatal atrophy and a shortened lifespan that
depends on the CAG repeat length.** MRI has been
used to study each of the three types of model. The
search conducted for this review identified 37 articles
from 10 different models of HD that met the inclusion
criteria (3 articles include the study of more than one
mouse model).

PRECLINICAL STRUCTURAL MRI OF
HD MOUSE MODELS

Table 1 summarizes the 37 articles that used struc-
tural MRI to study mouse models of HD, including
MRI acquisition parameters, data analysis tech-
niques, neuroanatomical changes and correlations
between structural MRI and behavioral symptoms
or histopathology. The MRI studies aimed to (i)
determine differences in brain structure in HD mice
compared to controls and/or (ii) track changes in
HD neuroanatomy over time. Comparisons between
groups were performed using a single imaging time
point or multiple time points. There are trade-
offs between in vivo and ex vivo imaging.?® In
vivo imaging provides more physiologically relevant
experimental conditions and the ability to perform a
longitudinal study, while ex vivo imaging allows for

higher image resolution, elimination of motion arti-
facts, and the use of non-physiological MR contrast
agents. As demonstrated in Zhang et al., it should
be noted that there are overall reductions in the total
brain volume, irrespective of genotype, after perfu-
sion fixation for ex vivo imaging.*> Of the studies
that used a single imaging time point, eight were in
vivo and six used an ex vivo experimental design. To
investigate the changes in brain structure over time,
the study design can be cross sectional or longitu-
dinal. In vivo, longitudinal study designs allow for
measurements within the same animal, decreasing
the required sample size, while sacrificing the higher
image resolution that is possible with an ex vivo,
cross sectional study. The majority of the MRI articles
(21/37,57%) used in vivo, longitudinal MRI to follow
the changes in neuroanatomy over the time course
of disease. Three of these studies also included an
ex vivo time point at the end of the longitudinal study,
to explore whether higher resolution images revealed
any additional neuroanatomical changes. The num-
ber of study time points varied significantly from two
(e.g., pre-symptomatic to post-symptomatic) up to
seven time points. This included seven time points
closely spaced to carefully characterize early brain
development in the R6/2 mouse model (3—12 weeks
of age)*4® and seven time points that covered the
lifespan of the HdhQ150 mouse model (8-94 weeks
of age).3® In all of the articles, the age of the imag-
ing time points varied substantially, often reflecting
the variable disease onset and severity of disease pro-
gression in the different mouse models. For example,
the imaging time point of 12 weeks of age is pre-
symptomatic for the zQ175 and HdhQ250 mouse
models and post-symptomatic for the YAC128 and
R6/2 mouse models.

Image analysis varied between articles with 19/37
(51%) using manual segmentation of brain struc-
tures known to be impacted in human cases of HD
(e.g., striatum, cortex, hippocampus). Manual seg-
mentation is time-intensive and limits the number
of structures that can be studied. In contrast to
using user-defined regions of interest, three mor-
phometry algorithms were used to analyze the brain
structures: deformation based morphometry (DBM)
(11/37 studies), voxel based morphometry (VBM)
(4/37 studies) and tensor based morphometry (TBM)
(3/37 studies).*’-*® These automated algorithms pro-
vide unbiased, full brain coverage and can be used to
determine focal differences in brain structure (voxel-
wise) or used in combination with a segmented
anatomical atlas to determine structure volume dif-



Table 1
Structural MRI study specifications and results for mouse models of HD

Ref Mouse Structural MRI Age Sex n Analysis technique Results Correlation to symptoms or
Model Method* histopathology
Full-length transgenic models
Jiang, BACHD -In vivo 60 weeks M/F n=>5 Manual -decrease in striatum and cortex volume
20114 -T2w per segmentation
-11.7T group (striatum, cortex)
-0.1 mm?
Aharony, = BACHD -In vivo 48 weeks NR NR Manual -No differences reported
2015% -T2w segmentation
-7.0T (striatum, cortex,
-0.07 mm?, hippocampus)
0.8 mm slice
thickness
Mantovani, BACHD -Ex vivo cross 48, 60 M/F n=6 Manual -No differences reported at either time point
2016%° sectional weeks per segmentation
-T2w group (striatum, cortex,
-164T cerebellum)
-Resolution NR
Lerch, YAC128 -Ex vivo 32 weeks NR n=9 Deformation based -3.4% decrease in striatum volume (left/right asymmetry)
2008°! -T2w per morphometry -focal decreases in volume in striatum, corpus callosum, olfactory
-7.0T group (voxel-wise) and bulb, thalamus, paraflocculus and anterior commissure
-0.032 mm? striatal volume and -focal increases in volume in primary sensorimotor cortex, primary
shape analysis motor cortex, fimbria and parts of the cerebellum
Lerch, YAC128 -Ex vivo 32 weeks NR n=9 Automated -increase in cortical thickness in the sensorimotor cortex
20082 -T2w per segmentation
-7.0T group
-0.032 mm?
Carroll, YAC128 -Ex vivo cross 4,12,32,48 M/F n=7-9 Deformation based From 1248 weeks:
2011%3 sectional weeks per morphometry -3% total brain volume loss
-T2w group (voxel-wise and -6.5% decrease in absolute striatum volume
-7.0T structure volumes) -decrease in absolute and relative corpus callosum volume
-0.032 mm’? At 32 and 48 weeks:

