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A B S T R A C T

Huntington's Disease (HD) is a fatal neurodegenerative disease characterized by severe loss of medium spiny
neuron (MSN) function and striatal-dependent behaviors. We report that female HdhQ200/200 mice display an
earlier onset and more robust deterioration in spontaneous locomotion and motor coordination measured at
8 months of age compared to male HdhQ200/200 mice. Remarkably, HdhQ200/200 mice of both sexes exhibit
comparable impaired spontaneous locomotion and motor coordination at 10months of age and reach moribund
stage by 12months of age, demonstrating reduced life span in this model system. Histopathological analysis
revealed enhanced mutant huntingtin protein aggregation in male HdhQ200/200 striatal tissue at 8months of
age compared to female HdhQ200/200. Functional analysis of calcium dynamics in MSNs of female HdhQ200/
200 mice using GCaMP6m imaging revealed elevated responses to excitatory cortical-striatal stimulation sug-
gesting increased MSN excitability. Although there was no down-regulation of the expression of common HD
biomarkers (DARPP-32, enkephalin and CB1R), we measured a sex-dependent reduction of the astrocytic glu-
tamate transporter, GLT-1, in female HdhQ200/200 mice that was not detected in male HdhQ200/200 mice
when compared to respective wild-type littermates. Our study outlines a sex-dependent rapid deterioration of
striatal-dependent behaviors occurring in the HdhQ200/200 mouse line that does not involve alterations in the
expression of common HD biomarkers and yet includes impaired MSN function.

1. Introduction

HD is an inherited neurodegenerative disease with fatal prognosis
characterized by progressive motor, cognitive and psychiatric impair-
ments that develop near middle age, with most patients becoming se-
verely debilitated 15 years after symptom onset. This autosomal-
dominant disease is caused by an expansion of a glutamine tract (CAG)
in exon 1 of the huntingtin gene (HTT), resulting in a mutated hun-
tingtin protein (mHtt) that predominantly affects MSN function
(Landles and Bates, 2004; Ross and Tabrizi, 2011). Dysfunction, pos-
sibly due to excessive excitatory neurotransmission, and deterioration
of MSNs leads to striatal-associated behaviors, most often loss of motor
control (Walker, 2007).

The genetic basis of this disease led to the development of pre-
clinical mouse models that recapitulate the molecular mechanisms in-
volved in HD pathogenesis. The HdhQ mouse model was developed
using gene targeting technology whereby elevated CAG repeats were
inserted into the Hdh gene, the mouse homolog to the human HTT gene
(Lin et al., 2001). Thus, in contrast to other HD mouse models, the

HdhQ model lacks human DNA and contains a purely murine genome.
Furthermore, natural germline alterations in repeat lengths in the
HdhQ150 line were leveraged to create several allelic lines with 200,
315 and 350 CAGs in length, providing powerful genetic tools to study
how changes in the number of CAG repeats affect the pathological
process and behavioral impairments in mice and whether they reliably
model human adult-onset HD (Pouladi et al., 2013). Initial aspects of
HD pathology and motor dysfunction are detected in the heterozygous
200 CAG line (HdhQ200/+) starting at approximately 12months of
age that reach severe impairment by 18months of age; however,
HdhQ200/+ mice maintain a normal life span of approximately 2 years
that does not mimic the reduced life span known to occur in human
adult-onset HD (Heng et al., 2010). As expected, the HdhQ315/+ and
HdhQ350/+ mouse lines exhibit a more aggressive phenotype than the
HdhQ200/+ line, exemplified by earlier and more rapid impairments
of locomotor activity and motor coordination and pronounced mHtt
striatal aggregates. However, these mice do not show the expected
neuropathological indices of HD (Cao et al., 2018; Kumar et al., 2016).
Thus, the HdhQ mouse lines represent a powerful genetic tool to study
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how changes in the expression of expanded polyglutamine repeats af-
fects mouse behavior and neuropathological disease progression.

We hypothesized that the HdhQ200/200 mouse line might re-
capitulate select aspects of HD pathogenesis by maintaining CAG copy
numbers and increasing its impact through homozygote expression,
which would trigger a profound neuropathological progress and reduce
life span (Squitieri et al., 2003). Our longitudinal characterization of
the behavioral and histopathological impairment of the HdhQ200/200
mouse line indicates sex-dependent behavioral and pathological deficits
occurring with a rapid onset and shortened life span associated with
impaired MSN function, well-known hallmarks of HD pathogenesis.

2. Materials and methods

2.1. HdhQ200/200 mice colony

Mice were housed in a pathogenic-free facility in accordance with
the National Institutes of Health; the Institutional Animal Care and Use
Committee at the University of Washington approved all experiments.
All mice were maintained on a C57BL/6 genetic background. Female
and male heterozygous HdhQ200/+ knock-in mice were mated to
produce homozygous (200/200), heterozygous (200/+) and wild-type
(+/+) littermates. Animals were housed in cages grouped by sex and
mixed genotype, had ad libitum access to food and water and were on a
12-h. light/dark cycle. Genotyping was performed with tail snips using
primers “cccattcattgcccttgctg” and “gcggctgagggggttga” with a
SimpliAmp Thermal Cycler (Thermo Fisher Scientific, Bothell, WA).
Moribund stage was indicated by mice displaying tremors, hunching,
staggered gait, and inactivity.

