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Abstract

Emerging cellular and molecular studies are providing compelling evidence that altered brain development contributes to
the pathogenesis of Huntington’s disease (HD). There has been lacking longitudinal system-level data obtained from in vivo
HD models supporting this hypothesis. Our human MRI study in children and adolescents with HD indicates that striatal
development differs between the HD and control groups, with initial hypertrophy and more rapid volume decline in HD
group. In this study, we aimed to determine whether brain development recapitulates the human HD during the postnatal
period. Longitudinal structural MRI scans were conducted in the heterozygous zQ175 HD mice and their littermate controls.
We found that male zQ175 HD mice recapitulated the region-specific abnormal volume development in the striatum and
globus pallidus, with early hypertrophy and then rapidly decline in the regional volume. In contrast, female zQ175 HD mice
did not show significant difference in brain volume development with their littermate controls. This is the first longitudinal
study of brain volume development at the system level in HD mice. Our results suggest that altered brain development may
contribute to the HD pathogenesis. The potential effect of gene therapies targeting on neurodevelopmental event is worth to
consider for HD therapeutic intervention.
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Introduction
Huntington’s disease (HD) is caused by a CAG trinucleotide
repeat expansion in the huntingtin gene (HTT), which encodes an
expanded polyglutamine stretch in the huntingtin protein (HTT).
Cumulative cellular and molecular studies have demonstrated
that brain developmental abnormalities may be a substrate for
impaired brain function and later neurodegeneration in HD
(Mehler and Gokhan 2000; Reiner et al. 2003; Cattaneo et al.
2005; Godin et al. 2010; Molina-Calavita et al. 2014; Conforti
et al. 2018; Wiatr et al. 2018; Barnat et al. 2020). The HD
brain pathology may therefore represent, at least partially,
the consequences of abnormal development. Although HTT
is widely expressed ubiquitously, the mutation only causes
the demise of selective neuronal subtypes. The previous study
indicated that mutant HTT (mHTT)-associated developmental
impairments in neurogenesis may contribute to regional and
cellular vulnerabilities to late selective neurodegeneration
(Nguyen et al. 2013a; Nguyen et al. 2013b; Molero et al. 2016).
Accordingly, transcriptomic studies have indicated that genes
with key developmental and neural functions are preferentially
impacted in the brain samples carrying mutant HTT (Jin et al.
2012; Achour et al. 2015; Labadorf et al. 2015).

In line with these findings, we have recently reported sig-
nificant brain region-selective developmental abnormalities in
seventy-five child and adolescent carriers of mutant HTT (van der
Plas et al. 2019). Interestingly, cellular developmental identities
have shown strong clinical correlates during the HD prodromal
phase. For example, myelin breakdown and associated changes
in ferritin distribution during the prodromal phase of disease
closely mimics topographical profiles of cellular vulnerability to
cell death occurring later in HD (Bartzokis et al. 2007). These
findings support the notion that mutant HTT-associated devel-
opmental abnormalities are components of HD pathogenesis.

Mouse models are critical for advancing our understanding
on disease mechanisms and developing novel treatments for HD
(Leavitt et al. 2020; Brooks and Dunnett 2015; Chang et al. 2015;
Farshim and Bates 2018; Kosior and Leavitt 2018). The important
task of capturing neuropathological events in HD mouse models
has been mostly carried out using imaging. While conventional
histology allows sensitive detection of neuropathology at the
cellular and molecular levels, it has limited coverage and can-
not follow disease progression longitudinally. In comparison,
magnetic resonance imaging (MRI) is a non-invasive imaging
technique and provides a rich set of tissue contrasts and allows
longitudinal tracking disease progression at the system level.

Here, we carried out for the first time a 3D morphometry
analysis using our established segmentation tool that automat-
ically reconstructs 30 different brain regions during postnatal
development period in the heterozygous zQ175 HD mouse model,
this model is widely used and displays adult-onset progressive
behavioral deficits and brain pathology (Smith et al. 2014). It is
well-known that mice expressing mutant HTT with CAG length
within the range of the human adult-onset HD do not display
behavioral and pathological phenotypes, most HD mouse models
expressing mHTT with larger CAG repeat to recapitulate the
pathological changes in HD (William Yang and Gray 2011). The
differences in the sensitivity to mHTT between mice and human
may be attributable to the influences of protein context and/or
a difference in regulatory sequences between the mouse Htt
and human HTT genes (Ehrnhoefer et al. 2009). The rationale
for modeling human disorders in a non-human organism is to
identify fundamental pathogenic mechanisms. In this regard, the
heterozygous zQ175 knock-in (KI) HD model expresses mHTT in

the most appropriate genomic context, since it has a human
expanded CAG sequence inserted into the endogenous mouse Htt
exon-1 region. The heterozygous zQ175 KI mouse model displays
motor deficits after 6 months of age (Smith et al. 2014). Our
current findings provide the first evidence for existing altered
brain developmental processes at the system level in the het-
erozygous zQ175 KI HD model. In line with our observation in
the human HD study (van der Plas et al. 2019), these data indicate
new aspects of the HD pathogenesis which is important to guide
future therapeutic development.