-6% increase in relative ventricle volume

- increase in relative cerebellum volume

- at 48 weeks, thinning in motor cortex

-at 48 weeks, 3.5% decrease in relative volume of striatum
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Lewan- YAC128 -In vivo 20, 32, 44, M/F n=7-10 Manual -decrease in striatum volume only at 44 weeks
dowski, longitudinal 56 weeks per segmentation
20133 -T2w group (striatum)
-9.4T
Resolution NR
Petrella, YAC128 -In vivo 12, 24, 36, M/F n=3-4 Semi-automated From 1248 weeks:
20183 longitudinal 48 weeks per segmentation -8.2% decrease in striatum volume
-T2w sex -2.1% decrease in hippocampus volume
-9.4T per
-0.0781 mm?, group
0.5 mm slice
thickness
N-terminal transgenic
Rattray, Ro6/1 -In vivo Invivo: 9, M/F n=9-11 Manual -total brain volume smaller than controls at both 9 and 17 weeks -no correlation between brain
2013% longitudinal 17 weeks; per segmentation From 9-17 weeks: pathology by MRI and behavior
-Ex vivo Ex vivo: 19 sex (whole brain -decrease in cortex volume testing (rotarod, open field, grip
-T2w weeks per striatum, cortex, -decrease in hippocampus volume strength, swimming T-maze, fear
-1T group hippocampus, -striatum volume did not decrease over time but was smaller than conditioning, social interaction)
-In vivo: corpus callosum) controls at 17 weeks -no correlation between brain
0.15625 mm? and tensor based Compared to controls at 17 weeks: pathology by MRI and neuronal
-Ex vivo: morphometry -focal decreases in relative cortex volume and increases in relative number
0.1 mm?, 0.5 mm posterior ventricular spaces in males but not females
slice thickness Compared to controls at 19 weeks:
-focal decreases in cortex volume in both males and females
Gatto, R6/1 -Ex vivo cross 11, 30 M/F n=4 Manual Compared to controls at 11 weeks:
20213 sectional weeks per segmentation -47.1% decrease in frontal accessory cortex
-T2w group (frontal accessory -34.0% decrease in cingulate cortex
-17.6 T cortex, cingulate Compared to controls at 30 weeks:
-0.2 mm’? cortex, primary -13.3% decrease in whole brain volume

motor cortex,
supplementary
motor cortex,
striatum,
hippocampus,
corpus callosum)

-26.1% decrease in striatum

-16.8% decrease in hippocampus

-decrease in frontal accessory, cingulate and motor cortices
-19.0% decrease in corpus callosum volume

-increase in ventricle volume

(Continued)
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Table 1
(Continued)
Ref Mouse Structural MRI Age Sex n Analysis technique Results Correlation to symptoms or
Model Method?* histopathology
Casella, R6/1 -Ex vivo 16 weeks F n=7-8  Voxel based -increase in white matter volume (posterior callosum, external
2023%7 -T2w per morphometry capsule, olfactory bulb)
94T group
-0.1 mm x
0.1 mm x
0.25 mm
Jenkins, R6/2 -In vivo 10 weeks NR n=6-8 Voxel based -12.2% decrease in whole brain
2005% -T2w per morphometry -increase in ventricle volume
-4.7T group
-0.156 mm?,
1 mm slice
thickness
Sawiak, R6/2 -Ex vivo 18 weeks M/F n=6-7 Manual -decrease in cortex volume
20093 -T2w per segmentation -decrease in striatum volume
-1.0T sex (cortex, striatum, -increase in lateral ventricles and globus pallidus volume
-0.070 mm? per amygdala, lateral
group ventricles and
hippocampus)
Sawiak, R6/2 -Ex vivo 18 weeks M/F n=13-29 Voxel based -focal differences throughout the brain, including the thalamus,
2009%° -T2w per morphometry hypothalamus, medulla, hippocampus, cortex, amygdala, basal
-1.0T sex ganglia, and cerebellum
-0.070 mm? per -changes in the striatum were heterogeneous
group
Zhang, R6/2 -In vivo In vivo: M/F n=7-8  Manual Compared to controls at 4 weeks (in vivo): -no correlation between rotarod
20104 longitudinal 3,4,5,6,8,10, per segmentation -decrease in whole brain, striatum, cortex, hippocampus performance (motor function) and
-T2w 12 weeks group (striatum, cortex, Compared to controls at 12 weeks (in vivo): cerebellum volume
-Ex vivo Exvivo: 12 hippocampus, -18.7% decrease in whole brain volume -positive correlation between
-In vivo: 9.4T weeks cerebellum, lateral -29.8% decrease in striatum volume striatum, cortex, hippocampus
-Exvivo: 11.7T ventricles) -10.6% decrease in cortex volume and whole brain volumes and

-In vivo: 0.1 mm
x 0.1 mm

% 0.25 mm

-Ex vivo:

0.08 mm?