2.2. HdhQ200/200 behavioral studies

Balanced cohorts of males and females were used for behavioral
studies. Naïve mice were used at all time points (6, 8, 10 and
12months) and then sacrificed for immunohistochemistry. A complete
table of number of animals used for behavioral tests is provided in
Supplementary Table 1. All behavioral studies were performed during
the light phase of the light/dark cycle, between 9 am and 4 pm. Cages
and equipment were thoroughly cleaned with 70% ethanol and dried
with a paper towel between trials. Grip strength was measured by re-
cording the latency to fall when animals were placed on a wire cage top
and then inverted. A maximum score of 90 s. was used. Rotarod (Med
Associates Inc., St. Albans, VT) testing included 7 consecutive trials,
separated by 15min resting periods. The rotarod rotational speed used
for testing trails began at 4 rpm and increased to 40 rpm for a maximum
of 5 mins., with an acceleration of 0.2 rpm per every 4 s. The
Phenotyper (Noldus, Wageningen, the Netherlands) testing consisted of
72 h. trials where animals were individually housed in 30 cm×30 cm
Plexiglas cages with access to water, food and housing. A vertically
mounted camera continuously tracked animal movement and digital
traces were analyzed in Ethovision XT 9.

2.3. Immunohistochemistry

Mice were euthanized with ketamine/xylazine and perfused with
20ml PBS, followed by 10ml 4% paraformaldehyde. Brains were ex-
tracted and post-fixed in 4% paraformaldehyde overnight at 4 °C. Brains
were then dehydrated (first in 15% sucrose and then 30% sucrose for
24 h each) and frozen over dry ice. Coronal sections were cut to a
thickness of 30 μm using a sliding microtome and placed in cryopro-
tectant for storage at−20 °C. IHC analysis of each time point group was
processed and stained in parallel. For staining, 2 slices per animal were
removed from cryoprotectant, washed 3xPBS and incubated for 90min
at room temperature in blocking buffer (PBS, 5% goat serum, 1% Triton
x-100). Slices were then transferred to primary staining solutions (PBS,
2.5% goat serum, 0.5% Triton x-100) for 48–72 h. at 4 °C. Sections were

then washed 8xPBS-T and secondary staining was performed using
Alexa secondary antibodies at a dilution of 1:500 (PBS, 2.5% goat
serum, 0.5% Triton x-100) for 1 h. Additional slices were stained only
with secondary staining solutions to serve as non-specific secondary
background staining. After secondary staining, sections were washed
6xPBS-T, 1xPBS, mounted on slides and allowed to dry at room tem-
perature overnight. Coverslips were added and sealed with
Fluoromount (Sigma, St. Louis, MO) and nail polish.

2.4. Antibodies

The following antibodies were used in this study: CB1 receptor (L15
pAb guinea pig, gift from Dr. Ken Mackie); synaptophysin (mouse,
Synaptic Systems 101011); DARPP-32 (rabbit, Abcam ab40801); DAPI
(Invitrogen D3571); ENK (rabbit, Millipore AB5024); vGLUT2 (rabbit,
Invitrogen 42-7900); vGAT (mouse, Synaptic Systems 131011); PSD-95
(rabbit, Cell Signaling Technology 3450S); GFAP (mouse, Millipore
AB5541); GLT-1 (mouse, gift from Dr. David Cook (Sullivan et al., 2004;
Woltjer et al., 2010)); mHtt (N-18) (goat, Santa Cruz Biotechnology
(Mitsui et al., 2002)); 1C2 (mouse, Millipore 1574); Alexa Fluor 488/
555/647 (goat/donkey, ThermoFisher).

2.5. Microscopy

Images were collected on a Marianas microscope (Intelligent
Imaging Innovations, Inc. Denver, CO) equipped with either 20×/0.75
NA or 40×/0.75 NA air objective lens with CoolSnap HQ cooled
monochrome camera (Photometrics, Tucson, AZ) as Z-stacks of 10 at
the NIDCD Research Core Center at the University of Washington. Four
images were collected from each animal of the dorsal lateral striatum.
Noise reduction of images was achieved by deconvolution of Nearest
Neighbors using SlideBook (Intelligent Imaging Innovations, Inc.,
Denver, CO). Exposure times were optimized for each antibody to en-
sure that> 99% pixels were within the linear range. HdhQ200/200
and wild-type samples were imaged at the same exposure and laser
settings to ensure consistency and accurate comparison. Excitation laser
of 403 nm was used to excite DAPI, FITC to excite Alexa 488, Cy3/
TRITC to excite Alexa 555, and FarCy5 to excite Alexa 647.

