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Abstract. Huntington’s disease (HD) is a progressive neurodegenerative disorder caused by a polyglutamine expansion in the
Huntingtin protein which results in the selective degeneration of striatal medium spiny neurons (MSN). A number of genetic
mouse models have been developed to model HD phenotype. Most of these models display impaired performance in motor
coordination assays and variety of neuropathological abnormalities. Quantitative neuropathological assessment in these mice
requires application of stereological techniques and very labor-intensive and time consuming. Here, we report a development of
a novel paradigm that simplifies and accelerates quantitative evaluation of striatal atrophy in HD mice. To achieve this goal, we
crossed YAC128 HD transgenic mice with Rgs9-EGFP mice. In Rgs9-EGFP mice the EGFP transgene is expressed selectively
in MSN neurons at high levels. Using high resolution fluorescence laser scanning imager, we have been able to precisely measure
striatal area and intensity of EGFP expression in coronal slices from these mice at 2 months, 4 months and 9 months of age.
Using this approach, we demonstrated significant reduction in striatal volume in YAC128 mice at 4 months and 9 months of
age when compared to wild type littermates. We evaluated behavior performance of these mice at 2 months, 4 months and 6
months of age and demonstrated significant impairment of YAC128 mice in beam walk assay at 4 months and 6 months of age.
This new mouse model and the quantitative neuropathological scoring paradigm may simplify and accelerate discovery of novel
neuroprotective agents for HD.
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INTRODUCTION
Huntington’s disease (HD) is a devastating, hereditary and degenerative brain disorder caused by a
polyglutamine expansion in the Huntingtin protein [1].
The pathological hallmark of HD is the loss of medium
spiny neurons (MSN) in the striatum, which accounts
for some of the major clinical symptoms of the disease.
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The clinical picture of HD includes chorea, psychiatric disturbance, gradual dementia, and death [2]. The
dopamine signalling antagonist, tetrabenazine (a selective vesicular monoamine transporter inhibitor), has
been recently approved in the United States by the
Food and Drug Administration for treatment of HD
symptoms [3, 4]. There is no disease-modifying therapy currently available to prevent the onset of HD
symptoms or slow the progression of the disease, in
large part due to an insufficient understanding of its
pathogenesis.
A number of genetic mouse models has been
developed for studies of HD [5, 6]. These models display variety of HD-like behavioral phenotypes
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tions to obtain YAC128/+; Rgs9-EGFP/Rgs9-EGFP
mice. The YAC128/+; Rgs9-EGFP/Rgs9-EGFP line
was maintained by crossing with Rgs9-EGFP/Rgs9EGFP mice. The presence of YAC128 transgene was
confirmed by genotyping with primers specific for
exons 44 and 45 of human Htt gene as we previously
described [9, 10, 15]. Both the Rgs9-EGFP/Rgs9EGFP and YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice
were healthy and fertile. In this paper we use “WT” to
identify Rgs9-EGFP/Rgs9-EGFP mice and “YAC” to
identify YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice.
Motor coordination assessment in mice. The beam
walking assay was performed as described previously
for YAC128 mice [9, 10]. In these experiments we
tested 11 WT mice and 15 YAC mice at 2 months,
4 months and 6 months of age. At each time point, the
mice were trained on 17 mm round beam, 11 mm round
beam and 5 mm square beam for 3 consecutive days (3
trials per day) to traverse the beam to the enclosed box.
On the fourth day, the mice were tested on 11 mm round
and 5 square beams. The latency to traverse the middle
section (80 cm in length) of each beam and the number of times the hind feet slipped off each beam were
recorded for each trial. For each measure, the mean
scores of the three trials for each beam were used in
the analysis.
Neuropathological assessment in mice. At the age
of 2, 4 and 9 months old, the mice were terminally
anesthetized with Euthasol solution and perfused transcardially with 15 ml PBS solution followed by 100 ml
of fixative solution (4% paraformaldehyde in 0.1M
PBS, pH7.4). All the brains were removed from skull
and weighed. The brains were postfixed overnight
at 4 ºC in 4% paraformaldehyde and equilibrated in
25% (w/v) sucrose in PBS. The brains were sliced to
30 m-thick coronal sections using a Leica (Bannockburn, IL) SM2000R sliding microtome. The sections
throughout the striatum (in the range from +1.70 mm
to −2.30 mm relative to bregma) were mounted on
the slides. The slides were scanned using IsoCyte
laser scanning imager. The IsoCyte system was set
up using the 488 excitation laser. EGFP has an excitation/emission spectrum of 488 nm and 509 nm. A
510–540 nm band pass filter is used for EGFP emission. The PMT gain of the green channel was set at