-31.7% decrease in hippocampus volume
-60% increase in ventricle volume
Compared to controls at 12 weeks (ex vivo):
-21.6% decrease in whole brain volume
-19.8% decrease of striatum volume
-11.8% decrease of cortex

-26.6% decrease of hippocampus

-347% increase in ventricle volume

rotarod performance
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Zacharoff, R6/2 -In vivo 48,12,15 NR n=8 Manual -2.6% decrease per week of striatum volume
201228 longitudinal weeks per segmentation -2.9% decrease per week of thalamus volume
-T2w group (whole brain, -1.5% decrease per week of hypothalamus volume
-9.4T cortex, striatum, -1.7% per week decrease of cortex volume
-0.100 mm?, lateral and third -1.6% decrease per week in anterior brain
0.3 mm slice ventricle,
thickness hypothalamus,
thalamus)
Cepeda- R6/2 -In vivo 6, 14 weeks M/F n=>5 Manual Compared to controls at 14 weeks:
Prado, longitudinal per segmentation -19.9% decrease in striatum volume
2012% -T2w sex (stria- -19.4% decrease of neocortex volume
-9.4T per tum,neocortex, -16.1% decrease in hippocampus volume
-0.078125 mm?, group hippocampus,
0.6 mm slice cerebellum,
thickness ventricles)
Aggarwal, R6/2 -In vivo 3,4,5,6,8,10,12 M/F n=7-8 Deformation based From 3-5 weeks:
20124 longitudinal weeks per morphometry -focal decreases in cortex volume
-T2w group (voxel-wise) From 5-12 weeks:
-94T -focal decreases in striatum, thalamus, hippocampus, cortex
0.1 mm x 0.1 mm x 0.25 mm
Lin, R6/2 -In vivo 5,7,10,12 NR n=8 Manual From 7-12 weeks:
201340 longitudinal weeks per segmentation -decrease in striatum volume
-T2w group (striatum, cortex) -decrease in cortex volume
-4.7T -increase in ventricle volume
- Compared to controls at 12 weeks:
0.039 mm x 0.047 mm x 0.052 mm -26% decrease in striatum volume
-18% decrease in cortex volume
Rattray, R6/2 -In vivo 4.8,12,14 M/F n=9-11 Manual Compared to controls at 8 weeks: -cortical atrophy correlated with
2013% longitudinal weeks per segmentation -decrease in whole brain volume decreased rotarod performance
-T2w sex (whole brain, -decrease in cortex volume (motor function) and lower
-7.0T per cortex, striatum, -decrease in hippocampus volume only in males exploratory behavior in open field
-0.15625 mm?, group hippocampus, -decrease in corpus callosum volume only in males -positive correlation between
0.5 mm slice corpus callosum) Compared to controls at 12 weeks: striatum and cortex volumes and
thickness -20.5% decrease in striatum volume only for females neuronal number in males but not

-decrease in cortex and hippocampus volumes in both sexes
-decrease in corpus callosum volume only in males
Compared to controls at 14 weeks:

-decrease in striatum volume in both females and males
-decrease in cortex and hippocampus volumes in both sexes
-decrease in corpus callosum volume only in males

in females

(Continued)
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Table 1
(Continued)
Ref Mouse Structural MRI Age Sex n Analysis technique Results Correlation to symptoms or
Model Method?* histopathology
Sawiak, R6/2 -In vivo In vivo: M/F In Voxel based -focal differences in cortex, olfactory bulbs, amygdala, hippocampus
2013% -Ex vivo 13-16 vivo: morphometry
-T2w weeks n=6
-4.7T Ex vivo: 18 per
-In vivo: weeks group
0.1 mm? Ex
-Ex vivo: vivo:
0.07 mm? n=42
per
group
Sawiak, R6/2 -In vivo 250 CAG: M/F n=25-35 Tensor based -focal decreases in cortex volume in both HD groups, more
20167 longitudinal 8-21 weeks per morphometry significantly in 250CAG
-T2w at 3 week group -increase in ventricle volume in both groups
-4.7T intervals -focal decreases in striatum, hippocampus and cerebellum volumes
-0.1 mm? 350 CAG: in both groups
8-33 weeks
at 3 week
intervals
Teresh- R6/2 -In vivo 6 weeks M n=7-8  Manual -decrease in whole brain volume
chenko, -T2w per segmentation -decrease in relative striatum volume
2019%8 -9.4T group (whole brain, -decrease in relative cortex volume

0.1 mm x 0. mm x 0.25 mm

cortex, cerebellum,
striatum, globus
pallidus,
hippocampus,
thalamus)
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Cheng, N171-82Q -In vivo 6,10,14,18 M n=10 Deformation based Compared to controls at 6 weeks: -positive correlation between
2011%° longitudinal weeks per morphometry -12.8% decrease in corpus callosum volume striatum and cortex volumes and
-T2w group (voxel-wise and Compared to controls at 10 weeks: rotarod performance
-9.4T structure volumes) -16.6% decrease in amygdala volume
-0.1 mm -12.5% decrease in hypothalamus
x 0.1 mm -13.8% decrease in thalamus
% 0.25 mm -18.2% decrease in corpus callosum volume
-decrease in striatum volume
Compared to controls at 14 weeks:
-22.5% decrease in amygdala volume
-15.2% decrease in hypothalamus
-14.1% decrease in thalamus
-19.7% decrease in corpus callosum volume
-decrease in striatum volume
Compared to controls at 18 weeks:
-23.7% decrease in amygdala volume
-17.4% decrease in hypothalamus
-14.7% decrease in thalamus
-15.6% decrease in corpus callosum volume
-decrease in striatum volume
Jiang, N171-82Q -In vivo 16 weeks M n=>5 Manual -decrease in striatum and cortex volume
20114 -T2w per segmentation
-11.7T group (striatum, cortex)
-0.1 mm?
Aggarwal, N171-82Q -In vivo 6,10,14 M n=6-10 Deformation based From 6-14 weeks: -positive correlation between
20124 longitudinal weeks per morphometry -focal decreases in cortex, striatum, hippocampus, cortex and volume changes in striatum and
-T2w group (voxel-wise) amygdala cortex and rotarod performance at
-9.4T 14 weeks
0.1 mm x 0.1 mm
x 0.25 mm
Li, N171-82Q -In vivo 18 weeks M n=7-13 Deformation based -decrease in striatum volume
20174 -T2w per morphometry
-11.7T group (structure
-0.104 mm?, volumes)
0.3 mm slice
thickness