2.6. Semi-quantitative image analysis and statistics

All images were analyzed using ImageJ (National Institutes of
Health) with custom written macros. Macros were applied blindly to
each batch of images and analyzed as previously reported by our la-
boratory (Horne et al., 2013). Each z-stack was flattened into one image
of average or maximum pixel intensity and each channel was split into
an individual image. The mean intensity and standard deviation of each
fluorophore was measured, and background signal was removed by
thresholding images to mean+ standard deviation, corresponding to
the top third brightest pixels in the Gaussian distribution. After
thresholding, final measurements were made by taking the mean in-
tensity of the remaining pixels or by calculating the area of expression.
To quantify mHtt aggregation, maxima points above the noise threshold
of mean+ standard deviation were quantified. Aggregation size was
measured by pixel size and all values were normalized to the respective
wild-type littermate average.

2.7. In vivo calcium imaging

Two weeks following viral injection surgery (AAV-CAG-GCaMP6m,
3×1012 particles/ml, 0.5ml bilateral), HdhQ200/200 and wild-type
littermates were deeply anesthetized with urethane (1 g/kg, i.p.) and
placed in a stereotaxic frame. Fluorescence images were acquired by a
scanning confocal microscopy coupled to a fiber-optic probe (Mauna
Kea Technologies). Spontaneous calcium dynamics were imaged for 5
mins. (12 Hz scan rate) prior to electrical stimulation. To evoke
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activation of the striatum, antidromic stimulation of direct pathway
fibers from the substantia nigra pars reticulata was first performed.
Images were acquired for 5 s to establish baseline fluorescence, fol-
lowed by electrical stimulation from a bipolar stimulating electrode
(400 μmA, 0.5 s. at 60 Hz) with an additional 15 s. of imaging as de-
scribed (Soden et al., 2013). Data was analyzed offline using ImageCell
software (Mauna Kea Technologies) and MatLab as described (Soden
et al., 2013).

2.8. Immunoblotting

Mice were euthanized via cervical dislocation and brains im-
mediately removed and rinsed in ice cold PBS. Striata were then dis-
sected on ice and flash frozen in liquid nitrogen. Tissue was homo-
genized in RIPA Buffer (Santa Cruz Biotechnology, Dallas, TX) using a
Dounce homogenizer on ice then followed by sonication. Proteins levels
were measured using a BCA assay and 20–25 μg protein was loaded
were lane. Gels were transferred to PVDF, blocked with Licor Odyssey
Blocking Buffer (LI-COR, Lincoln, NE), and stained overnight with
primary antibodies prepared in TBS solution containing 5% BSA and
0.02% NaN3. Secondary staining was carried out in TBS containing 5%
BSA at room temperature and blots were imaged and analyzed with
fluorescence. Analysis of mHtt size was not feasible, as mHtt protein
remained in the stacking gel due to its large size.

2.9. Statistical analyses

Statistical analyses and graphs were generated using GraphPad
PRISM 6 (San Diego, CA). Grubbs' test was used to detect any outliers. A
chi-square test was used for Mendelian frequencies. Behavioral and
biochemical data were analyzed for normal distribution with the
Shapiro-Wilk or Kolmogorov-Smirnov normality test, depending on the
N. Two-way ANOVA was used to compare behavioral and calcium
imaging measurements with a Bonferroni post-hoc analysis. Student's t-
test was used for immunohistochemical and calcium imaging analysis.
Mann-Whitney test was used for nonparametric data sets. Data were
considered significant if p < .05.

3. Results

3.1. Sex-dependent loss of total body mass and grip strength with shortened
life span in HdhQ200/200 mice

HdhQ200/200 mice were generated by breeding HdhQ200/+ x
HdhQ200/+ mice, which resulted in litter sizes of 6.9 ± 2.7 pups
(n=39 litters), with 23% homozygote, 45% heterozygote and 33%
wild-type mice. This ratio deviates from the expected Mendelian ratio
of 1:2:1 (χ2 (2, N=3)=10.460, p= .01) and suggests increased
lethality of homozygote embryos. Mice were periodically sequenced to
monitor CAG repeat numbers and breeders were strategically chosen to
maintain CAG repeats close to an average of 215 (Supplementary
Fig. 1). HdhQ200/200 mice of both sexes exhibited overall normal
observed behaviors in their home-cage environment and all HdhQ200/
200 mice reached moribund stage by approximately 12months of age
(see Materials and methods). This result shows that both sexes in the
HdhQ200/200 mouse line exhibit a shortened life span.

We measured total body mass in HdhQ200/200 mice compared to
respective wild-type littermates from 6 to 12months of age and found
significant differences between genotypes in both sexes (female: F(1,
51) = 99.91, p < .001; male: F(1, 56)= 39.03, p < .001). Post-hoc
analyses showed significant differences starting at 6months of age in
female HdhQ200/200 mice, whereas male HdhQ200/200 mice
weighed less than wild-type male littermates only at 12months of age
(Fig. 1A, B; the number of animals for each behavioral test is provided
in Supplementary Table 1). Combined, these results suggest a more
rapid loss in total body mass in HdhQ200/200 females than HdhQ200/

200 males, indicative of a more aggressive pathology occurring in fe-
males.