550 mV and 1x sensitivity. The image acquisition was
done at 10 × 10 micro resolution using BBIsoCyte
software.
The MetaXpress analysis software was used to
obtain quantitative information from these images. The
regions of interest on each slice were initially selected
manually for the analysis and the exact boundaries
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and neuropathological abnormalities and used widely
in HD field to perform mechanistic studies and to
evaluate potential therapeutic agents. Immunohistochemical staining for striatal markers (for example
DARPP-32) is often used to evaluate progression of
neuropathology in these mice. However, such approach
is semi-quantitative. Stereological counts provide precise measure of neuronal loss [7, 8]. Our previous
analysis of MSN loss in YAC128 HD mice was based
on stereology-based quantification of NeuN-positive
cell nuclei [9–12]. Stereological approach is appropriate for this purpose, but it is extremely labor intensive
and time consuming as it requires staining of multiple
striatal sections and manual scoring using Stereoinvestigator software. Stereological quantification approach
is also prone to “user-bias” [7, 8]. For all these reasons
it is not widely used in the HD field.
In order to develop a simple and quantitative assay
of striatal atrophy in HD mice, we crossed heterozygotous YAC128 HD transgenic mice with homozygotous
BAC-Rgs9-EGFP mice (Rgs9-EGFP) developed by
Gensat consortium [13]. We prepared coronal sections
from Rgs9-EGFP/Rgs9-EGFP and YAC128/+; Rgs9EGFP/Rgs9-EGFP mice at different ages. Using high
resolution fluorescence laser scanning imager, we have
been able to easily quantify the shape of striatal region
and intensity of EGFP expression in coronal slices
from these mice at different ages. We also evaluated
behavior performance and demonstrated significant
impairment of aging YAC128/+; Rgs9-EGFP/Rgs9EGFP mice in beam walk assay. This new mouse model
and the developed quantitative and unbiased striatal
atrophy scoring paradigm may simplify and accelerate
discovery of novel neuroprotective agents for HD.
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MATERIALS AND METHODS
Generation of Rgs9-EGFP/Rgs9-EGFP and
YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice
All animal studies were approved by the University of Texas Southwestern Medical Center Animal
Care and Use Committee. The Rgs9-EGFP mice
[13] were obtained from MMRRC (line 252, Mutant
Mouse Regional Resource Centers). These mice
were crossed to each other to establish homozygous
mouse line Rgs9-EGFP/Rgs9-EGFP (FVB background strain). This line was maintained by intercross
between the homozygous animals. YAC128 heterozygotous mice (FVB background) [14] was crossed
to the homozygous Rgs9-EGFP mice for 2 genera-
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Motor coordination deﬁcit in YAC128/+;
Rgs9-EGFP/Rgs9-EGFP mice
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breeding strategy as only genotyping for YAC128
transgene was necessary. A cohort of 11 female WT
and 15 female YAC littermates was selected for behavioral studies. The average weight of YAC mice was
significantly higher than the weight of WT mice at
all ages (Fig. 1), consistent with known effects of Htt
transgene overexpression [14]. Motor coordination and
balancing capabilities of both groups of mice were
assessed at 2 months, 4 months and 6 months of age by
beam walk assay performed as we previously described
[9, 10]. In these experiments we tested the mice on
11 mm round and 5 mm square beams to achieve different levels of task difficulty. The mice were trained
to walk across these beams to reach an enclosed box,
and the time to traverse the beam and the number of
foot slips while walking on the beam were recorded for
each trial. We found that the beam walk performances
of WT and YAC mice were similar at 2 months of
age (Fig. 2). With age, the YAC mice exhibited a progressive impairment in beam walk ability compared
with WT mice. The YAC mice had significantly longer
beam traverse latencies (Fig. 2A, C) and significantly
increased number of foot slips when compared to WT
mice (Fig. 2B, D) at 4 months and 6 months of age.
During beam walking experiments, we noticed some
6-month-old YAC mice exhibited crawling behavior,
which was manifested as prolonged contact between
the thorax and abdomen of the mice and beam surface. These mice used forelimbs to drag themselves
along the beam. Starting from the age of 8 months,
most of the YAC mice fell off the 11 mm round and
5 mm square beams, which made the data collection
impossible. In contrast, none of the WT mice exhibited crawling behavior or fell off the beams at any age
between 2 and 8 months. Based on behavioral evaluation we concluded that YAC mice showed impaired
motor coordination compared with WT mice. This
motor deficit appeared at 4 month of age and become
more severe with age. Interestingly, the motor deficit in
YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice developed
faster and was more severe than in YAC128 mice in
the same beamwalking assay [9–12].