Materials and Methods
Mice

Twelve heterozygous zQ175 mice (6 males and 6 females) and 12
wild-type littermate controls (WT, 6 males and 6 females) were
used for the longitudinal MRI scans, the breeding colony was
purchased from Jackson Lab (Bar Harbor, ME) and in C57Bl/6 back-
ground strain. Genotyping and CAG repeat size were determined
at Laragen Inc. (Culver City, CA, USA) by PCR of tail snips. The
CAG repeat length was 223 ± 3 in male zQ175 mice and 225 ± 3 in
female zQ175 mice used in the study. The heterozygous zQ175
KI HD mice have expected age of onset of motor deficits and
brain atrophy after 6 months of age, these mice do not have
significantly altered lifespan or exhibit seizures. All mice were
housed at 3–5 mice per cage under specific pathogen-free con-
ditions with a reversed 12-h light/dark cycle maintained at 23◦C
and provided with food and water ad libitum. All longitudinal
scans were conducted in the mouse’s dark phase. This study
was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health and approved by Institutional
Animal Care and Use Committee of the Johns Hopkins University.
The protocol was approved by the Committee on the Ethics of
Animal Care and Use Committee (Permit Number: MO18M192).
All procedures were performed under isoflurane anesthesia, and
all efforts were made to minimize suffering. All mice are survived
through longitudinal MRI scans.

In Vivo Structural MRI Acquisition

In vivo MRI was performed on a vertical 9.4 Tesla MR scanner
(Bruker Biospin, Billerica, MA, USA) with a triple-axis gradient
and a physiological monitoring system (EKG, respiration, and
body temperature). Mice were anesthetized with isoflurane (1%)
mixed with oxygen and air at 1: 3 ratios via a vaporizer and
a facial mask and scanned longitudinally (the same mice were
imaged repeatedly over a 12-month period). We used a 20-mm
diameter volume coil as the radiofrequency transmitter and
receiver. Temperature was maintained by a heating block built
into the gradient system. Respiration was monitored throughout
the entire scan.

High-resolution anatomical images were acquired by using
a three-dimensional (3D) T2-weighted fast spin echo sequence
with the following parameters: echo time (TE)/repetition time
(TR) = 40/700 ms, resolution = 0.1 mm × 0.1 mm × 0.25 mm, echo
train length = 4, number of average = 2, and flip angle = 40◦.
Multi-slice T2-weighted images of the mouse brain were
acquired by the RARE (Rapid Acquisition with Refocused
Echoes) sequence with the following parameter (echo time
(TE)/repetition time (TR) = 40 ms/1500 ms, RARE factor = 8, in-
plane resolution = 0.125 mm x 0.125 mm, slice thickness = 1 mm,
total imaging time less than 2 min) and used for high resolution
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anatomical imaging. Total imaging time was about 50 min per
mouse. Mice recovered quickly once the anesthesia was turned
off, and all mice survived the imaging sessions.

Structural MRI Image Analysis

Images were first rigidly aligned to a template image by using
automated image registration software (http://bishopw.loni.u
cla.edu/AIR5/, AIR). The template image was selected from one of
the images acquired from age-matched littermate control mice
(mouse had the medium brain volume among the control group),
which had been manually adjusted to the orientation defined
by the Paxinos atlas with an isotropic resolution of 0.1 mm x
0.1 mm x 0.1 mm per pixel. After rigid alignment, images had
the same position and orientation as the template image, and
image resolution was also adjusted to an isotropic resolution
of 0.1 mm × 0.1 mm × 0.1 mm per pixel. Signals from non-brain
tissue were removed manually (skull-stripping). Skull-stripped,
rigidly aligned images were analyzed by using Landmarker
software (www.mristudio.org). Intensity values of the gray
matter, white matter, and cerebral spinal fluid were normalized
to the values in the template images by using a piece-wise
linear function. This procedure ensured that subject image and
template image have similar intensity histograms. The intensity-
normalized images were submitted by Landmarker software to
a linux cluster, which runs Large Deformation Diffeomorphic
Metric Mapping (LDDMM). The transformations were then used
for quantitative measurement of changes in local tissue volume
among different mouse brains, by computing the Jacobian values
of the transformations generated by LDDMM. There are about 30
different brain regions segmented automatically.

Western Blotting

Brain tissue samples were homogenized in a buffer containing
50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.1% (w/v) SDS, 1.0% NP-
40, 0.5% sodium deoxycholate and 1% (v/v) protease inhibitor
mixture. For SDS–PAGE, 10–20 μg of proteins were separated in a
4–20% gradient gel and transferred to a nitrocellulose membrane.
The membrane was blotted with the following primary antibod-
ies: anti-MBP (1:500), anti-MOG (1:1000), anti-C1QC (1:1000), and
mouse anti-β-actin (Sigma, 1:5000). After incubation with HRP-
conjugated secondary antibodies, the bound antibodies were
visualized by chemiluminescence.

Statistical Analysis

The brain segmentation volumes in male and female mice were
analyzed separately. In order to estimate the trajectory of brain
volume change with age, we employed quadratic polynomial
models which will impose inflection points. The peaks can be
interpreted as the characteristic points of mouse brain develop-
ment. Two-way repeated measures (age and genotype) ANOVA
were performed to examine the statistical difference between
two groups along with age growth. Student’s t-test was used to
measure the significant levels between WT and zQ175 HD groups
at each given age.

Data Availability

The raw data supporting the findings reported here can be made
available upon reasonable request.

