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Abstract
Huntington’s disease is a neurodegenerative disorder, caused by an elongation of CAG repeats in
the huntingtin gene. Mice with an insertion of an expanded polyglutamine repeat in the mouse
huntingtin gene (knock-in mice) most closely model the disease because the mutation is expressed
in the proper genomic and protein context. However, few knock-in mouse lines have been extensively
characterized and available data suggest marked differences in the extent and time course of their
behavioral and pathological phenotype. We have previously described behavioral anomalies in the
open field as early as 1 month of age, followed by the appearance at 2 months of progressive
huntingtin neuropathology, in a mouse carrying a portion of human exon 1 with approximately 140
CAG repeats inserted into the mouse huntingtin gene. Here we extend these observations by showing
that early behavioral anomalies exist in a wide range of motor (climbing, vertical pole, rotarod, and
running wheel performance) and non-motor functions (fear conditioning and anxiety) starting at 1–
4 months of age, and are followed by progressive gliosis and decrease in DARPP32 (12 months) and
a loss of striatal neurons at 2 years. At this age, mice also present striking spontaneous behavioral
deficits in their home cage. The data show that this line of knock-in mice reproduces canonical
characteristics of Huntington’s disease, preceded by deficits which may correspond to the protracted
pre-manifest phase of the disease in humans. Accordingly, they provide a useful model to elucidate
early mechanisms of pathophysiology and the progression to overt neurodegeneration.
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Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder, which
causes motor, cognitive and psychiatric changes in affected patients. The disease is caused by
an elongation of the normal run of triplet repeats (CAG, encoding glutamine) in the
huntingtin gene, which is found on chromosome 4 (The Huntington's Disease Collaborative
Research Group, 1993). Several clinical studies have shown the existence of behavioral and
pathological changes that precede the onset of clinically manifest HD (Duff et al., 2007, Hinton
et al., 2007, Solomon et al., 2007, Tai et al., 2007). Indeed motor, cognitive, sensory and striatal
volume changes have now been shown to develop and progress up to 20 years prior to disease
diagnosis, in mutation-carrying individuals (Paulsen et al., 2007).

Genetic mouse models are particularly useful in studying early effects of disease-causing
mutations that are usually not accessible for analysis in humans. Many different genetic mouse
models of HD have been generated to date (Hickey and Chesselet, 2003, Gray et al., 2008),
including several lines of knock-in (KI) mice in which the expanded CAG repeat is placed
within the correct genomic context of the murine HD homologue (Hdh) (Menalled, 2005).
Interestingly, previous studies suggest a wide range of time course in the development of
behavioral deficits in various KI lines, stressing the need to fully characterize the phenotype
of individual lines prior to further studies. Differences are particularly striking in the age of
onset of the earliest reported behavioral deficits, with a deficit in grip strength reported at 1.5
months in one line with 150 CAG repeats inserted into the mouse gene (Woodman et al.,
2007), but no deficit in muscle power is noted in mice with the same mutation in another
background (Heng et al., 2007). Several studies have reported cognitive impairments (Trueman
et al., 2007, Trueman et al., 2008) and subtle balance and motor coordination deficits (Kennedy
et al., 2003) at 4 months in various other KI lines.

We have previously observed motor deficits as early as 1 month of age in homozygous KI mice
with a chimeric mouse/human exon 1 with 140 CAG repeats inserted into the Hdh gene
(Menalled et al., 2003), while KI mice carrying 94 CAG repeats show similar defects starting
at 2 months (Menalled et al., 2002). Neuropathology in the form of nuclear accumulation of
huntingtin was evident shortly after the onset of behavioral deficits in CAG 94 and CAG140
KI mice, and was followed by the occurrence of huntingtin aggregates in nuclei and neuropil
(Menalled et al., 2002, Menalled et al., 2003). In addition, a marked decrease in mRNA
encoding enkephalin was detected in the striatum of 4 month old 94 CAG repeat mice
(Menalled et al., 2000), suggesting that transcriptional dysregulation, a major pathological
effect of mutated huntingtin (Kuhn et al., 2007, Woodman et al., 2007) is also present at an
early age in these mice.

