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An expanded CAG repeat is the underlying genetic defect in Huntington disease, a disorder characterized by
motor, psychiatric and cognitive deficits and striatal atrophy associated with neuronal loss. An accurate
animal model of this disease is crucial for elucidation of the underlying natural history of the illness and also
for testing experimental therapeutics. We established a new yeast artificial chromosome (YAC) mouse model
of HD with the entire human HD gene containing 128 CAG repeats (YAC128) which develops motor
abnormalities and age-dependent brain atrophy including cortical and striatal atrophy associated with striatal
neuronal loss. YAC128 mice exhibit initial hyperactivity, followed by the onset of a motor deficit and finally
hypokinesis. The motor deficit in the YAC128 mice is highly correlated with striatal neuronal loss, providing a
structural correlate for the behavioral changes. The natural history of HD-related changes in the YAC128 mice
has been defined, demonstrating the presence of huntingtin inclusions after the onset of behavior and
neuropathological changes. The HD-related phenotypes of the YAC128 mice show phenotypic uniformity
with low inter-animal variability present, which together with the age-dependent striatal neurodegeneration
make it an ideal mouse model for the assessment of neuroprotective and other therapeutic interventions.

INTRODUCTION

The discovery of the gene responsible for Huntington’s disease
(HD) in 1993 facilitated the development of several genetic
mouse models of this autosomal-dominant, neurodegenerative
disease (1). Transgenic mouse models that expressed (in most
cases) a truncated, N-terminal fragment of huntingtin under the
control of a variety of promoters were the first models
described (2–4). The replication of the underlying genetic
defect, a CAG expansion, by inserting an expanded repeat into
the murine huntingtin gene, led to the creation of ‘knock-in’
models (5–8).

Although the knock-in models accurately replicate the
underlying genetic defect of HD, they do not present with
robust motor deficits or demonstrate the brain atrophy and
neuronal loss that characterize the human disease (5–8).
In contrast, the truncated, N-terminal mice exhibit striatal

atrophy and rapid onset of motor deficits (2,3). While a rapid-
onset phenotype is beneficial for study, these truncated mice,
by definition, lack the full-length huntingtin protein and
therefore imperfectly replicate the protein context of the human
condition.

We previously created a yeast artificial chromosome (YAC)
mouse model of HD (9,10). Our goal was to establish a mouse
model that expressed a full-length form of huntingtin under the
control of the endogenous huntingtin promoter and regulatory
elements. The YAC fulfilled both of these requirements,
spanning the entire genomic region of the human HD gene,
including promoter, intronic, upstream and downstream
regulatory elements. The full-length, human huntingtin protein
is expressed in a developmental and tissue-specific manner
identical to the endogenous mouse protein (9,10).

We originally created YAC mice with 46 and 72 CAG repeats
(mutant huntingtin mice) and YAC mice with 18 repeats in the
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HD gene (control mice) (10). These mice have helped elucidate
different pathways involved in the pathogenesis of HD
including increased susceptibility to excitotoxic cell death of
neurons with mutant huntingtin (11–13), the discovery
of decreased BDNF production in HD (14), the presence of
mitochondrial dysfunction (15), and the anti-apoptotic role of
wild-type huntingtin (16). However, the hyperactivity and
neuronal degeneration in the YAC72 mice manifested late in
the lifetime of the mouse (7 and 12 months, respectively) and
the initial assessment of the HD-related phenotypes in these
mice used predominantly qualitative measures (10). In
addition, the presence of significant inter-animal variability in
HD-related changes in the mice was a concern for assessing
interventions which altered the natural history of the illness.
Assessment of therapeutic interventions using YAC72 mice
would require the use of large numbers of animals to determine
a significant effect of an intervention at a significant cost. In an
effort to create a YAC mouse with both an accelerated and
quantifiable phenotype, and with the knowledge that increasing
CAG repeat length leads to an earlier age of onset (17) and
decreases variability (R. Brinkman and M.R. Hayden, manu-
script in preparation), we created several YAC mouse lines with
128 CAG repeats (YAC128), and rigorously characterized one
of these lines.

Our analysis of the YAC128 mice reveals a hyperkinetic
phenotype first manifest at 3 months of age, followed by a
progressive motor deficit on the rotarod present at 6 months
with eventual progression to hypokinesis by 12 months of age.
These behavioral changes are followed by striatal atrophy
clearly evident by 9 months of age, cortical atrophy at 12
months and a progressive loss of striatal neurons accompanied
by a decrease in striatal cell surface area. The motor deficit in
the YAC128 mice is highly correlated with neuronal loss. The
accurate replication of the human condition in the YAC128
mouse model, coupled with low inter-animal variability, results
in an HD mouse model that is now highly suited for the
assessment of different interventions on the disease phenotype.

RESULTS

Establishment of YAC128 Mice

A well-characterized YAC (353G6) spanning the entire HD
gene including the promoter region was used to create the
YAC128s (10). Homologous recombination was used to
incorporate 128 CAG repeats obtained from PCR amplified,
juvenile-onset HD patient DNA into the YAC in a previously
described strategy (18). All founders were extensively screened
by PCR and Southern blot as previously described (9). Two
founders integrated the complete YAC and were used to
establish two lines of YAC mice (lines 53 and 55) with 128
CAG repeats (Fig. 1A). Southern blots from these mice
revealed that line 53 integrated more copies of the transgene
than line 55 or line 2511, a previously described YAC72 mouse
(10) (Fig. 1B). RNA analysis of the human huntingtin transcript
demonstrated that line 53 had twice the RNA levels of line 55
and three times the RNA levels of line 2511 (Fig. 1C). Protein
expression detected with HD650, a human huntingtin specific
antibody, correlated exactly with RNA levels (r2

¼ 1.0, Pearson

correlation; Fig. 1E). Line 53 had the highest level of
huntingtin protein expression (Fig. 1D) by densitometric
analysis at approximately 75% of endogenous levels (data not
shown). We further characterized line 53 due to the higher level
of huntingtin protein expression.