Results
The Age Selection and CAG Size in zQ175 Mice

zQ175 heterozygous HD mice and their littermate controls at 3
ages, 3-, 5-, and 7- weeks old, were selected for the longitudinal
MRI scans. These 3 ages represent the peak of myelination,
synaptic pruning, and early adult stage respectively and are
approximately equal to human 3-, 11-, and 18 years old (Semple
et al. 2013). In order to avoid CAG expansions with passages, we
rotated female HD and male HD mice for breeding. The CAG
size in our original mouse colony obtained from the Jackson
Laboratory is about 220. Our breeding strategy prevented the
further CAG expansions, the CAG length ranges within 3 CAG
size difference in all experimental HD mice used in this study
(220 ± 3).

zQ175 Mice Recapitulate the Region-Specific Developmental
Abnormality of Human HD Brain in a Gender-Dependent
Manner

Over the postnatal developmental period, there was a signifi-
cant, non-linear difference between male zQ175 HD group and
age-matched control group in age trajectories of the striatum.
The male wild type (WT) mice exhibited gradual growth in the
striatum from 3 weeks to 7 weeks of age; this pattern of normal
development has been reported previously (Semple et al. 2013). In
contrast, the developmental trajectory for the zQ175 male mice
was strikingly different. These HD mice exhibited significant
striatal hypertrophy prior to 5 weeks of age, compared to their
littermate WT group (Fig. 1A, Tables 1 and 2). Then, between age
5 and 7 weeks, the striatal volume steadily decreased in the
male zQ175 HD mice, but continued to increase in the WT group
(Fig. 1A, Tables 2 and 3). The developmental abnormalities in the
striatal volume of male zQ175 mice (Fig. 1, Table 4) recapitulated
the age trajectories in human HD caudate-putamen development
(van der Plas et al. 2019).

Like the striatum, a significant age-dependent brain regional
volume difference during the postnatal brain developmental
period between male zQ175 and their littermate controls was
observed in the lateral globus pallidus (LGP), which is another
vulnerable brain region in HD. The male WT mice exhibited grad-
ual growth and reached to a plateau after 5 weeks of age (Fig. 1B,
Tables 1 and 2). zQ175 male mice displayed LGP hypertrophy at
3 weeks of age, did not show the normal growth curve, then the
volume of LGP slightly and gradually declined after 5 weeks of age
(Fig. 1B, Tables 2 and 3). These abnormal developmental patterns
in the LGP of zQ175 male mice (Table 4) are similar to those we
observed in human HD brain MRI study (van der Plas et al. 2019).

Interestingly, the cerebellum development in the male
zQ175 mice also exhibited the similar abnormalities, with initial
hypertrophy before 5 weeks of age, compared to their littermate
WT group (Fig. 1C, Tables 1 and 2), then showed sharp decline
by 7 weeks of age while WT mice demonstrated continuous
increased volume (Fig. 1C, Tables 2 and 3). The findings are differ-
ent from human HD cerebellum development pattern from our
previous study.

In other 3 brain regions, thalamus, neocortex and nucleus
accumbens, we observed similar developmental patterns, with
initial increased volume and a later rapid decline in the volume in
male zQ175 mice comparing to age-matched controls (Tables 1–
4). However, the overall p values of statistical difference did
not reach significance. In addition, there is no significant
difference in the brain volume development between the
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Figure 1. Longitudinal fitting curves of brain volume development in male zQ175 HD mice and their littermate controls. (A) Mean estimated age-dependent change

of striatal volume in the male zQ175 mice (red) and control (green) groups. (B) Mean estimated age dependent change of the globus pallidus volume during postnatal

development period in the male zQ175 mice (red) and control (green) groups. (C) Mean estimated age dependent change of the cerebellum volume during postnatal

development period in the male zQ175 mice (red) and control (green) groups. Volume difference (y-axis) between HD mice and controls across age (x-axis), along with

95% confidence limits of the difference scores. (D) Mean estimated age-dependent change of striatal volume in the female zQ175 mice (pink) and control (blue) groups.

(E) Mean estimated age dependent change of the globus pallidus volume during postnatal development period in the female zQ175 mice (pink) and control (blue) groups.

(F) Mean estimated age dependent change of the cerebellum volume during postnatal development period in the female zQ175 mice (pink) and control (blue) groups.
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Table 1. Regional brain volumes in 3-week-old male zQ175 HD mice and their littermate controls

WT zQ175 HD

Mean SD 95% CI Mean SD 95% CI p-Value

LGP 1.438 0.071 (1.364, 1.512) 1.585 0.085 (1.496, 1.674) 0.009∗
Striatum 16.984 0.541 (16.416, 17.552) 18.162 0.482 (17.656, 18.668) 0.003∗
Cerebellum 47.136 2.653 (44.351, 49.92) 49.703 1.762 (47.854, 51.552) 0.081
Thalamus 20.495 0.786 (19.671, 21.32) 21.317 0.708 (20.575, 22.06) 0.086
Neocortex 85.179 5.06 (79.869, 90.489) 88.272 3.349 (84.757, 91.786) 0.245
Accumbens Nu 1.522 0.088 (1.43, 1.614) 1.62 0.058 (1.559, 1.681) 0.050

Note: ∗ P < 0.05 compared to the value of WT group by Standard Student’s t-test.

Table 2. Regional brain volumes in 5-week-old male zQ175 HD mice and their littermate controls

WT zQ175 HD

Mean SD 95% CI Mean SD 95% CI p-Value

LGP 1.632 0.07 (1.558, 1.705) 1.635 0.032 (1.601, 1.668) 0.918
Striatum 18.19 0.293 (17.882, 18.498) 18.968 0.471 (18.473, 19.462) 0.008∗
Cerebellum 51.52 1.193 (50.268, 52.772) 54.021 1.791 (52.141, 55.901) 0.020∗
Thalamus 20.764 0.613 (20.12, 21.408) 21.55 0.759 (20.754, 22.346) 0.078
Neocortex 90.21 1.031 (89.128, 91.293) 92.74 0.997 (91.693, 93.787) 0.002∗
Accumbens Nu 1.588 0.047 (1.539, 1.638) 1.71 0.104 (1.6, 1.819) 0.036∗

Note: ∗ P < 0.05 compared to the value of WT group by Standard Student’s t-test.