Here we expand the characterization of these mice by examining 1) neuropathological changes
in the striatum at an advanced age to determine whether the mice reproduce the canonical
striatal loss characteristic of HD; and 2) a wide range of behavioral functions at an early age
to determine the extent of neuronal dysfunction occurring in these mice prior to the onset of
neurodegeneration.

Experimental Procedures
Animals

All procedures were carried out in accordance with the NIH Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23) revised 1996, and were approved by the
Institutional Animal Care and Use Committee at UCLA. The KI mice contained a chimeric
mouse/human exon 1 with 140 CAG repeats inserted into the mouse gene by homologous
targeting (Menalled et al., 2003). As reported in other HD mouse models (Wheeler et al.,
1999), the CAG repeat length was unstable with successive breeding and the repeat length from
a sample population of the mice used in this study was 121 ± 2 (n=12, Laragen Inc., Culver
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City, CA), reduced from the original description of 140 CAGs. A sample of 28 other KIs from
our colony shows a CAG repeat length of 119 ± 1.3, thus our measurement is very likely
representative of our colony. Mice were housed in groups of up to 4 in a temperature and
humidity controlled room. Food and water were available ad lib and mice were kept on a 12:12
h light:dark cycle. Mice used in this study were on a mixed C57BL/6J × 129/Sv background
(N2–N3 on C57BL/6J). All KI mice used in this study were homozygous for the mutation. The
large majority of mice used in this study were generated from heterozygote breeding pairs (only
non-sibling breeding pairs were used), and WT littermates of the KI mice were used as controls.
A small subgroup (n= 18) of the mice used for testing were generated from homozygote KI X
heterozygote or heterozygote X WT breeding pairs.

Pathological Analyses
Preparation of Tissue

Male mice aged 20–26 m (approx 23 m, WT n=7, KI n=4) were used for volume measurements
and striatal neuronal counts. Male mice were also used for immunocytochemical staining (4
m, n=4–5, 1 yr, n=3–4, 20–26 m, n=4–7). Mice were perfused with 4% paraformaldehyde,
their brains dissected out and postfixed overnight. Brains were then cryoprotected in 30%
sucrose and frozen for analysis. Coronal cryosections (35µm) were cut and sections stored in
cyroprotectant for use.

Stereology—Sections for volume analysis and for striatal neuron counting were stained using
cresyl violet. The first section containing the striatum was noted for each brain. In order to
eliminate any bias, the first section to be analyzed was chosen at random from the first ten
sections containing the striatum. This section, and every 10th after, was used for analysis. The
striatum was outlined in each of the sections of the series using StereoInvestigator V5.00. The
program calculated the area of the outlined portion and the volume was calculated using the
Cavalieri method. The optical fractionator method (Stereoinvestigator V5.00) was used to
count striatal neurons in the same sections. Cell counts were performed at 100x using a 1.4 NA
lens and 1.4 NA oil condenser, with a DVC real-time digital camera. Neurons were defined as
having medium sized somas, and a large rounded nucleus, diffusely stained with cresyl violet.
The counting frames were distributed using a sampling grid of 400 × 400 µm. Counting frame
sizes were 50 µm × 50 µm × 6 µm. Counting frames contained ≈6–7 cells, and Gunderson
coefficients of error were always less than 0.1.