(Continued)
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Table 1
(Continued)
Ref Mouse Structural MRI Age Sex n Analysis technique Results Correlation to symptoms or
Model Method?* histopathology

Knock-in
Heikkinen, zQ175 -In vivo 12, 16, 32, F n=9-10 Manual From 12-48 weeks in Homozygous zQ175:
2012% longitudinal 48 weeks per segmentation -11% decrease in whole brain volume

-T2w group (whole brain, -21% decrease in striatum volume

70T striatum, cortex) -15% decrease in cortex volume

-0.078125 mm From 12-48 weeks in Heterozygous zQ175:

x 0.15625 mm, -9% decrease in striatum volume

0.7 mm slice -6% decrease in cortex volume

thickness
Peng, zQ175 -In vivo 12, 24, 36, M/F n=8 Deformation based Compared to controls at each timepoint:
20163 longitudinal 48 weeks per morphometry -decrease in whole brain volume

-T2w sex (structure -decrease in striatum volume

94T per volumes) -decrease in cortex volume

-0.I mm group

x 0.1 mm

% 0.25 mm
Bertoglio, zQ175 -In vivo 24 weeks M n=18 Manual -7.7% decrease in relative striatum volume
20180 -T2w per segmentation

-7.0T group (striatum,

-0.2 mm cerebellum)

x 0.2 mm

% 0.25 mm
Teresh- zQ175 -In vivo 24 weeks M/F n=5 Manual -decrease in whole brain volume
chenko, -T2w per segmentation -decrease in relative striatum volume
20198 -94T sex (whole brain, -decrease in relative cortex volume

-0.1 mm per cortex, cerebellum, -decrease in relative globus pallidus volume

x 0.1 mm group striatum, globus -decrease in relative thalamus volume

x 0.25 mm pallidus, -increase in relative cerebellum volume

hippocampus,

thalamus)
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Zhang, zQ175 -In vivo 3,5,7 weeks M/F n=6 Deformation based Compared to controls at 3 weeks:
2020°! longitudinal per morphometry -6.9% increase in striatum volume in males only
-T2w sex (structure -10.2% increase in globus pallidus volume in males only
-9.4T per volumes) Compared to controls at 5 weeks:
-0.1 mm group -4.3% increase in striatum volume in males only
x 0.1 mm -2.9% increase in neocortex volume in males only
x 0.25 mm -3.8% increase in thalamus volume in males only
-7.7% increase in nucleus accumbens volume in males only
-4.9% increase in cerebellum volume in males only
From 5-7 weeks:
-decreased striatum volume in males only
-decrease in lateral globus pallidus volume in males only
-decrease in cerebellum volume in males only
Heikkinen, zQ175 -In vivo 24,48 F n=9 Manual Compared to controls at 24 and 48 weeks:
202162 longitudinal weeks per segmentation -decrease in whole brain volume
-T2w group (whole brain, -decrease in striatum volume
-11.7T striatum, cortex) -decrease in cortex volume
-0.078 mm?,
0.45 mm slice
thickness
Liu, zQ175 -In vivo 16,40 weeks NR n=>5 Deformation based Compared to controls at 40 weeks:
20239 longitudinal per morphometry -decrease in striatum volume
-T2w group (structure
94T volumes)
-0.1 mm x
0.1 mm x
0.25 mm
Auerbach, HdhQI11 -In vivo 8-76 weeks NR n=12-25 Manual -increase in relative ventricle volume
200164 Hdh"eeQ20/ longitudinal per segmentation
Hdh"eoQ!l  _T2w group (whole brain,
-7.0T ventricles)
-0.78 mm x
0.78 mm x
0.7 mm
Jin, HdhQ250 -In vivo 12, 24, 36, M n=6 Deformation based Compared to controls at 24 weeks:
20159 longitudinal 48 weeks per morphometry -4.6% decrease in striatum volume
-T2w group (structure -5.1% decrease in cortex volume
-9.4T volumes)
-0.1 mm x
0.1 mm x
0.25 mm