Table 3. Regional brain volumes in 7-week-old male zQ175 HD mice and their littermate controls

WT zQ175 HD

Mean SD 95% CI Mean SD 95% CI p-Value

LGP 1.633 0.095 (1.533, 1.732) 1.6 0.087 (1.508, 1.691) 0.544
Striatum 18.911 1.059 (17.8, 20.021) 18.051 1.283 (16.705, 19.397) 0.235
Cerebellum 54.261 1.83 (52.34, 56.182) 51.385 4.37 (46.799, 55.971) 0.182
Thalamus 21.489 1.306 (20.119, 22.86) 20.325 1.404 (18.852, 21.799) 0.168
Neocortex 90.373 2.572 (87.674, 93.072) 88.927 3.559 (85.191, 92.662) 0.44
Accumbens Nu 1.617 0.1 (1.511, 1.722) 1.587 0.128 (1.453, 1.721) 0.666

Table 4. Statistical results in male zQ175 mice and their littermate controls

Analysis of Variance Two-way repeated measures ANOVA

Source of Variation SS df MS F P-value

Striatum Age 7.3846 2 3.6923 6.2160 0.0080
Group + Age 6.9916 2 3.4958 5.8852 0.0098∗
Residuals 11.8800 20 0.5940

LGP Age 0.1039 2 0.0520 13.3141 0.0002
Group + Age 0.0545 2 0.0272 6.9784 0.0050∗
Residuals 0.0781 20 0.0039

Cerebellum Age 153.2964 2 76.6482 13.9630 0.0002
Group + Age 58.5483 2 29.2742 5.3329 0.0139∗
Residuals 109.7878 20 5.4894

Thalamus Age 0.5008 2 0.2504 0.2239 0.8014
Group + Age 7.7467 2 3.8733 3.4625 0.0511
Residuals 22.3733 20 1.1187

Neocortex Age 137.7731 2 68.8865 8.3401 0.0023
Group + Age 36.7247 2 18.3623 2.2231 0.1343
Residuals 165.1938 20 8.2597

Accumbens Nu Age 0.0371 2 0.0185 1.8578 0.1820
Group + Age 0.0394 2 0.0197 1.9748 0.1649
Residuals 0.1996 20 0.0100

Note: ∗ P < 0.05 compared to the value of WT group by Standard Student’s t-test.
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female zQ175 mice and their litter mate controls (Fig. 1D-F and
Supplementary Tables 1–4).

Altered Myelin Development was Evident in Male zQ175 HD
Mouse Brain

To determine the molecular basis of abnormal striatal volume
development in male zQ175 mice, we examined the markers
of myelin development, including the levels of myelin basic
protein (MBP) and myelin oligodendrocyte glycoprotein (MOG).
Both myelin protein levels were lower in the striatum of zQ175
mice at 3 weeks of age comparing to their age-matched control
mice (Fig. 2A-C), while the levels of these myelin proteins had
trend to increase with a statistical significance in the MOG levels
at 7 weeks old zQ175 mice (Fig. 2C). C1QC is highly expressed
in microglia and is a marker of synaptic pruning. We did not
find the difference in the levels of C1QC between zQ175 mice
and their age-matched controls (Fig. 2D). These results suggest
that the difference in the postnatal striatal volume development
between zQ175 HD mice and control mice may be due to altered
myelination rather than changes in the synaptic pruning.

Discussion
This is the first longitudinal MRI study of HD mouse brain devel-
opment at 3D neuroimaging morphology. The motivation for this
study was two-fold. First, it was prompted by a series of cellular
and molecular findings that has established brain developmental
abnormalities contribute to HD pathogenesis (Arteaga-Bracho et
al. 2016; Nguyen et al. 2013a; Nguyen et al. 2013b; Molero et al.
2016; Mehler et al. 2019). Second, it was motivated by our recent
neuroimaging study in pre-HD child and adolescent carriers of
mHTT (van der Plas et al. 2019), in which we demonstrated that
developmental trajectories in the caudate putamen and globus
pallidus were markedly different between the mHTT carrier and
control group (van der Plas et al. 2019). Remarkably, the current
longitudinal analysis revealed a substantial difference in the
brain volume growth of specific brain regions, namely striatum,
globus pallidus, and cerebellum, in male zQ175 mice comparing
to their littermate controls.

Genes associated with neurodegenerative diseases are nor-
mally expressed throughout neural development and are essen-
tial for the maintenance of neuronal subpopulations. HTT muta-
tion may compromise defined subsets of these neural specifi-
cation events in subtle ways that initially lead to impairments
in the cellular homeostasis of evolving regional neuronal sub-
populations, and adult-onset neuronal death. The observations
of altered brain volume development in the present study, com-
bining with the previous findings from cellular and molecular
studies (Mehler and Gokhan 2000; Godin et al. 2010; Nguyen
et al. 2013b; Molero et al. 2016) as well as our MRI study of
human HD (van der Plas et al. 2019), support a developmental
component in HD which may make neurons more vulnerable
and selectively degenerated in the later life. The findings from
both preHD children and zQ175 KI HD mouse model indicate that
larger than normal volumes of selective brain regions are present
at early postnatal HD brain development. We also observed an
alter myelination in the male zQ175 mouse brain. Moreover,
‘precocious’ development leading to larger than normal volumes
is commonly seen as developmental aberration (Shriver et al.
2006; Amaral et al. 2017), supporting the notion that these regions
are structurally and functionally vulnerable which makes them
prone to early degeneration. Longitudinal follow-up study of a

larger cohort of mice with neuroimaging and molecular profiling
may help to elucidate novel mechanisms underlying the devel-
opment contribution to HD pathogenesis.