Immunohistochemistry
Sections at the levels of approximately 1.34mm, 0.86 and −0.46mm to the bregma were used
(Paxinos and Franklin, 2001). Immunohistochemical staining on free floating sections was
performed as described (Menalled et al., 2003) with slight modifications. Sections were washed
in 0.1M phosphate buffered saline (PBS) and then endogenous peroxidases were inactivated
with 1% H2O2 in 0.1M PBS containing 0.5% Triton X-100, for 30 min. Sections were blocked
in 3% bovine serum albumin and 2% normal goat serum in 0.1M PBS containing 0.2% Triton
X-100. Sections were then incubated overnight at room temperature in the same blocking
solution containing primary antisera (anti-DARPP-32, 1/2000, Chemicon International,
Temecula, CA; anti-GFAP, 1/2000, DAKO, Carpinteria, CA). The following day, the unbound
primary antisera was washed off using 0.1M PBS and the sections were incubated in
biotinylated goat anti-rabbit antibody, diluted in blocking solution, for 2 hours at room
temperature (1:200, Vector Laboratories, Burlingame, CA; or 1:500, ICN Biomedicals, Inc.,
Aurora, OH). Following washes with 0.1M PBS, sections were then incubated with avidin-
biotin complex (Vectastain Elite ABC kit) in PBS containing 0.2% Triton X-100. Sections
were then incubated with a 0.03% 3-3′-diaminobenzidine tetrahydrochloride (Sigma Aldrich,
St. Louis, MO) and 0.0003% H2O2 in 0.1 M Tris buffer solution, pH 7.6. Following rinses in
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the Tris buffer, sections were mounted onto gelatin coated glass slides, dehydrated, defatted
and mounted with Eukitt (Calibrated Instruments, Hawthorne, NY). Separate immunostainings
were carried out for each age timepoint. Development times and experimental conditions were
rigorously controlled and to prevent bias, only “within age” statistical comparisons were made.
Control sections for each mouse, omitting the primary antibody, were processed along with
experimental sections. No specific staining was observed in these sections.

Optical density measurements of striatal DARPP-32 immunostaining was carried out on
digitized sections, with NIH ImageJ 1.36b. For graphic representation, the optical density for
each mouse (WT and KI) was expressed as a percent of the group WT mean for each age, but
raw data were used for analysis. Sections stained with GFAP were coded and scored on a scale
of 1 to 6 by a blinded observer, for density of GFAP-positive cells in the cortex, striatum,
corpus callosum and globus pallidus.

Digital Image processing
Images were taken using a PC computer equipped with Spot Advanced (V 3.5.4, Diagnostic
Instruments, Sterling Heights, MI) software, and a Zeiss Axioskop microscope. Digital images
were imported into Adobe Photoshop (V 10.0.1, San Diego, CA) and cropped, and then placed
in montages, using Adobe Photoshop CS3 extended V 10.0.1.

Behavioral Tests
Upon entry to a new room for behavior testing, mice were habituated for 20–30 min. For all
tests, the genotypes of the mice were unknown to the experimenter during the behavioral and
videotape analysis. All equipment was cleaned using Power-Cide Plus between individual tests
(Intercem Corporation, Anaheim, CA), except for fear conditioning paradigm for which either
0.01% benzaldehyde or 0.01% diacetyl was used.

Scoring of spontaneous homecage behavior
Mice were scored for spontaneous homecage behavioral anomalies (Group 1: WT n = 5 (3M,
2F), KI n = 12 (4M, 8F); Group 2: WT n=8 (3M, 5F), KI N=15 (7M, 8F)). Mice were scored
while in their homecages, during one 5 minute period, during the light phase, finishing at least
1 hour prior to lights off. Scoring was for presence or absence of shake/tremor, and presence
or absence of an uncoordinated gait including difficulty with turning and wide-placed
hindlimbs.

1. Behavioral Tests Performed during the Light Phase
The following behavioral analyses were all performed during the light cycle in mice maintained
on a normal day-light cycle. Mixed, balanced gender groups were used for these tasks. All
testing was completed at least one hour prior to the onset of the dark phase.

Climbing Cage Test—To assess motor coordination and spontaneous activity during the
light phase, mice were placed in the bottom of wire cylinder cages (height 14 cm, diameter 12
cm, made from 1.3 cm square mesh). Spontaneous activity was videotaped for five minutes.
The same group of mice was tested at 1.5, 2.5, 3.5, 4.5 and 6.5 months (WT n = 12 (6M, 6F);
KI n = 11 (4M, 7F)). The number of climbs (all 4 paws on side of cage) and rears were quantified
from these tapes.