Brain weight decrease in YAC128, line 53

Cohorts of line 53 mice (hereafter referred to as YAC128) and
wild-type (WT) littermates at 6, 9 and 12 months were
sacrificed and perfused and brain weight was measured. No
difference in brain weight was detected in 6-month-old
YAC128s (WT¼ 0.421 � 0.016 g, YAC128¼ 0.433 � 0.02 g,
n¼ 5; Fig. 2A). However, by 9 months of age YAC128 mice
demonstrated a 5% decrease in mean brain weight compared
with wild-type littermates (WT¼ 0.414 � 0.016 g, YAC128¼
0.393 � 0.01 g, P< 0.05; n¼ 7), progressing to a 10%
decrease in 1-year-old YAC128s (WT¼ 0.411 � 0.009 g,
YAC128¼ 0.373 � 0.022 g, P< 0.01, n¼ 7; Fig. 2A).
ANOVA analysis further revealed the effect of genotype
(F1,36¼ 6.169, P¼ 0.018), age (F2,36¼ 11.706, P¼ 0.0001)
and the interaction of age and genotype (F2,36¼ 5.002,
P¼ 0.012) on brain weight. The difference in brain weight
did not appear to be due to generalized atrophy, but rather a
region-specific effect. For example, no significant difference
was detected between YAC128s and wild-type littermates in
the weight of the cerebellum, a region not usually involved in
HD pathology (19), at any of the ages examined (Fig. 2B).

Striatal and cortical volume is decreased in
YAC128 mice

In order to determine whether the brain regions that are
most affected in HD patients, the striatum and cortex (19,20),
were also affected in YAC128 mice, striatal and cortical
volume estimates of mice were calculated using stereological
software. There was no detectable difference in striatal volume at
6 months of age in YAC128s compared with wild-type littermates
(WT¼ 14.3 � 2.39 mm3, YAC128¼ 14.29 � 1.25 mm3, n¼ 5;
Fig. 3A). However, by 9 months of age, a 15% decrease in striatal
volume was evident in YAC128 mice (WT¼ 13.76 � 0.5 mm3,
YAC128¼ 11.81 � 0.36 mm3, P< 0.001, n¼ 7; Fig. 3A),
which was also seen in 12-month-old YAC128 mice (WT¼

11.27 � 0.68 mm3, YAC128¼ 9.88 � 0.33 mm3, P< 0.01,
n¼ 7; Fig. 3A). Cortex volume was estimated from the
region surrounding the crossing of the corpus callosum to the
crossing of the anterior commissure (i.e. region of brain
encompassing the greatest volume of striatum). In contrast to
the striatum, there was no significant difference in cortical volume
at 9 months of age (WT¼ 14.43 � 0.79 mm3, YAC128¼
13.57 � 0.41 mm3, n¼ 5) but a 7% decrease at 12 months of
age (WT¼ 12.83 � 0.50 mm3, YAC128¼ 11.88 � 0.43 mm3,
P< 0.05, n¼ 5; Fig. 3B).

Neuronal loss and dysfunction in YAC128 mice

Striatal cell loss is a defining neuropathological characteristic
of HD (21). Stereological software was used to estimate the
striatal neuron number in our mouse cohorts. Sections were
immuno-stained with NeuN, an antibody specific for a
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neuronal nuclear protein, which is present in most neuronal cell
types (22). Counting of neurons, along with all other
neuropathological and behavioral procedures, was performed
completely blind with respect to genotype. At 9 months of age,
YAC128 mice exhibited a decrease of 9% in striatal neuron
count, although this trend did not reach significance (P¼ 0.1,
n¼ 3; Table 1). To further examine neuronal loss at 9 months,
the number of medium spiny neurons (MSNs), was assessed
by immuno-staining for DARPP-32, a protein specific to
MSNs (23). MSNs are the neurons that are most affected in
HD (21) and are the major neuronal cell type of the striatum.
YAC128 mice exhibited a decrease of 8% in MSN count,
although this trend again did not reach significance (P¼ 0.1,
n¼ 7; data not shown). Neuronal loss was progressive and by
12 months of age, a 15% decrease in striatal neuronal count
was detected in the YAC128s compared with control littermates
(P< 0.01, n¼ 7; Table 1). To ensure the validity of this finding,
another group of YAC128 and control mice at 12 months of
age underwent analysis. Similar to the previous results, the
YAC128 mice in this group also exhibited an 18% decrease
in striatal neuron count compared to controls (P¼ 0.01,
n¼ 5; Table 1). There was no significant difference in neuronal
density for the 9-month-old (WT¼ 135500 � 1611 neurons/
mm3), YAC128¼ 140700 � 3834, P¼ 0.28) and 12-month-old
(WT¼ 138900 � 3927, YAC128¼ 142500 � 2088, P¼ 0.43)
mouse cohorts. The lack of change in neuronal density
combined with the loss in striatal volume of the YAC128 mice
provides further evidence for neuronal loss in these mice.

We measured the cross-sectional area of the remaining striatal
neurons to determine if the neurons were decreasing in size, a
phenotype reported in other HD mouse models (4,24,25).
The mean area of striatal neurons randomly selected by
stereological software was decreased by 18% in 12-month-old
YAC128s compared with controls (WT¼ 65.71 � 4.5 mm2,
YAC128¼ 54.37 � 3.7 mm2, P< 0.01, n¼ 8 animals), but not
in 9-month-old YAC128s (WT¼ 57.01 � 7.74 mm2, YAC128¼
60.62 � 4.76 mm2, n¼ 7 animals; Fig. 4).