Our results illuminate a postnatal developmental window
associated with HD pathogenesis that may have major implica-
tions for our understanding of the process governing the neu-
rodegeneration in HD. These observations have the potential to
identify new classes of biomarkers and innovative therapeutic
targets to delay, reverse, or prevent the onset and progression of
HD. In fact, HD has a long interval before clinical manifestation
during which therapeutic strategies may be introduced and pro-
vide the most effective outcome for patients. Our current find-
ings in a faithful mouse model and the previous study in preHD
child and adolescent mutant HTT carriers (van der Plas et al.
2019) suggest that brain region-specific profiles of degeneration
are likely due to regional cellular vulnerabilities programmed
during early development.

The neuropathological process may have started during a
period of development preceding cell death in HD. Determin-
ing when such decline begins and the selective vulnerability of
specific brain region(s) to the degenerative cascade is important
for development of disease-modifying therapies. In addition,
mHTT not only alters the function of its protein partners, but
may also turn mHTT into a dominant-negative factor, further
disrupting the developmental functions of the wild type HTT
allele (Feero and Hoffman 1995; Rubinsztein 2003; Rubinsztein
and Carmichael 2003). HTT is a pleiotropic protein with func-
tional roles in regulating neuronal survival, transcription, and
metabolism (Cattaneo et al. 2005), mHTT may deregulate the
entire process of stem cell-mediated neurogenesis and gliogene-
sis through impairments in the transcription (Feero and Hoffman
1995), such that mHTT can directly affect metabolic profiles in
premanifest HD by altering mitochondrial biogenesis, mainte-
nance, and function at the transcriptional level by inhibiting
Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC1α) (Cui et al. 2006).

The principal HD neuropathology is classically conceptual-
ized as degeneration of striatal medium spiny neurons (MSNs)
(Ross and Tabrizi 2011; McColgan and Tabrizi 2018). In addi-
tion, globus pallidus is a primary projection target of the stria-
tum and dramatically affected and degenerated in HD (Ross
and Tabrizi 2011; Singh-Bains et al. 2016). Our results indicate
that mHTT may underly the observed similarities between stri-
atal and globus pallidus developmental trajectories in HD mice.
These results support that neurodegenerative diseases could
begin with aberrant brain development in regional neuronal
subpopulations (Mehler and Gokhan 2000). In fact, molecular
studies in mice have demonstrated that degeneration of MSNs
is preceded by abnormal development of these cells (Mehler and
Gokhan 2000; Molero et al. 2016; Wiatr et al. 2018). The observed
difference in the brain volume trajectory of striatal and globus
pallidus in male zQ175 HD mice and altered myelination during
postnatal development period further strengthens the notion of
abnormal neural development in HD.

We also noticed altered volume development in the cerebel-
lum of male zQ175 mice, similar to the other 2 most affected brain
regions, striatum and globus pallidus, with initial hypertrophy
and rapid volume decline, while our recent human HD brain
developmental study indicates that volume of the cerebellum did
not follow this pattern (van der Plas et al. 2019). Interestingly,
in that same subjects, functional connectivity analysis showed
that the cerebellum was hyper-connected to the striatum, sug-
gesting that mHTT directs cerebellar-striatal circuitry forma-
tion (Tereshchenko et al. 2020). This finding also supports that

https://academic.oup.com/texcom/article-lookup/doi/10.1093/texcom/tgaa044#supplementary-data
https://academic.oup.com/texcom/article-lookup/doi/10.1093/texcom/tgaa044#supplementary-data
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Figure 2. Abnormal myelin development in the heterozygous zQ175 knock-in mice. (A) Representative Western blots of MBP (2 different isoforms), MOG, and C1QC in

the striatum of zQ175 (HD) mice and age-matched wild-type littermate (WT) controls at postnatal 3-, 5-, and 7- weeks of age. (B-D) Quantification of densitometry of

indicated proteins in the Western blots. n = 3. ∗p < 0.05 compared with the values of WT mice by Student’s t-tests.

the cerebellum may play a compensatory role. In our previous
study of Juvenile-onset HD, the cerebellum in the adult age was
proportionally enlarged while the absolute value of cerebellum
volume did not show significant difference, this pattern was
also consistent across 4 mouse models of HD, including zQ175
model (Tereshchenko et al. 2019). That study included both male
and female mice. Although the current analysis suggests that
the cerebellum begins to decrease in volume in early life (males
only), the analysis at adult age (6 months) in our previous study
(Tereshchenko et al. 2019) suggests that this volumetric trajec-
tory does not continue as in other 2 brain regions, and in fact
stabilizes with the end result being proportional enlargement.
Cerebellum is notably “spared” in comparison with other brain
regions in adult age, but evidence has suggested that cerebel-
lar abnormalities are present in HD (Rosas et al. 2003). Until
now, inconsistent reports of the cerebellum volume in HD have
emerged from the literature; autopsy data suggest that atro-
phy is most marked within the cortical gray matter and gray
matter of the deep cerebellar nuclei (Rodda 1981; Jeste et al.
1984; Fennema-Notestine et al. 2004; Rub et al. 2013; Ruocco
et al. 2006), whereas structural imaging data (voxel-based mor-
phometry) localize the most significant volume changes to the
cerebellar white matter or detect no disease effects, one study
in pre-manifest HD has detected significant cerebellar volume
loss whereas others have not (Gomez-Anson et al. 2009; Hobbs
et al. 2010). A more focused, multimodal imaging analysis of the
cerebellum in a larger cohort and longitudinal study covering
from the early development stage to the symptomatic stage is
warranted.