CO

of the EGFP-positive area was determined automatizally by the software. The analysis of images within
selected regions of interest was performed by the software, resulting in measurement of total EGFP signal
intensity and the size of EGFP-positive area for each
slice. To estimate striatal volume the EGFP-positive
area measurements from each slice (between 110 –
130 slices covering striatal region) were summed up for
each mice. The EGFP signal intensities from each slice
were summed up for each mice as well. The “surrogate
striatal volume” and “total EGFP signal intensity” were
calculated for each group of mice.
Statistical data analysis. For comparison between
two groups, Student’s unpaired t test was used to
statistically analyze data. Repeated measure ANOVA
were used for the behavior experiment mice. Statistical
power was calculated as described [16].
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The breeding colonies of Rgs9-EGFP/Rgs9-EGFP
(WT) and YAC128/+; Rgs9-EGFP/Rgs9-EGFP (YAC)
mice were established as described in Methods.
The mice were viable and fertile. We selected
Rgs9-EGFP/Rgs9-EGFP homozygotous mice for this
breeding as EGFP signal was weaker in striatal section from Rgs9-EGFP/+ heterozygotous mice (data not
shown). Also, use of homozygotous mice simplified

Quantitative analysis of striatal shrinkage in
YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice

Fig. 1. Body weight of YAC and WT mice. Total body weight of
YAC and WT mice were compared at 2, 4, 6, and 9 months of age.
The data for WT mice (open circles, n = 11) and YAC mice (filled
black circles, n = 15) are shown as mean ± SEM at 2, 4, 6 and 9
months of age.

Selective loss of striatal medium spiny neurons is
a major neuropathological hallmark of HD. Previous
analysis of YAC128 mice revealed strong connection between impaired motor coordination and striatal
MSN loss in these mice [9–12, 14]. In our previous
studies stereological technqiues were used to quantify
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Fig. 2. Beam walk performance of YAC and WT mice. The average time to cross the beam (A, C) and the average number of foot slips on the
beam (B, D) are shown for beam walk experiments performed with 11 mm round beam (A, B) and 5 mm square beam (C, D). The data for WT
mice (open circles, n = 11) and YAC mice (filled circles, n = 15) are shown as mean ± SEM at 2, 4 and 6 month time points. ∗ p < 0.05; ∗∗ p < 0.01;
∗∗∗ p < 0.001.

Fig. 3. Brain weight of YAC and WT mice. Total brain weights of
WT mice at 2 months (n = 7), 4 months (n = 6) and 9 months (n = 9)
of age are shown as mean ± SEM (open bars). Total brain weights
of YAC mice are shown at 2 months (n = 7), 4 months (n = 6) and 9
months (n = 15) of age as mean ± SEM (filled bars). ∗ p < 0.05.

MSN loss in aging YAC128 mice [9–12]. However,
stereological quantification of neuronal numbers is
time consuming, labor intensive and prone to operatordependent bias. In the present study we focused on