(Continued)
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Table 1
(Continued)
Ref Mouse Structural MRI Age Sex n Analysis technique Results Correlation to symptoms or
Model Method?* histopathology
Steventon, HdhQI150 -In vivo In vivo: 28, M n=25 Deformation based Compared to controls at 28 weeks: -negative correlation between
2016% longitudinal 76 weeks per morphometry -5.7% decrease in whole brain volume relative volume change in
-T2w Ex vivo: 80 group (structure -decrease in striatum, cortex, thalamus, globus pallidus, thalamus and rotarod performance
-Ex vivo weeks volumes) hippocampus absolute volumes
-9.4T and cortical Compared to controls at 76 weeks:
-In vivo: thickness -11.7% decrease in whole brain volume
0.120x0.120 mm? measurements -decrease in striatum, cortex, thalamus, globus pallidus,
(slice thickness hippocampus volume
NR) -decrease in thickness of the motor cortex
-Ex vivo:
0.060 mm?
Teresh- HdhQ250 -In vivo 24 weeks M/F n=4-6  Manual -decrease in relative striatum volume
chenko, -T2w per segmentation -decrease in relative cortex volume
20198 -94T sex (whole brain, -increase in relative cerebellum volume
-0.1 mm x per cortex, cerebellum,
0.1 mm group striatum, globus
x 0.25 mm pallidus,
hippocampus)
Rattray, HdhQ150 -In vivo 8,15,23, M/F n=8-9 Manual Males: -positive correlation between
2017% longitudinal 36,52,81, per segmentation -from 15 weeks, decrease in whole brain, striatum (26% decrease at whole brain, striatum, cortex and
-T2w 94 weeks sex (whole brain, 94 weeks) and cortex volume hippocampus volumes and grip
-Ex vivo per cortex, striatum, -from 36 weeks, decrease in hippocampus volume strength and locomotor activity in
-7.0T group hippocampus, - from 81 weeks, decrease in corpus callosum volume open field
-In vivo: corpus callosum) Females: -positive correlation between
0.156 mm?, and tensor based -from 8 weeks, decrease in cortex volume striatum volume measured by
0.5 mm slice morphometry -from 23 weeks, decrease in whole brain volume histology and whole brain and
thickness -from 36 weeks, decrease in striatum and hippocampus volume hippocampal volumes by MRI
-Ex vivo: -from 52 weeks, decrease in corpus callosum volume -positive correlation between

0.1 mm?, 0.5 mm
slice thickness

Compared to controls at 94 weeks (ex vivo):
-focal decrease in thalamus and increase in ventricles

striatum volume measured by
histology and striatum and cortex
volumes by MRI for females but
not males

-no correlations between brain
pathology by MRI and neuronal
number or neuronal density

-no correlations between
huntingtin aggregates and MRI
brain volumes
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Pépin, Kil40CAG  -Invivo 48 weeks M/F n=1-5  Manual -20.9% decrease in striatum volume
2016%7 -T2w per segmentation
-11.7T group (striatum)
-0.07 x
0.07mm?,
0.3 mm slice
thickness
Pérot, Kil40CAG  -Invivo 10, 20, 32, M n=11-12 Deformation based Compared to controls at 72 weeks:
202208 longitudinal 48,72 per morphometry -4.3% decrease in striatum volume
-T2w weeks group (structure -5.3% decrease in frontal cortex volume
-11.7T volumes) -5.8% decrease in retrosplenial cortex volume
-0.1 mm?, -3.3% decrease in motor cortex volume
0.2 mm slice -9.0% increase in ventricle volume
thickness

F, female; M, male; n, number of mice; NR, not reported; T, Tesla; T2w, T2-weighted. *includes in vivolex vivo, image contrast (T1/T2), longitudinal/cross-sectional, magnetic field strength, image
resolution (mm? if 3D isotropic, mm? if 2D with slice thickness).
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All mouse models

Whole Brain  § 3-22%
Cortex ¥ 5-19%
Ventricles f
Stiatum  §3-30%

Corpus ¥ 13-20%
callosum

Hippocampus Ir 2-32%

R6/2 mouse model

Whole Brain

Cortex
Ventricles

Striatum

Corpus
callosum

Hippocampus ‘ 16-32%

Fig. 1. Percent changes in brain regions compared to controls across studies in all mouse models, and in only the R6/2 mouse model. Only
data from articles that provided percent differences or the absolute structure volumes was included.

ferences. Both absolute volumes and relative volumes
(normalized to total brain volume to account for vari-
ance caused by overall differences in brain volume)
were studied.

STRUCTURAL VOLUME CHANGES IN
HD MOUSE BRAINS

Figure 1 summarizes the changes in brain structure
reported for the 10 different mouse models and the
most commonly studied mouse model, the R6/2.

Striatum

Volumetric changes in the striatum of the human
brain are a hallmark of HD onset and progression.®
Structural MRI revealed absolute volume decreases
in the striatum in all of the mouse models of HD.
These losses ranged from 3-30% across the differ-
ent models, with the R6/2 mouse model showing the
largest decrease compared to controls.*> Although
all of the studies reported decreased striatum volume
compared to controls, only 8 of the studies showed
progressive striatal atrophy.?8-31,35,40,45,46,57.59 Tpjg
progression is a human neuroanatomical pheno-
type of HD’® and represents an advantage for
these models towards clinical translation (YAC128,
R6/2, N171-82Q, HdhQ150). In humans, the stria-
tum often undergoes atrophy long before motor
and cognitive symptoms occur.>® Most of the
mouse studies that included an early imaging time
point (before the appearance of overt behavioral
phenotypes) did not find significant differences in
striatum volume in the HD mice compared to

controls.28:32.33,35,36,39,40,45,46,53,65 \With the short-

ened lifespan of mice compared to humans, this
pre-symptomatic atrophy can be challenging to target
in the more severe mouse models of HD (e.g., R6/2
mice). Consistent with human HD studies, a decrease
in striatum volume was reported in pre-symptomatic
N171-82Q>° and HdhQ150 mice.% In male zQ175
mice, Zhang et al reported an increase in striatum vol-
ume at 3 weeks, that progressively decreased from 5
to 7 weeks of age.%!