It is worth to mention that we observed a gender-dependent
difference in the zQ175 HD mouse brain volume development,
a finding that was not present in the human preHD childhood

sample. Male zQ175 HD mice recapitulated the abnormal devel-
opment patterns in the striatum and globus pallidus observed
in human HD, but female HD mice did not show the significant
difference in the brain development in all regions we tested
(Fig. 1D-F and Supplementary Tables 1–4). The mechanisms
underlying this gender-dependent differences require further
investigation. A recent study reported a large proportion of
mammalian traits both in wildtype and mutants are influenced
by sex (Karp et al. 2017). This result has implications for
interpreting disease phenotypes in animal models. Interestingly,
sex-specific effects of HTT on brain development for CAG repeat
ranges below disease threshold has been reported (Lee et al.
2017). Normal variation in CAG repeat length was associated with
different putamen and cerebellum volume in male participants.
Gender-dependent difference was also reported in a rat HD
model in glucose uptake across various brain regions (Reilmann
et al. 2015). Our previous study in the homozygous zQ715 found
gender-dependent differences in motor performance (Peng et al.
2016). These results suggest that sex should be considered in the
experimental design and data analysis when we use this model.
Our findings further emphasize that data from male and female
zQ175 mice need to be analyzed separately and sex as a biological
variable should be considered in experimental design and result
interpretation.

Our results highlight a critical need for research in under-
standing the brain developmental effects and mechanism in
HD. The knowledge obtained in this aspect will be important
for optimization of disease modifying therapy and prevention.
Strategies to prevent disease onset may have to consider
the brain developmental contribution and introduce treat-
ment to individuals at a young age. Modulation of pathways
involved in brain development may represent a new therapeutic
direction. The potential effect of gene therapies targeting

https://academic.oup.com/texcom/article-lookup/doi/10.1093/texcom/tgaa044#supplementary-data
https://academic.oup.com/texcom/article-lookup/doi/10.1093/texcom/tgaa044#supplementary-data
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on neurodevelopmental event is worth to consider for HD
therapeutic intervention.

Supplementary data
Supplementary material can be found at Cerebral Cortex Commu-
nications online.

Notes
We are thankful for support from the National Institute of Health.
Conflict of Interest: Dr Susumu Mori co-owns “AnatomyWorks”.
Susumu Mori is its CEO. This arrangement is being managed by
the Johns Hopkins University in accordance with its conflict-
ofinterest policies. All other authors declare no conflict of
interests.

Funding
Contract fund from the Department of Psychiatry, University of
Iowa Carver College of Medicine. National Institute of Health
R01NS082338 (to W.D), R21NS104480 (to J.H. and W.D), and China
Scholarship Council scholarship (to Q.W).

References
Achour M, Le Gras S, Keime C, Parmentier F, Lejeune FX, Boutillier

AL, Neri C, Davidson I, Merienne K. 2015. Neuronal identity
genes regulated by super-enhancers are preferentially down-
regulated in the striatum of Huntington’s disease mice. Hum
Mol Genet. 24:3481–3496.

Amaral DG, Li D, Libero L, Solomon M, Van de Water J, Master-
george A, Naigles L, Rogers S, Wu Nordahl C. 2017. In pursuit
of neurophenotypes: the consequences of having autism and
a big brain. Autism Res. 10:711–722.

Arteaga-Bracho EE, Gulinello M, Winchester ML, Pichamoorthy N,
Petronglo JR, Zambrano AD, Inocencio J, De Jesus CD, Louie
JO, Gokhan S, et al. 2016. Postnatal and adult consequences
of loss of huntingtin during development: implications for
Huntington’s disease. Neurobiol Dis. 96:144–155.

Barnat M, Capizzi M, Aparicio E, Boluda S, Wennagel D, Kacher
R, Kassem R, Lenoir S, Agasse F, Braz BY, et al. 2020. Hunt-
ington’s disease alters human neurodevelopment. Science. doi:
10.1126/science.aax3338.

Bartzokis G, Lu PH, Tishler TA, Fong SM, Oluwadara B, Finn JP,
Huang D, Bordelon Y, Mintz J, Perlman S. 2007. Myelin break-
down and iron changes in Huntington’s disease: pathogenesis
and treatment implications. Neurochem Res. 32:1655–1664.

Brooks SP, Dunnett SB. 2015. Mouse models of Huntington’s
disease. Curr Top Behav Neurosci. 22:101–133.

Cattaneo E, Zuccato C, Tartari M. 2005. Normal huntingtin func-
tion: an alternative approach to Huntington’s disease. Nat Rev
Neurosci. 6:919–930.

Chang R, Liu X, Li S, Li XJ. 2015. Transgenic animal models for
study of the pathogenesis of Huntington’s disease and therapy.
Drug Des Devel Ther. 9:2179–2188.

Conforti P, Besusso D, Bocchi VD, Faedo A, Cesana E, Rossetti
G, Ranzani V, Svendsen CN, Thompson LM, Toselli M, et al.
2018. Faulty neuronal determination and cell polarization are
reverted by modulating HD early phenotypes. Proc Natl Acad Sci
U S A. 115:E762–E771.

Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc
D. 2006. Transcriptional repression of PGC-1alpha by mutant

huntingtin leads to mitochondrial dysfunction and neurode-
generation. Cell. 127:59–69.