As muscle atrophy is a common symptom in HD patients and mouse
models, we measured grip strength in HdhQ200/200 mice and wild-
type littermates with the inverted wire test (Rogers et al., 1997). Fe-
male HdhQ200/200 mice showed a significant decrease in grip strength
at 10 and 12months of age compared to female wild-type littermates
(F(1, 51)= 28.71, p < .001). In contrast, male HdhQ200/200 mice did
not exhibit reduced grip strength compared to male wild-type litter-
mates, even though these mice were reaching end-stage of the disease
and close to their moribund stage (Fig. 1C, D). Together, these results
show rapid disease progression in the HdhQ200/200 mouse line that is
more pronounced in females compared to males. Based on this result,
we focused our study on mice that were 8 and 10months old, re-
presentative of early and pronounced phases of the disease progression,
respectively.

3.2. Sex-dependent reduction in spontaneous locomotion and loss motor
coordination in HdhQ200/200 mice

Using the Noldus PhenoTyper, an automated home-cage monitoring
system (Cao et al., 2018; Steele et al., 2007), we measured spontaneous
locomotion over 72 h. and tested for differences in daily pattern. We
found that both male and female HdhQ200/200 mice studied at
8months of age exhibit decreased spontaneous locomotion during the
12 h. dark phase (when mice are more active) compared to littermate
controls (female: p= .001; male: p= .018) (Figs. 2A, B). At 10months
of age, male HdhQ200/200 mice also showed a significant reduction in
dark phase activity, whereas reduction in spontaneous locomotion did
not reach significance in female HdhQ200/200 mice (Fig. 2B). When
analyzing spontaneous locomotion during the light phase (when mice
are less active), we found that female HdhQ200/200 mice show re-
duced activity compared to their respective wild-type littermates at
8months of age (p= .001) yet male HdhQ200/200 were not sig-
nificantly different their wild-type littermates at either age (Fig. 2C, D).
Note that HdhQ200/200 mice of both sexes did not show changes in
activity during the first hour of being placed into the PhenoTyper
chamber (an index of novel environment exploration (Steinbach et al.,
2016)) when compared to respective wild-type littermates (Fig. 2E, F).
These results indicate that HdhQ200/200 mice, especially female
HdhQ200/200 mice at 8months of age, are less active during both the
dark and light phase periods compared to wild-type mice, and that this
impairment is not apparent during initial novel environment explora-
tion, suggesting that not all modalities involved in spontaneous loco-
motion are affected.

Impaired motor coordination is a characteristic symptom in HD
patients and often measured on an accelerating rotarod in HD mouse
models (Pouladi et al., 2013; Walker, 2007). Specifically, impaired
motor coordination in mice results from dysfunction of the corticos-
triatal loop involved in the acquisition of new motor skills and can be
measured by comparing the daily averages of mice's latency to fall over
multiple trials tested during consecutive days (for example 2 days of
rotarod testing with 7 trials each day) (Costa et al., 2004). At 8months
of age, the average latency to fall from the rotarod when averaging the
performance measured in 7 trials during the first day of testing was
significantly shorter in female HdhQ200/200 mice compared to female
wild-type littermates (p= .02) and unaffected in male HdhQ200/200
mice, suggesting a sex-dependent impairment (Fig. 3A). Accordingly, a
finer analysis of the data gathered at 8months of age indicated sig-
nificant differences in Day 1 of rotarod testing (F(1, 84)= 28.15,
p < .0001), with the biggest impairment on trials 2 and 4 in only fe-
male HdhQ200/200 mice (Fig. 3B, C). At 10months of age, the average
latency to fall from the rotarod during Day 1 of testing was shorter in
female HdhQ200/200 mice compared to female wild-type littermates
(p= .001) and remained similar between male HdhQ200/200 mice and
wild-type littermates (Fig. 3D). A finer analysis of the data gathered at
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10months of age indicated impairment in female HdhQ200/200 mice
compared to female wild-type littermates during both days (Day 1: F(1,
91) = 84.66, p < .001; Day 2: F(1, 91)= 14.28, p= .001), with sig-
nificant differences in trials 1–4 and 7 on Day 1 (Fig. 3E). Male
HdhQ200/200 mice also showed significant differences compared to
male wild-type littermates during both days when performing a similar
overall analysis (Day 1: F(1, 91) = 12.78, p= .001; Day 2: F(1,
91) = 4.294, p= .04), but no significant difference was found between
individual trials (Fig. 3F). These results show a more pronounced de-
terioration of motor coordination in female HdhQ200/200 mice com-
pared to female wild type mice, whereas male HdhQ200/200 mice
exhibit much more subtle impairments compared to male wild-type
littermates.