In addition to investigating total striatum volume,
Lerch et al. used striatal shape analysis and reported
left-right asymmetry in the striatal atrophy.>! Several
studies using voxel-wise analysis found the volume
decreases in the striatum were heterogeneous, with
the dorsal, posterior and lateral parts of the striatum
being the most affected.*6-31-5

One advantage of in vivo, longitudinal imag-
ing is the ability to explore correlations between
structure volume and behavioral outcomes to inves-
tigate the neuroanatomical basis of the behavior
impairment. While 19 of the mouse MRI studies
also included behavioral testing, only seven of the
studies examined correlations with neuroanatomi-
cal changes. Four of these studies found positive
correlations between striatum volume and motor per-
formance (rotarod, locomotor activity in open field
test, grip strength).3>-43:46.59

Cortex

In humans, a decrease in the cortex volume has
been reported at different points during clinical pre-
sentation in HD.”! Structural MRI revealed absolute
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volume decreases in the cortex in all of the mouse
models of HD, ranging from 5-19%. Similar to the
striatum, the largest changes were in the R6/2 mouse
model.3* When divided into subcortical regions, large
changes were reported for the frontal accessory cor-
tex (47.1%) and the cingulate cortex (34.0%) in
R6/1 mice3® and focal decreases were found in the
somatosensory, piriform, motor, frontal, and parietal
cortex.3>40:35-57 Only one article reported increases
in cortical regions, with focal increases in the primary
sensorimotor and primary motor cortex in YAC128
mice.”!

Another way to analyze the cortex is by measuring
the cortical thickness. Thinning of the cortex, with the
sensorimotor cortex most impacted, has been demon-
strated in humans with HD.”> Three mouse MRI
studies analyzed the cortical thickness and found
it was impacted in HD mice; however, the direc-
tion of the effect was inconsistent. Thinning of the
motor cortex was found in the HdhQ150% and the
YAC128 mouse model at 48 weeks of age.”> In con-
trast, Lerch et al. demonstrated increased cortical
thickness at 32 weeks of age, with the largest dif-
ference in the sensorimotor cortex.>> The difference
between the YAC128 studies is that Lerch et al.>
analyzed the entire cortical thickness while Carroll
et al.>3 subdivided the cortex into layers I-V/VI, with
the thinning observed only in layers II/III (superficial
projection layer) and V/VI (deep projection layers)
and a trend towards an increase in layer 1. Interest-
ingly, the increased mean cortical thickness at 32
weeks of age correlated to decreased striatal vol-
ume, suggesting a potential compensatory response
to striatal degeneration.

Compared to the first evidence of striatal atrophy,
the majority of mouse studies found the onset of cor-
tical atrophy at a later age. However, two studies in
the R6/2 mouse model reported significant decreases
in the cortex volume before striatal atrophy was
detected.’3#® Five of the seven studies that explored
relationships between neuroanatomy and behavioral
changes reported correlations with the cortex vol-
ume. The HdhQ150 model exhibited deficits in grip
strength which were correlated to the cortical vol-
ume decrease.>® R6/2 and N171-82Q mice showed a
correlation between cortex volume and rotarod per-
formance and exploratory behavior,33-43:46.59

Hippocampus

In addition to the striatum, the hippocampus
is another subcortical region impacted by HD

progression.”> The hippocampus plays a key role in
memory and learning, meaning hippocampal atrophy
is directly associated with the cognitive impairments
observed in HD. Volume changes in the hippocampus
were not found in all of the HD mouse models. For
example, the mouse MRI studies of the zQ175 and
Kil40CAG mice showed sparing of the hippocam-
pus volume. In the YAC128 mouse model, four of
the five studies reported no change in the hippocam-
pus volume compared to controls and Petrella et
al. only found a small (2.1%) decrease from 12—48
weeks.3! Moreover, they reported a negative corre-
lation between striatum volume and hippocampus
volume, suggesting this correlation reflects an adap-
tive mechanism. Those studies that did report changes
in hippocampus volume ranged from 2—-32%, with the
largest change in the R6/2 mouse model.* This study
found a positive correlation between hippocampus
volume and rotarod performance.

Thalamus

MRI studies in humans with HD report decreased
thalamus volume and associations between thalamic
atrophy and cognitive impairments.”* The majority
of the mouse models reported focal and total volume
decreases in the thalamus including the YAC128,3!
R6/2,28:40:55 N'171-82Q, 2Q175%8-! and HdhQ150
mice.3%:% Similar to the striatum volume, the thala-
mus volume was found to be increased at 3 weeks of
age in male zQ175 HD mice and then decreased from
5 to 7 weeks of age.®' Counterintuitively, a negative
correlation between the relative volume change in the
thalamus and rotarod performance was reported in the
HdhQ150 mouse model.%

Cerebellum

Despite the motor impairments associated with
human HD, the cerebellum is believed to be
spared.”> The findings with respect to the impact
of HD on the cerebellum volume in mouse mod-
els were heterogeneous. Cerebellum volume was
reported to be increased,’!-33:38-61 decreased,”’ or
unchanged.39’45’46’58’60’65’66 In general, the YAC128
and zQ175 mice appear to have increased cerebellum
volume, while the cerebellum is spared in the R6/2
mouse model. Zhang et al. found there was no corre-
lation between motor function (rotarod performance)
and cerebellum volume in the R6/2 mouse model.*>
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Ventricles

Ventricle enlargement is a common pathol-
ogy in human HD.’® The ventricle volume was
shown to be increased compared to controls
in YAC128,53 R6/1,32’36 R6/2,27’4O’45’54’57
HdhneoQZO/Hdhnele 11 ,64 Hth 1 50,35 and
Kil40CAG®® mouse models. Zhang et al. reported
the largest increase, with ventricles 60% larger in
R6/2 mice compared to controls at 12 weeks of
age.* Auerbach et al. found ventricle size was
enlarged in only a subset of Hdh"®°Q20/HdnneoQ!11
mice and that despite worsening phenotype with age,
ventricle size did not increase.®* They conclude that
enlarged ventricles are most likely a developmental
defect and not a progressive phenotype associated
with disease progression.