Figure 1. Characterization of YAC128 transgenic mouse. (A) Agarose gel
showing CAG repeat expansion. PCR using human specific primers amplified
the expanded CAG repeat from genomic DNA. The 18, 46 and 72 repeats
were amplified from previously described YAC mice (9,10), while the 128
was amplified from a YAC128 mouse (line 53). The control (þve) is from
a yeast transfer vector with 128 CAGs. Wild-type (WT) mouse is a negative
control and human DNA (18 and 35 CAGs) is another positive control. The
marker is 100 bp ladder. (B) Southern blot for assessment of copy number.
Genomic DNA digested with EcoR1 was probed with a human specific probe
(CD70-2). Mouse DNA is the negative control, unaffected human is the posi-
tive control, previously described YAC72 (line 2511) and two lines of
YAC128 (53,55) were assessed for copy number. (C) Real-time quantitative
RT–PCR showing human huntingtin mRNA expression levels of YAC128.
RNA was isolated from mouse frontal cortex. All PCR values are expressed
as relative mRNA levels normalized to beta-actin mRNA levels. Error bars
represent standard deviation from mean of n¼ 3 animals per group. (D)
Western blot showing protein expression of YAC128. WT, lines 2511, 53,
55 and human control were probed with the human specific huntingtin anti-
body HD650. Blots were stripped and reprobed with anti-actin antibody to
demonstrate equal loading. (E) Comparison of relative levels of human
RNA and protein expression. Protein levels were calculated with NIH image
densitometry software and normalized to actin. Pearson correlation revealed
an r2

¼ 1.0.
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Behavioral assessment

YAC128 mice were studied at 3 month intervals from 3 to 12
months of age. Using an accelerating rotarod to examine fall
latency, no difference in rotarod performance was detected
between YAC128 and wild-type mice at 3 months (Fig. 5).
However, by 6 months of age, a sharp decrease in rotarod
performance was evident in YAC128 mice (P< 0.01), which
was further decreased at 9 and 12 months of age (P< 0.05,
P< 0.01 respectively; Fig. 5). ANOVA analysis further
revealed the effect of genotype (F1,28¼ 6.77, P¼ 0.015) and
the interaction between genotype and age (F3,84¼ 4.662,
P¼ 0.005), indicating a significant difference in rotarod

performance between wild-type and YAC128s with increasing
age. ANOVA also reveals the highly significant effect of
age (F3,84¼ 24.427, P< 0.001) on rotarod performance for
all mice.

Mouse activity was measured using an open-field apparatus
for a period of 10 min at 3, 6, 9 and 12 months of age.
ANOVA analysis showed a highly significant interaction
between genotype and age in distance traveled (F3,66¼ 6.808,
P< 0.001), ambulatory counts (F3,66¼ 5.822, P¼ 0.001),
ambulatory episodes (F3,66¼ 6.698, P¼ 0.001), time spent
engaged in ambulatory movements (F3,66¼ 6.251, P¼ 0.001),
and time spent resting (F3,66 ¼ 2.409, P¼ 0.029), revealing the
significant difference in activity levels of wild-type and

Table 1. Striatal neuron number in YAC128 mice. Stereological software was used to assess the number of NeuN stained striatal neurons in serial sections of
YAC128s versus controls. YAC128s showed a decrease in number of neurons at 12 months of age, but not at 9 months of age. The 12 month results were repeated
in another set of animals.

Age (months) WT YAC128 n Percentage decrease Significance

9 1507000 � 68530 1365000 � 33580 3 9 NS, P¼ 0.16
12 (i) 1724000 � 50270 1504000 � 23640 7 15 P¼ 0.004
12 (ii) 1682000 � 71870 1375000 � 65360 5 18 P¼ 0.01

Figure 2. Brain weight is selectively decreased in YAC128 mice. (A) Perfused
brain weight (including cerebellum) was compared between YAC128, line 53
and wild-type littermates at 6 (n¼ 5), 9 (n¼ 7) and 12 (n¼ 7) months of age.
Brain weight in 9-month-old YAC128s was significantly decreased (*P< 0.05)
and in 12-month-old YAC128s (**P< 0.01) by Student’s t-test. Mean brain
weight � standard deviation of the groups is shown. (B) Cerebellum weight is
not decreased in YAC128s. The cerebella were removed and weight was mea-
sured. There was no significant difference at any time point.

Figure 3. Striatal and cortical volume are decreased in YAC128 mice. Perfused
brains were cut coronally into 25mm sections throughout the striatum. Every
eighth section was immuno-stained and Stereoinvestigator software was used
to trace and calculate volume. (A) YAC128s showed no difference in striatal
volume at 6 months (n¼ 5), a significant decrease at 9 months (n¼ 7,
***P< 0.001) and 12 months of age (n¼ 6, **P< 0.01) by Student’s t-test.
(B) Cortical volume was not significantly different at 9 months of age (n¼ 5)
but decreased at 12 months of age (n¼ 5, *P< 0.05). Mean volume � standard
standard deviation for each group is shown.
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YAC128 mice overtime. At 3 months of age, the YAC128 mice
exhibit a hyperkinetic phenotype compared with wild-type
mice, illustrated by a significant elevation in distance traveled
and ambulatory measurements and time spent in ambulatory
movements (Fig. 6A–D). Interestingly, the YAC128s begin to
manifest a hypokinetic phenotype at 6 months compared with
wild-type littermates, and this hypokinetic phenotype is
progressive with age, becoming significant by 12 months of
age (Fig. 6A–E). To ensure the 10 min open field test was
accurately measuring the activity of the mice, spontaneous
locomotor activity was measured over a 24 h period in the
home cage environment. Twelve-month-old YAC128 exhibited
decreased activity compared with wild-type littermates
(P< 0.01, n¼ 8; Fig. 6F), reproducing the results obtained in
the 10 min analyses. YAC128 mice were heavier than their
littermates at all ages examined (3, 6, 9 and 12 months). Since
these mice overexpress full-length huntingtin, one possibility is
the increased weight is due to the effects of full-length
huntingtin on survival of cells (16,26).