3.3. Sex-dependent accumulation of mHtt aggregates and changes in MSN
biomarkers in the striatum of HdhQ200/200 mice

To better understand the sex-dependent deterioration of sponta-
neous locomotion and motor coordination measured in HdhQ200/200
mice at 8months of age, we used semi-quantitative im-
munohistochemistry (sqIHC) to measure the expression of biomarkers
known to decrease during HD pathogenesis in the striatum (Cao et al.,
2018; Naydenov et al., 2014). First, we verified expression of mHtt and
detected many mHtt-aggregated foci in the dorsal striatum of
HdhQ200/200 mice of both sexes (Fig. 4A, B) (Mitsui et al., 2002). We
then quantified the number of aggregates and found remarkably higher
numbers in HdhQ200/200 males compared to HdhQ200/200 females
over respective wild-type littermates (female: p= .016; male: p= .008)
(Fig. 4C, D). These results were verified by western blot analysis using
an antibody that recognized large polyQ tracts (Trottier et al., 1995)
(Supplementary Fig. 2A). Aggregates were uniform in size between
female and male HdhQ200/200 mice (Supplementary Fig. 2B) and
appeared predominantly as cytoplasmic aggregation foci (AF) that do
not overlap with nuclear staining, as previously described in HdhQ200/

+ mice (Fig. 4B) (Heng et al., 2010). Together, these results show that
the mHtt protein with extended CAG repeats are expressed and ag-
gregate in the HdhQ200/200 mouse line and differentially accumulate
in a sex-dependent manner.

To determine if overt MSN loss occurs in HdhQ200/200 mice at
8months of age, we measured expression of DARPP-32 in the dorsal
striatum of wild-type and HdhQ200/200 mice, as this protein is a do-
pamine- and cAMP-regulated neuronal phosphoprotein commonly used
as a marker of MSNs (Svenningsson et al., 2004). We found significant
reduction in DARPP-32 expression in male HdhQ200/200 mice com-
pared to male wild-type littermates (p= .016), but not significant in
female HdhQ200/200 mice (p= .068) (Fig. 4E and F). We then de-
termined if the indirect pathway is affected in the HdhQ200/200 mouse
line and measured enkephalin (ENK) expression in the globus pallidus,
the output of indirect pathway MSNs. We found that ENK expression
was unchanged in both sexes between genotypes (Fig. 4G, H). Together,
these results suggest that impairment in spontaneous locomotion and
motor coordination measured in female HdhQ200/200 mice at
8months of age coincides with no overt loss in MSN biomarkers despite
mHtt expression.

3.4. Impaired intracellular calcium dynamics in MSN of female HdhQ200/
200 mice

We then assessed the functionality of MSNs by measuring their
dynamic calcium response in vivo following cortical stimulation, as
MSN excitability is known to increase in several HD mouse models
(Jiang et al., 2016; Miller and Bezprozvanny, 2010; Raymond, 2017).
Thus, we utilized in vivo calcium imaging to determine if the activity-
dependent changes in MSN intracellular calcium concentrations
([Ca2+]i) are changed in female HdhQ200/200 mice at 8months of age
compared to wild-type littermates. Specifically, wild-type and
HdhQ200/200 female mice were injected with AAV1-GCaMP6m at
7.5 months of age and imaged 2–3weeks later using a fiber-optic
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Fig. 1. Weight and grip strength analysis at 6, 8, 10,
and 12months of age in HdhQ200/200 and wild-
type mice. (A) Female and (B) male HdhQ200/200
show reduced weight when compared to respective
wild-type littermates from age 6 to 12months.
While (C) female HdhQ200/200 mice show pro-
gressive grip strength loss starting at 10months of
age when compared to female wild-type littermates,
(D) male HdhQ200/200 mice show similar levels to
male wild-type littermates. N=5–12 for all groups.
Error bars represent S.E.M. and **p < .01 and
***p < .001, with two-way ANOVA with
Bonferroni post-hoc test.
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confocal microscope to visualize fluorescence emitted by the geneti-
cally-encoded calcium indicator GCaMP6m in the dorsal striatum and
in response to electrical stimulation of the motor cortex (Fig. 5A). Upon
stimulation of the motor cortex with a validated protocol (one stimu-
lation of 400 μA at 60 Hz and for 0.5 s) (Soden et al., 2013), we detected
an approximately equal number of responsive cells in wild type mice
(n=11/45 cells, n=5 mice) and HdhQ200/200 (n=12/52 cells,
n= 5 mice). However, the evoked calcium signals were remarkably
greater and more prolonged in HdhQ200/200 mice (F(183, 3843) = 2.91,
p < .001), reaching nearly 10-fold larger responses than in wild-type
littermate controls (p= .04) (Fig. 5B, C). This exaggerated response
suggests hyperexcitability and a severe disturbance in calcium signaling
in MSN of female HdhQ200/200 mice that occurs as early as 8months
of age.