Pole test—Mice tested for climbing were also examined for performance on a vertical pole
(1 cm in diameter, 60 cm high) at 4.5 and at 7 months (WT n = 12 (6M, 6F); KI n = 11 (4M,
7F)). Mice placed on a vertical pole turn downwards and descend the pole. Mice were
habituated to the task in 2 trials per day for 2 days. On test day (third day) 3 measures were
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taken over 5 trials per mouse: the total time taken to descend, the time taken to turn and the
time taken to descend after turning.

Light/Dark Box Test—To gauge anxiety, the mice were tested in a light/dark box during
the light phase at 1.5 and 7 months (WT n = 11 (7M, 4F); KI n = 11 (5M, 6F)). The box (46
cm long, 16.5 cm wide) consisted of two equal areas of light and dark, separated by an open
door (6.3 cm × 7.6 cm). The mice were placed at the back of the dark area. The activity of the
mice was videotaped for 5 mins. The time taken (latency) for a mouse to place all four paws
in the light area was measured.

2. Behavioral Tests performed during the dark phase
The following behavioral analyses were performed in dim light in the middle of the dark phase
in mice maintained on an inverted day-light cycle.

Rotarod—The rotarod apparatus (Ugo Basile, Varese, Italy) was used to measure motor
coordination and balance. The same group of mice was tested at 4 and at 6 months (WT, n =
19 (10M, 9F); KI, n = 13 (4M, 9F)). Data from male and female mice were combined, as gender
had no effect on rotarod performance (ANOVA performed on data from 4 month old mice,
using 3 factors, genotype, speed and gender, effect of genotype F(1,28)=8.3, p<0.01, no effect
of gender, genotype × gender interaction not significant). The latency for each mouse to fall
off the rotarod was recorded, except in the case of clinging mice (see below) and used to
generate group means. Two rotarods were used and the axle of one was covered with smooth
rubber (denoted “smooth axle”). The other axle was left as manufactured, i.e. it was grooved
(denoted “grooved axle”). During the training period (habituation), mice were trained to run
on the smooth axle that was accelerated from 4 rpm to 40 rpm over 10 min (3 trials per day for
4 days, accelerating paradigm). Mice were then tested using the grooved axle rotarod with 1
trial each of 20, 30 and 40 rpm for 10 min (fixed speed paradigm). The grooves on the axle
can lead to some clinging. Mice that cling no longer walk on the rotarod, therefore, to prevent
data bias the small minority of mice presenting this clinging behavior were removed after 3
successive revolutions and that latency used for analysis. We did not compare data from mice
that clung with those that did not, since the number of clinging mice was so small (less than
15%, no difference in number of mice between genotypes, that clung).

Fear conditioning—Only male mice (WT, n = 7; KI n = 8) were used for this test since
estrogen levels and estrus cycle stage can affect memory and fear processing (Farr et al.,
1995, Pearson and Lewis, 2005). Animals were trained as described in (Chaudhury and
Colwell, 2002). The inside of each cage was wiped with 0.01% benzaldehyde before the start
of each experiment. On the day of training, mice were placed individually into context cages
and habituated for 3 min after which time animals received a 30 s tone (CS; 80 dB, 2.9 kHz)
followed by a 2 s footshock (US, 0.2mA), followed by 64 s interval. This CS-US-64 s interval
was repeated twice more, for a total of 3 training sessions. For the context recall test, animals
were placed, individually, back into the same conditioning chamber and left there for 8 min,
with no tone or footshock. The cages used for tone recall were made of Perspex (dark sides
and clear back and ceiling) and were placed in a separate room. These cages were cleaned with
0.01% diacetyl prior to testing. For tone recall, mice were habituated for 4 min followed by
the CS tone for 6 min. Context and tone recall took place 48 h following training. Background
noise (70 dB) during acquisition, context and tone testing was provided by a ‘white’ noise
generator. Freezing during acquisition, context and tone recall was defined as the complete
absence of somatic and motility movements with the exception of respiratory movements. For
acquisition, context and tone recall an 8 s time sampling procedure was used in which each
animal was observed 8 times per 64 s period and these were averaged to yield an estimate of
percentage time freezing (Chaudhury and Colwell, 2002).
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Tail suspension test—(Steru et al., 1985). Mice (4.5 – 6m, WT: n = 13 (7M, 6F); KI: n =
13 (6M, 7F) were suspended by the tail for 6mins and their behavior video recorded for analysis.
Latency to immobility and duration of immobility were measured. Tail length was similar
between groups (effect of tail length, F(3,22) = 1.65, ns).