White matter

The corpus callosum volume decreases in the
human brain in HD, resulting in worsening neu-
ropsychological outcomes.”” Unlike the striatum,
cortex and hippocampus, the corpus callosum was
not included in all of the studies that performed man-
ual segmentation. Five studies investigated the total
volume of the corpus callosum, with four detecting
a decrease in the R6/1,%° R6/2,%3 N171-82Q%° and
HdhQ150 HD mice® and one reporting no differ-
ences in white matter volume compared to controls
in R6/1 mice.? The decrease in corpus callosum vol-
ume ranged from 13-20% compared to controls. In
the R6/2 mice, the decrease in the corpus callosum
volume was only detected in males.>3 Focal differ-
ences in the corpus callosum were also detected in
the YAC128 mice®"3? and R6/1 mice.’” The three
R6/1 studies provide an illustration of the potential
time course of the corpus callosum changes in this
mouse model, with an initial localized increase in
volume (in the posterior callosum) at 16 weeks of
age,3” followed by no change compared to controls
at 17 weeks,3? and a subsequent decrease in volume
of 19% at 30 weeks.3® In comparison, in the N171-
82Q mice, the decrease in corpus callosum volume
occurs at the earliest imaging time point (6 weeks of
age) and was the only evidence of neuroanatomical
atrophy at this age.>

Other white matter brain structures that show
decreases in HD mice compared to controls include
the anterior commissure,”! external capsule37 and
fimbria.>!

Other brain structures impacted by HD

46% of the articles used 2D images and manual
segmentation of a set of brain structures expected to
change in HD. As illustrated by the comparison in
[54] and [55], 3D, high-resolution isotropic images
combined with automated image analysis and VBM
(or DBM) finds new and unexpected (sub)-structures
impacted by HD. Other brain structures that were
revealed to be impacted by HD include the olfac-
tory bulb,3”-31:5 hypothalamus,?3-333% globus pal-
lidus/basal ganglia,>*35:38:61.66 46,55,56,59
and nucleus accumbens.®!

amygdala

CAG repeat length

Traditionally, HD severity and the rate of striatal
atrophy is associated with CAG repeat length.278
Figure 2 shows the percentage of striatum volume
loss measured by structural MRI with CAG repeat
length, colored by mouse model. Unlike in human
HD, the largest striatal atrophy was observed in mice
with the lowest CAG repeat length (at 12 weeks in the
R6/2 model®* and 30 weeks in the R6/1 model).*®
At lower CAG repeat lengths (determined at time
of genotyping), there was a U-shaped relationship in
striatum volume loss. In Sawiak et al., HD mice with
CAG repeat length greater than 200 were described
as having an “ameliorated phenotype” compared to
mice with fewer repeats.’’ This is consistent with
the decrease in the trend line at 200 CAG repeats
in Fig. 2 and in the reported delayed disease onset
and prolonged survival in other studies of R6/2 mice
with>200 CAG repeats.”?-80-31 Itis important to note
that striatum volume measurements were taken at
different ages and the reported CAG repeat lengths
(measured at genotyping) do not account for somatic
expansion that occurs with age.??

KNOWLEDGE GAPS AND FUTURE
DIRECTIONS

1. Replicability

Across all articles there was little replication
of results. Study designs (MRI acquisition (e.g.,
image resolution), sample size, time points,
data analysis) varied between all mouse mod-
els. Within articles that investigated the same
mouse model at the same time point, there is
some discrepancy in the structural MRI results.
For example, in the YAC128 mouse model,
three articles measured striatum volume at 32
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Fig. 2. Striatum volume loss as measured by structural MRI with
CAG repeat length in 6 different mouse models. The CAG repeat
lengths were determined at the time of genotyping by PCR. Only
data from articles that provided percent differences or the absolute
structure volumes was included. For mouse models with multiple
imaging time points, only data post-symptom onset was included.
The average time between motor and cognitive symptom onset and
MR imaging was 14 weeks.

weeks of age. However, at this time point,
only the two ex vivo imaging studies reported
a significant decrease in striatum Volume,Sl'53
while the in vivo imaging study reported no
significant difference compared to controls.
In the zQ175 mouse model, 2 of the 7 articles
included a time point at 16 weeks of age. One
reported significant decreases in the striatum
and cortex volumes at this time point in het-
erozygous zQ175 mice? while another found
no changes.®> The former study had a larger
sample size (n=9-10 in Heikkinen et al.> vs.
n=>5inLiu et al.%3) which may explain the abil-
ity to detect significant volume differences (on
the order of 4-8%). Four of the articles about
zQ175 mice included a time point at 24 weeks
of age and the use of relative brain structure
volumes (normalized to total brain volume) in
Tereshchenko et al.>® resulted in the identifica-
tion of a larger number of structures impacted by
HD compared to the three other studies that only
looked at absolute structure volumes.3%-6%-62 Of
the 12 articles that used structural MRI in R6/2
mice, the time points ranged from 3 to 21 weeks
of age. Two articles used the same imaging data;
however, the analysis approach was different. In
Zhang et al., manual segmentation found sig-
nificant differences at 4 weeks of age in the
striatum, cortex, and hippocampus.*> In con-
trast, deformation based morphometry from 3-5
weeks of age only showed focal decreases in
the cortex.*¢ In other studies where there was