Rotarod performance correlates with severity of
neuronal loss

Five of the 12-month-old YAC128 mice analyzed for neuronal
loss (Table 1) underwent rotarod assessment. Rotarod perfor-
mance in this group of YAC128 mice was measured using a fixed
speed rotarod, a testing paradigm shown to produce results that
are highly correlative with results obtained using an accelerating
rotarod in another mouse model of HD (27). YAC128 mice
(n¼ 9) demonstrated decreased performance compared with
wild-type controls at 40 rpm (P< 0.05) at 6 months of age, at 34
and 40 rpm (P< 0.05, P¼ 0.01) at 9 months and at 34 rpm
(P< 0.001) at 12 months of age. Twelve-month-old mice from
this study were analyzed for striatal volume, brain weight and
striatal neuron count and, as shown in a separate analysis
(Figs 2 and 3; Table 1), YAC128 mice exhibited reduced striatal
volume, brain weight and neuronal loss. Five YAC128 mice

were analyzed behaviorally at 6, 9 and 12 months and also
neuropathologically at 12 months. A highly significant correla-
tion was observed between rotarod performance at 12 months of
age and striatal neuronal count (P< 0.01, r2

¼ 0.9214; Fig. 7D).
Mice with the greatest degrees of neuronal loss were associated
with worsening performance on the rotarod. Clearly additional
mice need to be analyzed to increase the power of this finding.
Brain weight was also weakly correlated with rotarod perfor-
mance (P< 0.05, r2

¼ 0.808; Fig. 7E) and there was a trend
towards a correlation between striatal volume and rotarod
performance (P¼ 0.22, r2

¼ 0.442; Fig. 7F). Interestingly,
striatal neuronal loss was the most highly correlated of the three
neuropathological measurements with rotarod performance.
Because the mice were behavior tested over a period of months
and only sacrificed for neuropathological measurements at
12 months, there was no neuropathological data for these mice at
6 or 9 months. However, the correlation between early rotarod
performance and 12 month neuropathology could be examined.
Interestingly, striatal neuronal count at 12 months of age was
significantly correlated with rotarod performance at 6 months of
age at 40 rpm (r2

¼ 0.8719, P¼ 0.02; Fig. 7A) and at 9 months
of age at 34 rpm (Fig. 7B; r2

¼ 0.9108, P¼ 0.01) and 40 rpm
(r2

¼ 0.7641, P¼ 0.05; Fig. 7C), suggesting that early rotarod
performance is predictive of the degree of ensuing neuronal loss.

Presence of aggregates

Brain sections from YAC128s were immuno-stained with
EM48, an antibody that recognizes N-terminal huntingtin and
is highly specific for aggregates (28). We observed increased
nuclear huntingtin staining in 12-month-old YAC128s using
brightfield microscopy but no nuclear huntingtin inclusions
(n¼ 5; Fig. 8A). Huntingtin inclusions are defined as
aggregates that are visible at the light microscope level.
However, by electron microscopy many small clusters of three
to six immunogold particles (micro-aggregates) are visible

Figure 4. Striatal neuron surface area is decreased in YAC128 mice.
Stereoinvestigator software randomly chose 50� 50mm frames within the stria-
tum of a coronal section. The surface area of the neurons within the frames was
calculated by the software (>70 neurons per animal). There is no difference in
mean striatal neuron surface area in 9 month old YAC128s (n¼ 7 animals) but a
significant decrease in surface area of striatal neurons in 12-month-old
YAC128s (n¼ 6 animals, **P< 0.01) by Student’s t-test. Mean striatal sur-
face � standard deviation for each group is shown.

Figure 5. Rotarod deficit in YAC128 mice. YAC128s (n¼ 16) and wild-type
control (n¼ 14) littermates were tested in three trials on an accelerating rotarod
at 3 month intervals. At 3 months of age there was no difference between the
two groups. At 6 months of age YAC128 rotarod performance had decreased
(**P< 0.01). This deficit was present at 9 (*P< 0.05) and 12 months of age
(**P< 0.01), although at these time points, wild-type mouse performance
was also decreasing. ANOVA analysis revealed the significant interaction of
genotype and time (F3,84¼ 4.662, P¼ 0.005). Mean time spent on rotarod
for each group is plotted and error bars represent SEM.
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throughout the nucleoplasm (Fig. 8D). EM48-positive inclu-
sions were present in striatal cells of all 18-month-old
YAC128s examined (Fig. 8B and C). By electron microscopy,
these inclusions appeared as large clusters of immunogold
particles (Fig. 8E and F). Wild-type animals did not exhibit
nuclear huntingtin staining or inclusions at either 12 or 18
months (data not shown).