Forced swim test—(Porsolt et al., 1977). Mice (4.5 – 6m, WT: n = 13 (7M, 6F); KI: n = 13
(6M, 7F) were placed in 12cm of water (temperature 24 – 25°C) in a large plexiglass beaker
and their behavior video taped for analysis. Latency to become immobile, duration of
immobility and of swimming and number of fecal boli were calculated (boli were counted in
real time).

3. Running wheel
Both male and female mice were used, but data were analyzed separately because estrus cycle
influences running activity. Mice were tested repeatedly at 1, 4, 6 and 8 months of age (males:
n = 12–13 at 1 and 6 months, 8–10 at 4 months, n = 3–5 at 8 months; females, n = 10–12 at 1
and 6 months, n = 9/group at 4 months, n = 5/group at 8 months). Running wheel apparatus
was as for Hickey et al. (2005). Running activities per dark phase (or light phase) were
compared and were also collapsed to generate a mean running speed per age. The first and last
days in running wheels were not used because the full 24 h were not recorded for these days.
Slopes were calculated from the formula (y2 - y1 / x2 - x1) where y2 = running speed on night
10 (x2 = 10) and y1 = running speed on night 2 (x1 = 2, from first full 24 h of data collection).
Slope of mean running speed per day was used to indicate motor learning, as has been used
for other motor tests (Van Raamsdonk et al., 2007). Breaks from running were calculated from
raw data from night 7 through 9. For cycling in female mice, the dark phase with the highest
mean running (peak) was used to align data sets (Kent et al., 1991). Most cycling female mice
showed a 4 day cycle, thus data from the night of peak activity and 3 preceding nights were
used per cycle, for comparison. Data from mice that did not show a cycle was divided
chronologically into 4 d sets and used for analysis.

Statistics
Statistical analysis was performed using GB Stat (v8.0 for PC, Dynamic Microsystems Inc.,
Silver Spring, MD). In all cases, p < 0.05 was considered significant. Data collected over time
were compared using repeated measures ANOVAs followed up by Fishers LSD post hoc tests
for multiple comparisons (Thorne and Giesen, 2003). TST and PST data were analyzed using
ANOVAs with genotype and gender as factors, and Fishers LSD was used for post hoc analysis.
Climbing data was transformed by calculating the square root of raw data and statistics were
then calculated. Outliers were detected using Grubbs test and removed. Light dark box data
was compared using a one tailed Student’s t test for heteroscedastic data. Categorical data
(spontaneous homecage behavior) was compared using Chi square independence tests. Power
estimates of running speed were calculated using the power analysis option in GBstat (v8.0 for
PC). Student’s t tests were used to compare neuronal counts, striatal volumes and DARPP-32
optical density with pooled or separate variances depending on the variances of the data sets.
Mann Whitney U-tests were used for within-age comparisons GFAP data.