3.5. Sex-dependent reduction in the expression of the astrocytic protein
GLT-1 in HdhQ200/200 mice

To better understand the increased calcium response measure in
female HdhQ200/200 MSNs at 8months of age, we analyzed the
striatal expression of several pre- and postsynaptic proteins involved in

excitatory transmission, as well as proteins known to handle glutamate
and [Ca2+]i. First, to determine the integrity of the pre-synapse, we
measured the expression of synaptophysin (a key component of pre-
synaptic machinery for neurotransmitter release), CB1R (presynaptic G
protein-coupled receptors that control neurotransmitter release),
vGLUT2 (vesicular glutamate transporter 2) and vGAT (vesicular GABA
transporter). To determine the integrity of the post-synapse, we mea-
sured PSD-95 (postsynaptic scaffolding protein). While these markers
are decreased in HD patients and multiple HD model systems (Glass
et al., 1993; Goto and Hirano, 1990; Naydenov et al., 2014), their ex-
pression was not significantly affected in HdhQ200/200 mice of both
sexes (Supplementary Fig. 3A–E). Next, we investigated [Ca2+]i
handling by measuring the expression of Orai1 (an essential subunit of
the CRAC channel, vital for refilling intracellular calcium stores and
promoting neuronal excitability (Dou et al., 2018; Moccia et al., 2015;
Prakriya et al., 2006)) and found no change in its expression either
(Supplementary Fig. 3F). Lastly, evidence shows that glutamate clear-
ance is decreased in the striatum of HD patients and several HD mouse
models (Arzberger et al., 1997; Lievens et al., 2001). Based on this
premise, we wondered if the expression of GLT-1 (a subtype of astro-
cytic glutamate transporter that is predominantly responsible for
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Fig. 2. Decreased spontaneous locomotor activity in the
HdhQ200/200 mouse line. Mice were individually
housed and spontaneous locomotor activity monitored
for 72 h. Both (A) female and (B) male HdhQ200/200
mice had reduced spontaneous dark phase locomotor
activity when compared to respective wild-type litter-
mates at 8 and 10months of age. (C) Female and (D)
male HdhQ200/200 mice also showed differences in
spontaneous light phase locomotor activity when com-
pared to respective wild-type littermates at 8 and
10months of age. Neither (E) female nor (F) male
HdhQ200/200 differed in exploration during the first
hour of a novel environment when compared to re-
spective wild-type littermates. N=3–9 for all groups.
Error bars represent S.E.M. and *p < .05, **p < .01
and ***p < .001 with two-way ANOVA with Bonferroni
post-hoc test.
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glutamate clearance from the synaptic cleft (Perego et al., 2000)) is
altered in the HdhQ200/200 mouse line. Remarkably, we measured a
50% reduction in expression of striatal GLT-1 in female HdhQ200/200
mice when compared to female wild-type littermates (p= .04)
(Fig. 6A–C) and no change in GLT-1 expression between male

HdhQ200/200 mice and male wild-type littermates (Supplementary
Fig. 4A). Because GLT-1 is an astrocytic-specific transporter, we then
explored the possibility that HdhQ200/200 mice exhibit a sex-specific
change in astrogliosis. Interestingly, HdhQ200/200 female mice ex-
press comparable levels of striatal GFAP to female wild-type littermates
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Fig. 3. HdhQ200/200 female mice have early motor coordination impairments. Mice were tested on an accelerating rotarod for 7 sessions for 2 days. (A) At 8months
of age, only female HdhQ200/200 mice show reduced average latency to fall when compared to respective wild-type littermates. (B) Female HdhQ200/200 have a
shorter latency to fall during Day 1 of testing. (C) Male HdhQ200/200 report similar latencies to fall when compared to respective wild-type littermates at 8months
of age. (D) At 10months of age, only female HdhQ200/200 mice show reduced average latency to fall when compared to respective wild-type littermates. Both (E)
female and (F) male HdhQ200/200 have shorter latency to fall on all days of testing when compared to respective wild-type littermates. N=4–10 for all groups.
Error bars represent S.E.M. and *p < .05, **p < .01 and ***p < .001, with two-way ANOVA with Bonferroni post-hoc test or Student's t-Test.

Fig. 4. mHtt aggregation and neuronal loss in the striatum of HdhQ200/200 mice. Representative images of co-staining with DAPI (blue), DARPP-32 (red) to mark
striatal MSNs and mHtt aggregates (green), in which no detection was found in (A) wild-type mice but detected in (B) HdhQ200/200 mice at 8months of age. This is
quantified in (C) females and (D) males at 8months. (E) Female HdhQ200/200 mice do not show reduced DARPP-32 expression at 8months of age, while (F) male
HdhQ200/200 mice do when compared to respective wild-type littermates. Both (G) female and (H) male HdhQ200/200 mice show similar levels of ENK expression
at 8 months of age compared to respective wild-type littermates. N=4–5 for all groups. Error bars represent S.E.M. and *p < .05 and ***p < .001, with Student's t-
Test. Scale bar denotes 25 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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whereas the expression of this astrocytic marker was greater in male
HdhQ200/200 mice than male wild-type littermates (p= .01) (Sup-
plementary Fig. 4B, C). Together, these results suggest decreased
clearance of glutamate due to a reduction in astrocytic GLT-1 expres-
sion occurs in HdhQ200/200 females at 8months of age with no evi-
dence of overt reactive astrogliosis.