Ehrnhoefer DE, Butland SL, Pouladi MA, Hayden MR. 2009. Mouse
models of Huntington disease: variations on a theme. Dis Model
Mech. 2:123–129.

Farshim PP, Bates GP. 2018. Mouse models of Huntington’s dis-
ease. Methods Mol Biol. 1780:97–120.

Feero W, Hoffman EP. 1995. Huntington’s disease. Their loss is our
gain? Curr Biol. 5:1229–1231.

Fennema-Notestine C, Archibald SL, Jacobson MW, Corey-Bloom
J, Paulsen JS, Peavy GM, Gamst AC, Hamilton JM, Salmon DP,
Jernigan TL. 2004. In vivo evidence of cerebellar atrophy and
cerebral white matter loss in Huntington disease. Neurology.
63:989–995.

Godin JD, Colombo K, Molina-Calavita M, Keryer G, Zala D, Char-
rin BC, Dietrich P, Volvert ML, Guillemot F, Dragatsis I, et al.
2010. Huntingtin is required for mitotic spindle orientation and
mammalian neurogenesis. Neuron. 67:392–406.

Gomez-Anson B, Alegret M, Munoz E, Monte GC, Alayrach E,
Sanchez A, Boada M, Tolosa E. 2009. Prefrontal cortex volume
reduction on MRI in preclinical Huntington’s disease relates to
visuomotor performance and CAG number. Parkinsonism Relat
Disord. 15:213–219.

Hobbs NZ, Henley SM, Ridgway GR, Wild EJ, Barker RA, Scahill RI,
Barnes J, Fox NC, Tabrizi SJ. 2010. The progression of regional
atrophy in premanifest and early Huntington’s disease: a lon-
gitudinal voxel-based morphometry study. J Neurol Neurosurg
Psychiatry. 81:756–763.

Jeste DV, Barban L, Parisi J. 1984. Reduced Purkinje cell density in
Huntington’s disease. Exp Neurol. 85:78–86.

Jin J, Cheng Y, Zhang Y, Wood W, Peng Q, Hutchison E, Mattson
MP, Becker KG, Duan W. 2012. Interrogation of brain miRNA
and mRNA expression profiles reveals a molecular regulatory
network that is perturbed by mutant huntingtin. J Neurochem.
123:477–490.

Karp NA, Mason J, Beaudet AL, Benjamini Y, Bower L, Braun RE,
Brown SDM, Chesler EJ, Dickinson ME, Flenniken AM, et al. 2017.
Prevalence of sexual dimorphism in mammalian phenotypic
traits. Nat Commun. 8:15475.

Kosior N, Leavitt BR. 2018. Murine models of Huntington’s disease
for evaluating therapeutics. Methods Mol Biol. 1780:179–207.

Labadorf A, Hoss AG, Lagomarsino V, Latourelle JC, Hadzi TC,
Bregu J, MacDonald ME, Gusella JF, Chen JF, Akbarian S, et al.
2015. RNA sequence analysis of human Huntington disease
brain reveals an extensive increase in inflammatory and devel-
opmental gene expression. PLoS One. 10:e0143563.

Leavitt BR, Kordasiewicz HB, Schobel SA. 2020. Huntingtin-
lowering therapies for Huntington disease: a review of the
evidence of potential benefits and risks. JAMA Neurol.

Lee JK, Ding Y, Conrad AL, Cattaneo E, Epping E, Mathews K,
Gonzalez-Alegre P, Cahill L, Magnotta V, Schlaggar BL, et al.
2017. Sex-specific effects of the Huntington gene on normal
neurodevelopment. J Neurosci Res. 95:398–408.

McColgan P, Tabrizi SJ. 2018. Huntington’s disease: a clinical
review. Eur J Neurol. 25:24–34.

Mehler MF, Gokhan S. 2000. Mechanisms underlying neural
cell death in neurodegenerative diseases: alterations of a
developmentally-mediated cellular rheostat. Trends Neurosci.
23:599–605.

Mehler MF, Petronglo JR, Arteaga-Bracho EE, Gulinello ME,
Winchester ML, Pichamoorthy N, Young SK, DeJesus CD,
Ishtiaq H, Gokhan S, et al. 2019. Loss-of-Huntingtin in
medial and lateral ganglionic lineages differentially disrupts
regional interneuron and projection neuron subtypes and

https://academic.oup.com/texcom/article-lookup/doi/10.1093/texcom/tgaa044#supplementary-data
https://doi.org/10.1126/science.aax3338


Abnormal Brain Development in Huntington’ Disease Is Recapitulated Zhang et al. 9

promotes Huntington’s disease-associated Behavioral, cellular,
and pathological hallmarks. J Neurosci. 39:1892–1909.

Molero AE, Arteaga-Bracho EE, Chen CH, Gulinello M, Winchester
ML, Pichamoorthy N, Gokhan S, Khodakhah K, Mehler MF. 2016.
Selective expression of mutant huntingtin during development
recapitulates characteristic features of Huntington’s disease.
Proc Natl Acad Sci U S A. 113:5736–5741.

Molina-Calavita M, Barnat M, Elias S, Aparicio E, Piel M, Hum-
bert S. 2014. Mutant huntingtin affects cortical progenitor cell
division and development of the mouse neocortex. J Neurosci.
34:10034–10040.

Nguyen GD, Gokhan S, Molero AE, Mehler MF. 2013a. Selective
roles of normal and mutant huntingtin in neural induction and
early neurogenesis. PLoS One. 8:e64368.

Nguyen GD, Molero AE, Gokhan S, Mehler MF. 2013b. Functions of
huntingtin in germ layer specification and organogenesis. PLoS
One. 8:e72698.