developing a procedure for simple and quantitative
analysis of striatal atrophy. To achieve this goal,
we took an advantage of MSN-specific expression
of EGFP protein to compare striatal size in agematched YAC128/+; Rgs9-EGFP/Rgs9-EGFP (YAC)
and Rgs9-EGFP/Rgs9-EGFP (WT) mice. The brains
of 2 months, 4 months and 9 months old WT and
YAC mice were removed from the skull and weighed
after transcardial perfusion. At the age of 2 months,
the brain weights of WT (n = 7) and YAC(n = 7) mice
were similar (Fig. 3). At the age of 4 months, the brain
weights of both groups increased compared with 2month data point. There was some reduction in brain
weight of YAC mice (n = 6) when compared with WT
mice (n = 6), but the difference did not reach a level
of statistical significance (Fig. 3). At the age of 9
months, the average brain weight of WT mice was
0.511 ± 0.013 g (n = 15) and the average brain weight
of YAC mice was 0.460 ± 0.012 g (n = 15), significantly (p < 0.05) lower (Fig. 3).
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Fig. 4. Confocal imaging of striatal slices from WT and YAC mice. Confocal images of GFP signals in striatal slices from 9 months old WT
and YAC mice are shown. Inserts are shown at higher magnification. The scale bar is 20 m.
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The extracted brains were fixed, frozen, and sliced
with the microtome. The 30 m-thick coronal coronal
sections through striatal region were mounted on the
slides. In confocal imaging experiments we observed
specific expression of EGFP transgene in MSN neurons in YAC128/+; Rgs9-EGFP/Rgs9-EGFP (YAC)
and Rgs9-EGFP/Rgs9-EGFP (WT) mice (Fig. 4). This
is in agreement with the data reported by Gensat consortium [13]. EGFP signal was observed in soma and
dendrites of MSNs in these slices (Fig. 4, insert).
To quantify EGFP signals, the slides were scanned
using IsoCyte laser scanning imager. The representative images of the coronal sections spaced 360 m
apart throughout the striatum are shown for WT and
YAC mice at 2 months, 4 months and 9 months (Fig. 5).
Quantitative analysis of EGFP fluorescence on each
slice and for each mice was performed as described
in Methods. To facilitate this analysis, the approximate boundaries of EGFP fluorescent area on each
slice were initially outlined manually (Fig. 6A), with
the remainder of the analysis and quantification performed in a fully automated manner. From this analysis
we found that at 2 month of age, there was no difference between the average “surrogate striatal volume”
of WT (n = 7) and YAC (n = 7) mice (Fig. 6B). At 4
months of age, average striatal volume of YAC mice
(n = 6) was significantly (p < 0.05, statistical power of

50%) reduced when compared to average striatal volume of WT mice (n = 6) (Fig. 6B). Interestingly, motor
behavior impairment in YAC mice was also manifested
at 4 months time point (Fig. 2). At 9 months of age,
average striatal volume of YAC mice (n = 15) was even
more significantly (p < 0.001, statistical power of 90%)
reduced when compared to average striatal volume of
WT mice (n = 11) (Fig. 6B). This is consistent with
more dramatic behavioral phenotype of 6 months old
and 8 months old YAC mice (Fig. 2). We have not
observed significant difference in total EGFP signal
intensity between WT and YAC mice at any time point
(Fig. 6C). We observed an increase in EGFP signal
intensity with aging of the mice, but there was no difference between WT and YAC mice when compared at
the same age. These results suggest that the function of
RGS9 promoter and expression of EGFP protein were
not affected in YAC mice when compared to WT mice.

DISCUSSION
In mechanistic and preclinical studies with genetic
HD mouse models, the behavioral phenotypes are typically assessed by motor coordination assays (such as
rotarod and beamwalk). Neuropathological assessment
is performed by semi-quantitative techniques (such
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Fig. 5. Striatal morphology in YAC and WT mice. Representative scans of brain coronal sections from WT and YAC mice at the age of 2, 4
and 9 months are shown. Representative images of serial brain sections spaced 360 m apart are shown for each age and group of mice. The
sections obtained from each mice are arranged from rostral to caudal.
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as DARPP-32 staining intensity) or by quantitative
stereological methods. In our previous studies stereological technqiues were used to quantify MSN loss
in aging YAC128 mice [9–12]. However, stereological
methods are time consuming, labor intensive and prone
to operator-dependent bias. In the present study we
focused on developing a procedure for simple and
quantitative analysis of striatal atrophy. We took an
advantage of Rgs9-EGFP mice developed by Gensat consortium [13]. The RGS9 is a striatal-specific
gene and by crossing Rgs9-EGFP mice with YAC128
mice we have been able to achieve specific fluorescent labeling of MSN with EGFP protein (Fig. 4).
In behavioral studies we demonstrated that generated
YAC128/+; Rgs9-EGFP/Rgs9-EGFP (YAC) mice has
significantly impaired performance in beam-walking
assay at 4 and 6 months of age (Fig. 2). The phenotype of YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice
became so severe at 8 months of age that the mice
were not able to perform the beamwalk task at this
age. In our previous studies YAC128 mice exhibited
motor deficit on 5 mm square beam around 6 to 7 month
of age and on 11 mm round beam around 9 month of