Low variability in the phenotypes of YAC128 mice

Lowering inter-animal variability decreases the number of
animals necessary to determine a significant effect due to an
experimental therapeutic and is likely to yield fewer false-
negatives. As an indicator of variability, we looked at the
number of YAC128 mice with measurements that had
overlapping results with the wild-type control group. The
decrease in striatal and cortical volume phenotype and the
decrease in striatal neuron size phenotype showed no overlap
between individual wild-type and YAC128 measurements
(Table 2). By contrast, individual brain weights showed 33%

overlap and the behavioral phenotype demonstrated 50%
overlap between wild-type and single YAC128 mice. Using
the data acquired in the characterization of the YAC128s, we
performed a power analysis to estimate the number of animals
we would need to detect a 33, 50 or 66% rescue at a
significance of P< 0.05 with 80% power (Table 2). As
variability increases, the number of animals necessary to
determine a significant effect on that phenotype also rises. A
small number of animals are required in a therapeutic trial
where the goal is to determine a 50% rescue with the
neuropathological phenotypes as endpoints, ranging from four
animals for striatal volume to 13 animals for striatal neuronal
loss. For a less effective rescue of 33%, only eight animals are
required to determine a difference using striatal volume as an
endpoint.

DISCUSSION

The YAC128 mouse represents a new animal model for HD,
demonstrating motor deficit, a biphasic activity profile and

Figure 6. YAC128s initially exhibit hyperactivity followed by hypokinetic behavior. YAC128 (n¼ 14) and control (n¼ 12) (WT) littermates were tested in an open-
field activity box over a period of 10 min. Five activity parameters were measured and the mean and standard error for the groups is shown. These measures include
distance traveled (A), ambulatory counts (B), ambulatory episodes (C), time spent ambulating (D) and time spent resting (E). Locomotor activity was measured in
the home cage environment over 24 h (n¼ 8 YAC128 and WT) (F). The mean measurement for each group is plotted and error bars represent SEM. Significant
differences in group means by t-test are represented by asterisks and corresponding P-values.
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Figure 7. Impairment in rotarod activity is highly correlated with striatal neuronal loss. Rotarod performance at a fixed speed (34 or 40 rpm) was measured in
6-, 9- and 12-month-old YAC128 mice (n¼ 5) and correlated with neuropathological phenotypes using Pearson’s correlation. Neuronal count at 12 months of
age is significantly correlated with rotarod performance in 6-month old YAC128 mice at 40 rpm (A, r2

¼ 0.8719, P¼ 0.02), 9-month-old YAC128 mice at 34
(B, r2

¼ 0.9108, P¼ 0.01) and 40 rpm (C, r2
¼ 0.7641, P¼ 0.05) and 12-month-old YAC128 mice at 34 rpm (D, P< 0.01, r2

¼ 0.9214). Rotarod performance
in 12-month old YAC128 mice is weakly correlated with brain weight (E, P< 0.05, r2

¼ 0.808) and striatal volume (F, P¼ 0.22, r2
¼ 0.442) at 12 months of

age. Individual YAC128 mice are represented by diamond shapes.

Table 2. Overlap and power analysis for quantitative phenotypes in individual YAC128 mice. The number of YAC128 mice with measurements that overlap the
measurements in the wild-type group is demonstrated. Power analysis determines the number of YAC128 animals necessary to detect a significant (P< 0.05)
difference in treated versus untreated animals if you predict an 80% chance of discerning a 33, 50 or 66% rescue of the various quantitative phenotypes

Phenotype Age (months) Number of overlaps Power

33% rescue 50% rescue 66% rescue

Striatal volume 9 0 8 4 2
Striatal neuron size 12 0 19 8 5
Brain weight 12 1/3 27 12 7
Striatal neuron count 12 1/8 30 13 7
Cortical volume 12 0 35 15 9
Rotarod 6 1/2 99 43 25
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striatal atrophy associated with significant neuronal loss. The
HD-related phenotypes exhibited in the YAC128 mouse model
accurately recapitulates the changes observed in the human
disease. Brain weight which is decreased in HD patients (19),
and progressive neuronal (19,20) and volumetric loss in the
striatum (29) is accurately mirrored in the YAC128 mice. A
decrease in cortical volume, which occurs after the onset of
striatal loss, also replicates the pathology and order of
progression of the disease in human patients (21). Motor
deficits are a hallmark of onset of HD in patients (19,20) and
typically present before the onset of neurodegeneration (21).
This natural history is replicated in the YAC128 model, with
the onset of a motor deficit on the rotarod occurring before the
onset of neuronal loss. Finally, the initial period of increased
movement, evidenced by chorea and clumsiness, which
generally progresses into a more rigid state as the disease
progresses (20), parallels the biphasic activity profile of the
YAC128s, composed of initial hyperactivity, followed by
hypokinesis.

Other mouse models of HD have demonstrated varying
degrees of striatal atrophy (2,4,8), brain weight loss (2) and
motor deficit (3,4,30) exhibited in human patients. However,
there are no reproducible reports of quantitative striatal
neuronal loss, a hallmark of the human condition (19).
Although the R6 truncated mouse models of HD have been
reported to exhibit TUNEL staining in the striatum (31) and
abnormal striatal neurons by toluidine blue staining (32),
suggestive of apoptotic processes, quantitative loss of striatal

neurons has not been reported. We observed a significant
decrease in the number of striatal neurons in the YAC128
mouse model of HD. Qualitative observations of striatal
neuronal degeneration, including nuclear shrinking, swelling
of mitochondria and other features consistent with apoptosis,
has been reported before in our YAC72 model (10).

A major question raised by this study is why is neuronal loss
present in the YAC mice, but less evident in other models of
HD? Neuronal loss is not specifically accounted for by the
appropriate developmental and cell specific regulation of full-
length huntingtin in the YAC model, as the mice with targeted
insertion of expanded polyglutamine tracts into the endogenous
mouse gene have similar regulation of the HD gene, but do not
show the same degree of neuronal loss (5,7,8). The difference
in striatal neuronal loss between the YAC mice and other
knock-in animals also raises the possibility that human
huntingtin with an expanded CAG tract is more toxic than
the mouse gene with CAG expansion.