Peng Q, Wu B, Jiang M, Jin J, Hou Z, Zheng J, Zhang J, Duan
W. 2016. Characterization of Behavioral, Neuropathological,
brain metabolic and key molecular changes in zQ175 knock-in
mouse model of Huntington’s disease. PLoS One. 11:e0148839.

Reilmann R, Lippross V, Holzner E, Gigengack F, Bohlen S, Kugel
H, Deppe M, Osada N, Lucke M, Riess O, et al. 2015. FDG muPET
fails to detect a disease-specific phenotype in rats transgenic
for Huntington’s disease - a 15 months follow-up study. J
Huntingtons Dis. 4:37–47.

Reiner A, Dragatsis I, Zeitlin S, Goldowitz D. 2003. Wild-type
huntingtin plays a role in brain development and neuronal
survival. Mol Neurobiol. 28:259–276.

Rodda RA. 1981. Cerebellar atrophy in Huntington’s disease. J
Neurol Sci. 50:147–157.

Rosas HD, Koroshetz WJ, Chen YI, Skeuse C, Vangel M, Cud-
kowicz ME, Caplan K, Marek K, Seidman LJ, Makris N, et al.
2003. Evidence for more widespread cerebral pathology in
early HD: an MRI-based morphometric analysis. Neurology. 60:
1615–1620.

Ross CA, Tabrizi SJ. 2011. Huntington’s disease: from molecular
pathogenesis to clinical treatment. Lancet Neurol. 10:83–98.

Rub U, Hoche F, Brunt ER, Heinsen H, Seidel K, Del Turco D,
Paulson HL, Bohl J, von Gall C, Vonsattel JP, et al. 2013. Degener-
ation of the cerebellum in Huntington’s disease (HD): possible
relevance for the clinical picture and potential gateway to
pathological mechanisms of the disease process. Brain Pathol.
23:165–177.

Rubinsztein DC. 2003. How does the Huntington’s disease muta-
tion damage cells? Sci Aging Knowledge Environ. 2003:PE26.

Rubinsztein DC, Carmichael J. 2003. Huntington’s disease: molec-
ular basis of neurodegeneration. Expert Rev Mol Med. 5:1–21.

Ruocco HH, Lopes-Cendes I, Li LM, Santos-Silva M, Cendes F. 2006.
Striatal and extrastriatal atrophy in Huntington’s disease and
its relationship with length of the CAG repeat. Braz J Med Biol
Res. 39:1129–1136.

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein
LJ. 2013. Brain development in rodents and humans: identifying
benchmarks of maturation and vulnerability to injury across
species. Prog Neurobiol. 106-107(1–16).

Shriver AS, Canady J, Richman L, Andreasen NC, Nopoulos P. 2006.
Structure and function of the superior temporal plane in adult
males with cleft lip and palate: pathologic enlargement with
no relationship to childhood hearing deficits. J Child Psychol
Psychiatry. 47:994–1002.

Singh-Bains MK, Tippett LJ, Hogg VM, Synek BJ, Roxburgh RH,
Waldvogel HJ, Faull RL. 2016. Globus pallidus degeneration and
clinicopathological features of Huntington disease. Ann Neurol.
80:185–201.

Smith GA, Rocha EM, McLean JR, Hayes MA, Izen SC, Isacson O,
Hallett PJ. 2014. Progressive axonal transport and synaptic pro-
tein changes correlate with behavioral and neuropathological
abnormalities in the heterozygous Q175 KI mouse model of
Huntington’s disease. Hum Mol Genet. 23:4510–4527.

Tereshchenko A, Magnotta V, Epping E, Mathews K, Espe-Pfeifer
P, Martin E, Dawson J, Duan W, Nopoulos P. 2019. Brain struc-
ture in juvenile-onset Huntington disease. Neurology. 92:e1939–
e1947.

Tereshchenko AV, Schultz JL, Bruss JE, Magnotta VA, Epping EA,
Nopoulos PC. 2020. Abnormal development of cerebellar-
striatal circuitry in Huntington disease. Neurology. 94:
e1908–e1915.

van der Plas E, Langbehn DR, Conrad AL, Koscik TR, Tereshchenko
A, Epping EA, Magnotta VA, Nopoulos PC. 2019. Abnormal brain
development in child and adolescent carriers of mutant hunt-
ingtin. Neurology. 93:e1021–e1030.

Wiatr K, Szlachcic WJ, Trzeciak M, Figlerowicz M, Figiel M. 2018.
Huntington disease as a neurodevelopmental disorder and
early signs of the disease in stem cells. Mol Neurobiol. 55:
3351–3371.

William Yang X, Gray M. 2011. Mouse Models for Validating Pre-
clinical Candidates for Huntington’s Disease. In: Lo DC, Hughes
RE, editors. Neurobiology of Huntington’s Disease: Applications to
Drug Discovery. Boca: Raton (FL).


	Abnormal Brain Development in Huntington' Disease Is Recapitulated in the zQ175 Knock-In Mouse Model
	Introduction
	Materials and Methods
	Mice
	In Vivo Structural MRI Acquisition
	Structural MRI Image Analysis
	Western Blotting
	Statistical Analysis
	Data Availability

	Results
	The Age Selection and CAG Size in zQ175 Mice
	zQ175 Mice Recapitulate the Region-Specific Developmental Abnormality of Human HD Brain in a Gender-Dependent Manner
	Altered Myelin Development was Evident in Male zQ175 HD Mouse Brain

	Discussion
	Supplementary data
	Notes
	Funding