age [9–12]. Therefore, phenotype of YAC128/+; Rgs9EGFP/Rgs9-EGFP mice developed much faster than
the phenotype of YAC128 mice. One possibility that
may explain this observation is that increased weight
of YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice (Fig. 1)
makes motor performance tasks more challenging.
Another possibility is potential toxic effects of EGFP
transgene overexpression, as toxic effects of transgenic
expression of EGFP has been previously reported in
cardiac tissue [17]. Although Rgs9-EGFP mice are
normal in beam walk behavior experiments (Fig. 2),
it is however possibile that overexpression of EGFP
causes additional neuronal stress which is magnified
in the presence of the mutant Huntingtin in YAC mice.
By using Isocyte fluorescence laser scanning imager,
we have been able to quantify striatal atrophy in
YAC128/+; Rgs9-EGFP/Rgs9-EGFP mice at different
ages (Figs. 5 and 6). We discovered significant striatal shrinkage at 4 and 9 months of age in these mice
when compared to age-matched Rgs9-EGFP/Rgs9EGFP mice (Fig. 6B). Therefore, 4 months time
point corresponded to appearance of phenotype in
both behavioral and neuropathological assessment in
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of cell death. Results in the present manuscript indicate that “striatal atrophy” in these mice occurs prior to
cell death, and most likely reflect cell shrinkage. This
findings is consistent with previous analysis of striatal
pathology in R6/2 mice [18] and probably reflect striatal atrophy in presymptomatic and early symptomatic
human HD patients [19]. Confocal images of WT and
YAC slices at 9 months of age did not reveal obvious differences in size of the MSN somas (Fig. 4). It
is possible that striatal atrophy in this model results
from reduction in the size of dendritic fields, as has
been previously suggested for R6/2 mice mice [18].
It is also possible that striatal shrinkage occurs due to
reduced numbers of cortical or thalamic axons in the
striatum, which have not been visualized in our experiments. Careful cellular and morphological analysis of
striatal slices from this model need to be performed in
the future to discriminate between these possibilities.
Importantly, procedure used to quantify striatal atrophy in our studies did not rely on staining with
antibodies and was mostly automated. Both of these
factors reduced variability and bias. The approach
was also time-efficient. No time had to be spend on
immunostaining steps. The scan of striatal slices from
each mouse brain took several minutes and analysis
of the images took less than 30 minutes. This is compare to at least 1 full day that was needed to perform
stereological analysis of a single mouse striatum in
our previous studies. For the reasons outlined above
we hope that described approach and the mouse model
may simplify and accelerate discovery of novel neuroprotective agents for HD.
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Fig. 6. Quantification of striatal morphology in YAC and WT mice.
A, Representative scans of coronal section analyzed by MetaXpress
software. The region of interest was selected manually and is shown
by red line on 4 slices on the left. B, C The average striatal volume (B) and total EGFP fluorescence (C) for WT mice at 2 months
(n = 7), 4 months (n = 6) and 9 months (n = 9) of age are shown as
mean ± SEM (open bars). The average surrogate striatal volume (B)
and total EGFP fluorescence (C) for YAC mice are shown at 2 months
(n = 7), 4 months (n = 6) and 9 months (n = 15) of age as mean ± SEM
(filled bars). ∗ p < 0.05; ∗∗∗ p < 0.001.

this mouse model. This is significantly earlier than
observed for most other full-length HD transgenic
models [5, 6]. Surprisingly, we have not detected
significant loss in total EGFP signal in these mice as
a function of age (Fig. 6C). In the previous studies we
used stereology-based quantification of NeuN-positive
cell nuclei to score neurodegenerative phenotype in
YAC128 mice [9–12]. However, downregulation of
NeuN is one of the early pathological events in this
model, and preeceds cell death. Thus, it is likely that
loss of NeuN staining in our previous experiments was
a measure of early stages of neuronal pathology, not
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