The unique finding of neuronal loss in the YAC mouse models
compared with other HD mouse models may also be due (in part)
to the differences in strains of the various models. An increasing
body of evidence indicates a role for excitotoxic cell death in the
striatal-specific neuron loss observed in HD (11–13). Excitotoxic
lesions of rodent striatum caused by injections of kainic acid
generate a neuropathological and behavioral phenotype that
mimics the human condition (33,34). The background strain of the
YAC mice is FVB/N, a strain that exhibits a high degree of
neuronal loss when exposed to excitotoxic stress after injection of

Figure 8. EM48 immunoreactivity in the striatum of 12- (A and D) and 18- (B, C, E and F) month-old YAC128 mice. At 12 months EM48 DAB reaction product
is present in many nuclei (A). EM48 immunoreactivity is seen as diffuse staining as well as small EM48 positive puncta throughout the nucleoplasm. By electron
microscopy many small clusters of three to six immunogold particles forming micro-aggregates are visible throughout the nucleoplasm (D, arrows). By 18 months,
in addition to the diffuse staining and micro-aggregates, EM48 DAB reaction product is also seen in inclusions, visible as dark EM48 positive puncta by light level
microscopy (B and C, arrowheads). By electron microscopy inclusions consist of large clusters of immunogold particles (F, arrows). Scale bars: A–C, 10mm; D and
E, 1mm; F, 270 nm.
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kainic acid or quinolinic acid (35,36). In contrast, injection of
excitotoxins into C57BL/6, the background strain common to
most HD mouse models, results in a much lower degree of cell
death relative to other mouse stains, including FVB, especially at
low doses of kainic and quinolinic acid (35,36). Therefore, strain
differences could account for differences in susceptibility to
neurotoxicity of polyglutamine expansion.

The striatal neuronal loss observed in YAC128 mice is linearly
correlated with the motor deficit assayed by rotarod. This
intriguing result provides the first link in an animal model of HD
between behavior and neuronal loss, suggesting a structural basis
for the behavioral manifestations in the YAC128 mice.
Interestingly, rotarod performance at 6 and 9 months of age is
correlated with neuronal loss at 12 months of age. The degree of
early motor dysfunction may therefore be an indicator of the
severity of the extent of dysfunction of neurons present in the
striatum; neurons that will eventually degenerate as the animal
ages. The emergence of rotarod deficits, therefore, represents a
time when neuronal dysfunction already has phenotypic effects,
demonstrating the importance of assessing the effect of therapeutic
interventions before and after this time point. The strong
correlation between striatal neuronal loss and rotarod deficit
suggests that neuronal loss and dysfunction are at least major
contributors to the behavioral abnormalities in the YAC128 mice.

The characterization of the natural history in the YAC128
mice makes it an ideal model for defining the temporal
relationship of other changes with striatal neuronal loss.
Nuclear huntingtin inclusions visible under light microscopy
are a common neuropathological marker in both human
patients (28,37) and HD mouse models (3,6,10,38). The role
of huntingtin inclusions in the pathogenesis of HD is still
controversial. The appearance of huntingtin inclusions prior to
the development of a neurologic phenotype in some transgenic
models of HD suggested that the formation of these inclusions
was potentially causative in the disease (38). However, in vitro
experiments with mutant huntingtin demonstrated a distinct
dissociation between the presence of huntingtin inclusions and
huntingtin-related cell death (39,40). Studies in human patients
showed little overlap between those cells exhibiting nuclear
inclusions and the cells that undergo neurodegeneration in
HD (28), further supporting the lack of correlation between
inclusions and neuronal loss. Huntingtin inclusions are present
in 18-month-old YAC128 mice, but not at 12 months of age, a
time point when both behavioral and neuropathological
changes, including neuronal loss, are present, demonstrating
that inclusions are not involved in the initiation of neuronal
loss. This finding corresponds with results previously observed
in other mouse models of HD (8), demonstrating neuronal
dysfunction before the onset of huntingtin inclusions. However,
inclusion formation is believed to be the end stage of a process
beginning with huntingtin translocation to the nucleus and
continuing with the formation of micro-aggregates (38,41)
visible under electron microscopy. Nuclear translocation and
huntingtin micro-aggregates are present in 12-month-old
animals, still leaving the question of the potential role of
nuclear translocation and oligomerization of huntingtin as an
initiating stimulus for HD earlier in the disease process.

The YAC mice will be useful for the assessment of
therapeutic interventions, as this model accurately replicates
the human disease and displays phenotypes that can be

measured quantitatively with low inter-animal variability. The
YAC128 mice exhibit progressive, quantitative phenotypes that
parallel the human condition. The significance of low inter-
animal variability in the use of a mouse model for therapeutic
interventions is illustrated by the power analysis estimations.
The phenotype with the lowest variability, striatal volume,
requires only four animals to determine a 50% rescue at
9 months of age. Even the neuropathological phenotypes
with greater variability (e.g. neuron count) require at most
13 animals to discern a 50% rescue. For a less robust thera-
peutic effect (33%), only eight animals are needed for
assessment of striatal volume. This result demonstrates the
potential usefulness of the YAC128 mice in therapeutic trials
and the crucial importance of phenotypic predictability in a
model used in experimental therapeutics.