4. Discussion

We report a sex-dependent, early onset, deterioration of sponta-
neous locomotion and motor coordination in the HdhQ200/200 mouse
line that coincides with decreased astrocytic GLT-1 expression. We also
found several striking dissociations between changes in histopathology
biomarkers and behavior. Notably, male HdhQ200/200 mice reached
moribund stage by approximately 12months of age and yet do not lose
grip strength, indicating that this behavioral readout does not provide a
reliable index of life span and might be related to perseveration, a ty-
pical aspect of cognitive change in HD patients and some HD mice
(Soloveva et al., 2018). Another striking dissociation was a significant
loss in DARPP-32 expression and increase in GFAP expression in the
striatum of male HdhQ200/200 mice that does not affect spontaneous
locomotion and motor coordination. Examples of dissociation between
changes in HD biomarkers and behaviors were also reported for

HdhQ150/+ and HdhQ200/+ mice, who do not exhibit motor deficits
on the rotarod, even when studying HdhQ150/150 mice until 2 years of
age (Heng et al., 2010, 2007). Thus, HdhQ200/200 mice represent a
novel HD mouse model that recapitulates select components of HD
pathogenesis by maintaining CAG copy numbers within the 200-copy
range and exhibits a reduced life span and sex-dependent changes in the
expression of HD biomarkers that do not systematically mirror im-
pairment of locomotion and motor coordination (Pouladi et al., 2013).

It is known that significant sex-dependent differences exist in the
molecular mechanisms that control the expansions and contractions of
the CAG repeat on affected HD chromosomes in humans and that this
mechanism occurs almost exclusively through paternal transmission
(Kremer et al., 1995). Sex-dependent differences in the impaired be-
haviors of HD mouse models have been reported and are likely due to
multiple molecular mechanisms. For example, sex-dependent reduced
expression in regulators of chaperon Hsp70 activities, such as BAG1,
and their ability to handle misfolding of mHtt have been reported in
mice expressing the N171-82Q mutant (Orr et al., 2008). Thus, in this
model that uses the mouse prion promoter to drive neuronal expression
of N-terminal mHtt in all cells and independently of gender, male N171-
82Q mice show a greater deficit in rotarod performance than female
N171-82Q mice because of differences in the amounts of mHtt accu-
mulation (Orr et al., 2008). Another example includes sex-dependent

∇

Fig. 5. HdhQ200/200 female mice have abnormal calcium dynamics in striatal neurons in response to cortical stimulation at 8 months of age. (A) Schematic
representation of bi-polar stimulating electrode placement in motor cortex (grey) and fiber-optic in dorsolateral striatum (green) (B) Average changes in GCaMP6
fluorescence intensity in the dorsolateral striatum after motor cortex stimulation at 5 s in wild-type and HdhQ200/200 female mice at approximately 8months of age.
(C) Average area under the curve of the fluorescence signal for activated cells from wild-type and HdhQ200/200 female mice. N=5 for all groups. Error bars
represent S.E.M. and *p < .05 and ***p < .001, with two-way ANOVA with Bonferroni post-hoc test or Student's t-Test. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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deficiencies in insulin-like growth factor 1 receptors that affects mHtt
aggregation by influencing autophagy and removal of mHtt
(Corrochano et al., 2014). In the CAGN51 rat model of HD, sex-differ-
ences in pathogenesis are likely linked to decreased 17β-estradiol levels
(Bode et al., 2008). In the HdhQ350/+ and BACHD mouse models, it is
males that exhibit poorer motor coordination (Cao et al., 2018; Kuljis
et al., 2016). Here, we found no overt differences in the CAG repeat
length between sexes (Supplementary Fig. 1), indicating that the sex-
dependent difference in HdhQ200/200 mice that we report is likely due
to another mechanism. Our study provides a new example of sex-de-
pendent impairment of behavior and pathological indices in HD mouse
models.

HdhQ200/200 mice do not recapitulate several of the neuropatho-
logical biomarkers commonly studied to assess HD progression in
striatal tissue. We show mHtt aggregation with no overt loss in MSN
biomarkers (as measured by DARPP-32 and ENK expression) and in
synaptic markers (CB1R, vGLUT2, vGAT and PSD-95), all of which are
down-regulated in human HD pathogenesis and in many HD mouse
models (Glass et al., 1993; Goto and Hirano, 1990; Naydenov et al.,
2014). It should be emphasized that we detected more mHtt-aggregated
foci in HdhQ200/200 males than HdhQ200/200 females, and yet
HdhQ200/200 males showed minor changes in locomotion and motor
coordination, common indices measured in HD mouse models. This
result aligns with results suggesting that mHtt-aggregated foci represent
a defense mechanism to reduce the amount of toxic free soluble mHtt
species (Saudou et al., 1998; Taylor et al., 2003). Specifically, the lower
levels of insoluble mHtt detected in females may lead to higher levels of
toxic soluble mHtt responsible for a more severe phenotype. A dis-
sociation between behavioral deficits and neuropathology has also been
previously described in the related HdhQ350/+ model (Cao et al.,
2018). Thus, we provide a new example whereby pronounced beha-
vioral impairments in mouse models of HD are not systematically as-
sociated with more HD aggregates.