overlap at the 4 week time point, there were
no significant volume differences reported.?8-33
These inconsistencies may be attributed to dif-
ferences in image resolution, sample size or
CAG repeat length. These examples illustrate
the impact of study design on MRI outcomes
and lack of replicability represents a significant
challenge in determining which mouse model
best reproduces clinical HD pathology. We rec-
ommend following the guidelines in Lerch et
al.?? for experimental design and comparing the
different HD mouse models including the use of
voxel-wise and both absolute and relative struc-
ture volumes, well-powered sample sizes and an
appropriate number of time points to explore the
full disease progression (including early life, as
described below). We also recommend making
the structural MRI images freely available to
other researchers using a repository such as the
Cambridge MRI database.?3

. Early life imaging

One of the limitations of the use of HD
mouse models is that the shortened lifespan
means the brain atrophy observed in humans
is not fully recapitulated. For example, at clin-
ical diagnosis, the striatum volume in humans
is decreased by 30-69%.!7-1% In comparison,
the largest striatum volume loss observed in
mice was 30%.% In the HD mouse models
with a more severe phenotype, it is challenging
to separate out the impact of the mutation on
brain development versus HD pathology. The
striatum in the R6/2 mouse model is shown to
be different from controls at the earliest imag-
ing time point (3 weeks of age),®' suggesting
the differences are programmed early in life.
Moreover, one of the studies of the R6/2 model
found there was no progression in the striatal
atrophy as the pathological burden increased,
indicating it is unaffected by the onset of pathol-
ogy. This has been observed in the TgCRNDS8
mouse model of Alzheimer’s disease,3* where
abnormal neuroanatomy compared to controls
was observed at 1 week of age (before amy-
loid plaque deposition). Interestingly, a growing
body of literature suggests mutant HTT has an
impact on brain development, supporting the
idea that abnormal neurodevelopment is part
of the pathology of HD.® Children at risk of
HD (CAG repeat length>39) show striatum
volume changes very similar to the R6/2 mice
in Zhang et al.%': an early increase relative to
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controls, followed by a significant progressive
decrease.8% MR imaging of HD mouse models
in early life is important to better understand
the impact of the HD mutation throughout the
lifespan. Mice can be imaged as early as post-
natal day 1,87 providing valuable information
about whether the mutation causes a neurode-
velopmental phenotype in addition to modeling
HD pathology.
Biological sex differences

Another important consideration for future
studies is understanding sex as a biological
variable in HD. Recent human studies have
reported significant sex differences in motor,
cognitive and depressive symptoms in people
with HD.®® Several of the mouse MRI articles
only included one sex and while many used
both female and male mice, they were under-
powered for exploring sex differences and did
not include sex as a biological variable in the
data analysis. The MRI mouse studies that did
explore sex differences generally found an ear-
lier and more severe impact of HD in males.
In R6/1, focal decreases in the cortex volume
were observed in males at 17 weeks of age and
in females only starting at 19 weeks.? In R6/2
mice, males showed a decrease in hippocam-
pus and corpus callosum volumes at 8 weeks
of age while atrophy to the hippocampus was
not apparent in females until 12 weeks and
there was no significant differences between
female R6/2 mice and controls in the corpus
callosum volume up to 14 weeks.>3 However,
striatum volume was significantly decreased in
R6/2 females and not in males at 12 weeks
of age.’3 In the study of early brain devel-
opment in zQ175 mice, only males showed
volumetric differences compared to controls.®!
Finally, there were significant sex differences
in HdhQ150 mice, with females showing corti-
cal atrophy before males and males showing a
greater decrease in striatum volume at 95 weeks
compared to females.> These results support
the recommendation that both sexes must be
included in the study design and that biological
sex must be included in the data analysis.
Other animal models of HD

Large animal models of HD provide several
unique advantages compared to mice (reviewed
recently in Howland et al.).8? While the major-
ity of MRI studies of HD have been conducted
in mouse models, a structural MRI study in

transgenic HD non-human primates reported
decreased striatum volume and increased lat-
eral ventricle volume, consistent with human
HD.?° Diffusion tensor MR imaging has been
conducted in the OVT73 sheep model of HD?!
and the feasibility of using structural MRI in a
minipig model of HD has been demonstrated.”?
Future MRI research of both small and large
animals promises to bridge the gap between
preclinical studies and human HD.

CONCLUSIONS

HD is associated with brain atrophy and structural
MRI plays an important role as a clinical biomarker
of disease progression. Mouse models of HD pro-
vide an avenue for improving our understanding
of human disease and for testing novel therapies.
Several studies have used structural MRI to investi-
gate treatment efficacy on HD mouse models.”>~7
In order to evaluate these therapies, we need to
know how the brain pathology develops over time
in each untreated mouse model. Compared to histo-
logical assessments, MRI provides a non-invasive,
three-dimensional, whole brain approach to image
the HD brain and an opportunity to correlate the
structure volumes with behavioral outcomes. Mouse
models of HD show variable disease progression and
pathology and therefore it is not surprising that the
MRI-detectable neuroanatomical changes are also
variable. When deciding on which mouse model to
use, it is important to consider which neuroanatom-
ical aspect and which time point in development
is desired. Taken together, the MRI mouse studies
reviewed in this paper provides a detailed picture
of the time course of neuroanatomical changes that
occur in some of the most widely used mouse models
of HD.
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