The precise natural history of changes in the YAC128 mouse
model of HD allows for further investigation of the temporal
sequence and inter-relationships of other HD-related changes in
the pathogenesis of the disease. The role of proteolytic cleavage
of mutant huntingtin in the development of the disease is a
question of particular interest. Increasing evidence implicates
proteolytic cleavage of huntingtin by caspases (42), and/or
calpains (43,44), and/or other unknown proteases (45) in the
pathogenesis of HD. Caspase cleavage of mutant huntingtin
leads to the formation of a toxic fragment of huntingtin (46) and
this cleavage event is known to precede neurodegeneration in
human patient brains (42). The expression of a full-length form
of mutant huntingtin makes the YAC mouse model uniquely
suited to test the efficacy of inhibition of these proteases on the
disease development, either through the use of compounds, or
through genetic manipulation. We can also use the YAC128
model to investigate the timing and effect of cortical dysfunc-
tion in the natural history of the disease. Results from mouse
models (4) and other studies (14,42) implicate cortical
dysfunction in striatal neuronal death in HD. Determining the
timing of atrophy and neuronal loss in different layers and
subsets of cortical tissue and the temporal relationship of this
atrophy to striatal neuronal loss will further elucidate the role the
cortex plays in the development of this devastating disease.

The YAC128 mouse model accurately recapitulates the
striatal neuronal loss that characterizes the human disease,
which allows the YAC128 mice to be useful in assessing
experimental therapeutics that provide protection against
neuronal loss. The defined natural history in YAC128 mice
permits the accurate calculation of time points for commence-
ment of therapeutic interventions, and endpoints for the
assessment of the efficacy of those interventions. Using the
data reported in this manuscript, we can now design
experimental therapeutic trials with the YAC128 mice ensuring
an adequate number of animals to properly assess the effect of
neuroprotective strategies on the pathogenesis of HD.

MATERIALS AND METHODS

YAC mutagenesis and generation of mice

YAC mutagenesis was performed as described previously (10)
using a construct containing 128 CAG repeats. YAC DNA was
prepared for microinjection into FVB/N pronuclei, and founder
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pups were screened (9). Mice were maintained on the FVB/N
(Charles River, Wilmington, MA, USA) background strain and
are congenic on this strain. Mice were genotyped by a PCR
procedure described previously (9). Mice were housed, tested
and tissues were harvested according to the University of
British Columbia animal protocol A00-0254.

Copy number, RNA and protein analysis

Southern blotting to assess copy number was performed as
described previously using 12 mg DNA (9) and the human
specific probe cD70-2 (10).

Protein analysis. Protein lysates were prepared from whole
mouse brain in a procedure described previously (9) with a cas-
pase inhibitor, 10 mM ZVAD (Calbiochem, San Diego, CA,
USA) added to the lysis buffer. These lysates were run on
7.5% polyacrylamide gels and blotted on PVDF membranes.
Blots were probed with anti-actin (Chemicon, Temecula, CA,
USA) and monoclonal antibody HD650. HD650 was produced
against HD peptides 650–663 (VLRDEATEPGDQEN) and
reacted specifically to human huntingtin. The HD peptides
(VLRDEATEPGDNQEN) coupled to KLH carrier protein
was used as an immunogen to inject Balb/C mice. The mouse
was injected with 100 mg of the peptide-KLH protein in
Freund’s complete adjuvant subcutaneously, followed by two
additional injections of 100 mg of the peptides-KLH protein
in Freund’s incomplete adjuvant at 14 day intervals. Three days
before cell fusion, the mouse received an intravenous injection
of 100 mg of the peptides via the tail vein. Splenocytes were
fused with NS-1 myeloma cell, and hybridomas were selected
and cloned in a procedure described previously (47).

RNA analysis. Total RNA was extracted from mouse cortex
with RNeasy Protect Mini Kit (Qiagen, Mississauga, ON,
Canada). First-strand cDNA was prepared from 1 mg of total
RNA using SuperScript First-Strand Synthesis System for
RT–PCR (Invitrogen, Burlington, ON, Canada) in a final
volume of 20 ml. One in 100 of the RT reactions were used
as template in real-time PCR reactions. Real-time PCR was
performed using the ABI GeneAmp 5700 Sequence
Detection System instrument and SYBR Green Two-step RT–
PCR (Applied Biosystems, Foster City, CA, USA) using
intron-spanning human specific primers. A dissociation curve
confirmed the absence of nonspecific amplification. Serially
diluted cDNA samples were used for standard curve calibra-
tion. All samples were run in quadruplicate. Expression levels
were normalized to beta-actin mRNA levels. Primary data ana-
lysis was performed using system software from Applied
Biosystems.

Morphological analysis

Mice were terminally anesthetized by intraperitoneal injection
of 2.5% avertin and perfused with 3% paraformaldehyde/
0.15% glutaraldehyde in PBS. The brains were left in the skulls
for 24 h in 3% paraformaldehyde at 4�C, then removed and
stored in PBS. Brains which did not perfuse well (softer than
others) were removed from the groups at this point. We also
removed two large brains from the analysis (n¼ 1 from the

9 month cohort, n¼ 1 from the 12 month cohort), which
weighed 50–75% more than the other brains in the cohort and
were significant outliers by Grubb’s test. The genotype of all
outliers was wild-type and the removal of these outliers did not
affect the significance of the findings. Coronal sections of 25
and 50 mm thickness were cut throughout the striatum using a
vibratome. Transgenic and wild-type mice were matched based
on age and sex and littermates were used whenever possible.