Results
Variation of repeat length is a common occurrence in KI as well as transgenic mice and careful
evaluation of repeat length in mice used for experiments is necessary (Wheeler et al., 1999).
Due to intergenerational instability the actual allele sizes in our colony are approximately 121
CAGs. However, we name this line “CAG140” for consistency because this was the original
size of the repeat length introduced in the mouse HD gene and the name used in previous
publications by us and others (Menalled et al., 2003, Dorner et al., 2007). Knock-in mice
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carrying 94 CAG repeats in a similar construct to the CAG140 mice (Menalled et al., 2002),
show a very similar phenotype that develops at a slightly later age than in CAG140 mice. In
addition, most kinds of aggregates in CAG94 KI mice are observed at a slightly later stage than
in CAG140 mice. Thus, it is unlikely that the reduction of the repeat length by approximately
20 repeats will affect the development of phenotype or aggregates significantly compared to
the cohort of mice examined in our previous study (Menalled et al., 2003).

Neurodegenerative changes in CAG140 knock-in mice – striatal neuronal loss and atrophy,
neurochemical deficits and astrogliosis

We have previously demonstrated the presence of nuclear staining and neuropil and nuclear
aggregates of huntingtin, a hallmark of HD pathology, in CAG140 mice starting as early as 2
months and increasing progressively with age (Menalled et al., 2003). To determine whether
these mice later exhibited a loss of striatal neurons, a characteristic of manifest HD, we
performed striatal neuronal counts in old (20 – 26m) CAG140 KI mice. At this age, KI mice
show a 38% reduction in striatal volume and a 40% loss of striatal neurons compared to WT
mice (Fig 1A, B). In addition to striatal atrophy, the brain weights of these KI mice were reduced
by approximately 19%, indicating that while the striatum is much more severely affected,
overall brain atrophy at this age is present, as is observed in late stage HD patient brains (WT,
n=7; 0.48 ± 0.01g, KI, n=4; 0.39 ± 0.02g, p < 0.002).

Having established that the hallmark of HD pathology (striatal degeneration) is observed in
the mutant mice we then examined a marker of striatal neurons, DARPP-32, which is reduced
in other mouse models of HD (Bibb et al., 2000, van Dellen et al., 2000). DARPP-32
immunoreactivity was normal at 4 months in the striatum of KI mice but was reduced by 41%
at 1 yr, and 84% at 20 – 26m compared to WT (Mann Whitney U-test within-age comparisons,
Fig 2).

Astrogliosis, an additional hallmark of neuropathology in HD patient tissue, was also similar
in mutant and WT animals at 4 months, but was clearly increased in KI cortex compared to
WT at 1 yr (Mann Whitney U-test within-age comparisons, Fig 3). However, striatal gliosis
was only increased in KI animals at 2 yrs, compared to age-matched WT (Mann Whitney U-
test within-age comparisons, Fig 4). GFAP-immunoreactivity was not different in the corpus
callosum or globus pallidus between KI and WT mice.

Late onset motor deficits – Spontaneous home cage behavioral anomalies
CAG140 KI mice have a normal life span, and every day handling revealed that up to 1 year
of age, mice did not show any overt symptoms, as we have previously reported (Menalled et
al., 2003). However, we noted that after 20 months of age KI mice became obviously impaired
and could be discerned from WTs in their home cages. The proportion of mice showing an
uncoordinated gait was significantly greater in the KI group (KI: 8/12, WT: 0/5, p<0.05, Chi
square test). We confirmed this effect in a separate group of mice examined at 20–26 months
of age, and further, found that KI mice showed tremor or shakiness (Table 1, p<0.01, Chi square
test) as well as uncoordinated gait (Table 1, p<0.01, Chi square test). Only KI mice showed
both tremor and uncoordinated gait (p < 0.05, Chi square test). Thus, the KI mice develop an
overt phenotype, visible in the homecage that becomes obvious at an age when extensive (40%)
striatal neuronal loss is present.