We report an early-onset functional deficit in corticostriatal con-
nectivity in female HdhQ200/200 mice, as evidenced by the in vivo
[Ca2+]i imaging in MSNs at 8months of age. The diverse and ex-
aggerated calcium responses that we measured in MSNs of female
HdhQ200/200 mice when stimulating the motor cortex indicate MSN
hyperexcitability and can be interpreted in the context of electro-
physiological recordings done in HD mice that led several laboratories
to predict hyperexcitability and increase calcium entry in MSNs that
disrupts their function (Cepeda et al., 2001; Levine et al., 1999; Starling
et al., 2005; Zeron et al., 2004, 2002). Accordingly, extracellular single
unit electrophysiological recordings in freely moving R6/2 mice
showed dysregulated information processing by MSNs, as revealed by
pairs of MSN populations that exhibited reduced correlated firing due
to larger evoked EPSCs and decreased spontaneous IPSCs controlling
layers II/III of cortical pyramidal neurons (Cummings et al., 2009;
Miller et al., 2008). MSNs in the knock-in Q175 mouse line and
TgCAG100 mice also become progressively more excitable with age, as
demonstrated by robust changes in membrane resistance and rheobasic
current measured by slice electrophysiology recording (Heikkinen
et al., 2012). Remarkably, pre-pulse inhibition experiments show that
the locus of synaptic dysfunction in Q175 mice is not due to pre- or
post-synaptic changes in corticostriatal transmission and that post-sy-
naptic AMPA receptor function was not impaired (Heikkinen et al.,
2012). Whole-cell patch recording showed reduced cortical excitability
in Q175 mice due to reduced excitatory and increased inhibitory inputs
to striatal MSNs (Indersmitten et al., 2015). Altered excitatory and in-
hibitory inputs to pyramidal neurons in the cortex have also been re-
ported for YAC128, BACHD and CAG140 knock-in mouse model, in-
dicating that cortical dysfunction represents a prevailing deficit
throughout the development of the disease whereby synaptic excitatory
and inhibitory inputs onto cortical pyramidal neurons are differentially
and sometimes opposite to those of striatal MSNs (Heikkinen et al.,
2012; Spampanato et al., 2008). Thus, cortical dysfunction may

contribute to the large-amplitude events detected in MSNs, and early
dysfunction of the corticostriatal pathway may contribute to the be-
havioral deficits measured with the rotarod (Raymond, 2017). To-
gether, these studies also emphasize the similarities and differences
among HD mouse models where both hyperexcitability and hy-
poexcitability have been observed depending on the brain region often
resulting in abnormal depolarizations and increases in [Ca2+]i in MSNs.

Several studies showed that mHtt expression in neurons dysregulate
[Ca2+]i through several mechanisms, including increased expression of
extrasynaptic NMDA receptors by MSNs, enhanced activity of store-
operated calcium entry pathways and direct binding to IP3R1 in MSNs
(Duvernay et al., 2011; Miller and Bezprozvanny, 2010). While we did
not detect changes in striatal Orai1 expression, we found significant
reduction in GLT-1 expression in female HdhQ200/200 mice that co-
incided with increased calcium response in their MSNs, suggesting that
reduction in astrocytic uptake of glutamate could be responsible for
increased excitation of MSNs by cortical projections. We also found no
evidence of overt reactive astrogliosis as measured by GFAP expression
in HdhQ200/200 female mice at 8months of age, suggesting that the
molecular mechanism that links HdhQ200/200 expression to reduction
in GLT-1 expression is selective and doesn't involve an overall change in
astrocyte phenotype at that age. Interestingly, while astrogliosis is de-
tected at later stages of disease progression in other HD mouse models,
previous work has shown that astrocyte dysfunction through aberrant
calcium and glutamate signaling occurs prior to detectable astrogliosis,
similar to what we saw in the HdhQ200/200 mice (Faideau et al., 2010;
Jiang et al., 2016). Thus, our results suggest that sex-dependent dis-
ruption in GLT-1 expression and other astrocytic biomarkers should be
further explored as early indices of HD pathogenesis.

In conclusion, we show that the HdhQ200/200 mouse line re-
plicates select aspects of HD pathogenesis and exhibits a reduced life
span. The sex-dependent and early onset of impaired striatal-dependent
behaviors detected in this model coincides with dysregulated changes
in intracellular calcium levels of MSNs and reduced expression of
striatal GLT-1, and are not associated with changes in MSN biomarkers
commonly studied in other HD model systems. Thus, the HdhQ200/200
mouse line represents valuable model system to study select molecular
mechanisms triggered by HD pathogenesis that result in early onset of
impaired spontaneous locomotion, motor coordination and MSN func-
tion.
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