Quantitative analysis

All quantitative analyses were performed blind with respect to
genotype. Coronal sections (25 mm) spaced 200 mm apart
throughout the striatum were stained with NeuN (Chemicon)
antibody at 1:100 dilution or DARPP-32 antibody (Chemicon)
at 1:500 dilution. Biotinylated secondary antibodies (Vector,
Burlington, ON, Canada), mouse or rabbit at 1 :200 were used
prior to signal amplification with an ABC Elite kit (Vector)
and detection with diaminobenzidine (DAB, Pierce). The
perimeter of the striatum was traced in each of the serial
sections using a 2.5� objective and Stereoinvestigator software
(Microbrightfield, Williston, VT, USA). Subsequently, counts
of neuronal profiles within 50� 50 mm counting frames spaced
evenly throughout the striatum (striatal grid size was
450� 450 mm) was obtained using a 20� objective. Serial
reconstruction of the striatum by the Stereoinvestigator
software allowed estimation of total neuronal profiles and
volume. Cortical volume was estimated in the region with the
largest percentage of striatal tissue (centered on the landmarks
of the corpus callosum and the anterior commisure crossing)
totaling six serial sections. All layers and regions of cortex
present in the section were outlined as a whole and volume was
estimated using Neuroexplorer software (Microbrightfield,
Williston, VT, USA). Cross-sectional area of striatal neuronal
profiles was determined by outlining the perimeter of all clearly
defined neurons within 50� 50 mm counting frames spaced
evenly throughout the striatum (450� 450 mm grids). Neuronal
profiles were outlined using a 100� objective in anatomically
matched coronal sections. Note: tissue from wild-type and
YAC128 at the same time point (e.g. 9 months) was treated
identically; however, there was some experimental variability
between time points (e.g. variability between tissue from 6 and
9 month time points), making volume comparisons between
time points invalid.

Assessment of aggregates

Light microscopy. Brain sections of 25 mm thickness through-
out the striatum were stained for the presence of aggregates.
Sections were immuno-stained as described previously (28)
using polyclonal EM48 antibody at 1:1000 and DAB as the
chromogen (Vector).

Electron microscopy. For ultrastructural analysis, we used
pre-embedding immunogold labeling of EM48. Sections were
rinsed in PBS and processed according to manufacturer’s
instructions using EM48 antibodies at 1:500. Ultrasmall colloi-
dal conjugated secondary antibody (Aurion, Wageningen, The
Netherlands) was used to bind the primary antibody. Following
a post-fixation with 2.5% gluteraldehyde, gold particles in
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sections were intensified using R-gent SE-EM silver enhance-
ment kit (Aurion, Wageningen, The Netherlands). Sections
were then further fixed with 0.5% osmium tetroxide in 0.1 M

PB for 15 min and processed for electron microscopy as
described elsewhere (48). Selected sections were then placed
in 0.5% osmium tetroxide in 0.1 M phosphate buffer for
30 min. Sections were then rinsed in PB, dehydrated in 25–
100% EtOH followed by propylene oxide, infiltrated and flat
embedded in Epon between sheets of Aclar and cured at
60�C for 2–3 days.

Behavioral assessment

Mice were singly housed in microisolator cages under reverse
lighting (lights off at 11:00 a.m., lights on at 11:00 p.m.). All
mice in a testing group were cage changed on the same day and
no testing was performed until 2 days after a cage change. Mice
were semi-randomly number coded from 1 to 40 (first and last
half of testing group had an equal number of males/females,
transgenic/wild-type). All behavioral testing was executed
during the mouse night cycle, when the mice are normally
active, with testing carried out in a behavioral testing suite
under red light. The same observer carried out all of the tests
and was blinded to the genotype of the individual mice
throughout the course of the testing.

Rotarod analysis. We used an accelerating rotarod procedure
where the rotarod (San Diego Instuments, San Diego, CA,
USA) accelerated from 0 to 45 rpm over a period of 120 s.
Mice were trained for 3 days with two trials per day on an
accelerating rotarod. Following this training, the mice were
tested for three consecutive trials in one day, with 1.5 h rest
between trials. The rotarod was wiped clean with ethanol
between each test subject.

Open-field analysis. Mice were assessed using an open-field
activity monitor (Med Associates Inc., St Albans, VT, USA)
for a period of 10 min. Testing began at least 1 h after the begin-
ning of the mouse night cycle. The testing chamber was wiped
clean with ethanol between each test subject. Ambulatory count
was defined as the number of beam breaks while the mouse is
ambulating, while ambulatory episodes are the number of times
the mouse begins ambulating (from a resting position).
Measurements were calculated by accompanying software
(Med Associates). Mice who circled for the entirety of the
10 min interval were removed from the analysis (n¼ 6 wild-
type, n¼ 2 YAC128).

Locomotor activity. Locomoter activity was measured for
24 h using a Cage Rack System (San Diego Instruments) with
a uniformly spaced 8� 4 photobeam grid. The cages were
28� 17� 12 cm and the mice provided with food and water.
Locomotor activity was calculated from the total number of
beam breaks over the 24 h testing period.

Rotarod analysis—fixed speed. Mice were housed in micro-
isolator cages with siblings. All behavioral testing was exe-
cuted in the light in a behavioral testing suite. Mice were
tested on a fixed speed rotarod (Ugo-Basile, Norfolk, UK)

at 12, 24, 34 and 40 rpm and were initially trained at
24 rpm for 3 days with three trials per day. Subsequent testing
occurred over a 3 day period, testing each speed once a day
with 1.5 h rest in between tests. Mice were tested every month
from 3 to 12 months of age.

Statistics

All statistics were carried out using an unpaired Student’s t-test
or two-way ANOVA with repeated measures. P-values, SEM,
means and standard deviations were calculated using Graphpad
Prism version 3.0 or Microsoft1 Excel 2002. SPSS 11.5 was
used to calculate F and P-values for behavioral measures.
Correlation calculations with r2 and P-values were calculated
by Pearson correlation using Graphpad Prism version 3.0.
Power analysis numbers were calculated using the website
www.health.ucalgary.ca/�rollin/stats/ssize/n2.html.

Note

These mice are available for investigators for ongoing studies.
Interested investigators should contact M.R.H.
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