Early onset motor deficits – Deficits in climbing, sensorimotor performance, rotarod and
running wheel activity

To further characterize the early behavioral changes that are present in these mice (Menalled
et al., 2003), KI and WT mice were examined in a variety of challenging motor tests between
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the ages of 1.5 and 8 m. Similar to our previous observations in the R6/2 transgenic HD mice
(Hickey et al., 2005), one of the earliest deficits observed was in climbing. Indeed, climbing
was persistently decreased in CAG140 KI mice, and the deficit was progressive over the ages
of 1.5 – 6.5 m, with their performance at 6.5 m significantly lower than that at 1.5m (Fig 5A,
effect of genotype, F(1,21)=4.5, p <0.05). Testing was carried out during the light phase and
the reduced climbing was not due to reduced activity, since rearing was normal up to 4.5 m
(Fig 5B). We have confirmed this climbing deficit in separate, larger groups of mice at 1.5
months of age (Hickey, Chesselet, unpublished) and have found no gender effect in this test.

By 4 months of age, several other behavioral deficits became apparent, including sensorimotor
performance on the vertical pole (tested at 4.5 and 7 m); balance and coordination on the rotarod
(tested at 4 and 6m); and running speed and pattern on the running wheel (tested at 1, 4, 6 and
8m). Mice took longer to complete the pole task compared to WT controls at 4.5 m (Fig 5C,
genotype × age interaction, F(1,21)=7, p<0.02). In addition, the time taken to descend after
turning was increased in KI mice at 4.5 months (data not shown, genotype × age interaction,
F(1,21)=8.02, p<0.05). This test also showed that at later ages the performance of WT controls
deteriorates (4.5 m versus 7 m, p<0.05, Fishers LSD), obscuring genotype effects. This
deterioration in performance with age, in normal mice, has been noted previously and
highlights the importance of age in behavioral testing (Kurosaki et al., 2003).

Rotarod performance was not impaired in KI mice using the accelerating paradigm. Previously,
we have shown that R6/2 transgenic mice, when tested using the smooth axle accelerating
paradigm, can perform as well as wildtype mice yet still show impaired climbing and running
wheel activity (Hickey et al., 2005). Therefore, here we further challenged the knock-in mice
and tested them using a grooved axle, with increasing, fixed, speeds. Indeed, this paradigm did
reveal an impairment in the KI mice, but larger group sizes were required to demonstrate this,
showing that it is a subtle behavioral deficit in these mice (Fig 5D, non-accelerating paradigm,
ANOVA performed on 4 m data, genotype × speed interaction, F(2,60)=3.83, p<0.05).
Additionally, due to deteriorating performance in WT mice, the genotype deficit was again
obscured at 6 m (data not shown).

For running wheel activity, we analyzed data separately for males and females, since running
wheel performance is affected by gender and the estrous cycle (Kent et al., 1991, Kopp et al.,
2006). Mice were tested on the running wheel at 1, 2 4, 6 and 8m and by 4 m male KI mice
began to show deficits in running speed in the dark phase (Fig 6B, effect of nightly running F
(8,128)=20.9, p<0.0001). By 6 m, a profound deficit was evident in male KI mice (Fig 6C,
genotype × nightly running speed interaction F(8,184)=3.69, p<0.001), and this persisted at 8
m, despite a smaller group size tested at this age (data not shown, genotype × nightly running
interaction, F(9,54)=2.6, p<0.02). In addition to running speed, running patterns was also
profoundly affected, with KI mice taking longer breaks from running, and taking longer to start
running in the dark phase at 6 months (Fig 6D). Behavior on the running wheel provided the
highest power, with only 5 male mice required to detect a 50% improvement in performance
at 6m (80% power, α = 0.05).

Female knock-in mice also showed deficits in performance by 4 months of age (Fig 7B, effect
of nightly running F(8, 128) = 10.3, p<0.0001), which persisted at 6 m (Fig 7C, genotype ×
nightly running interaction F(13, 260) = 2.7, p<0.01) and became profoundly perturbed by 8
months (7E effect of nightly running F(14,112) = 2.2, p<0.02). When we examined the running
patterns of our female mice in more detail, we noted that the mice displayed a distinct pattern
of running, with increased running every 4–5 nights (most mice, when they showed a cycle,
had a 4 night cycle). We attributed this pattern of running to their estrus cycle, as previous
research has demonstrated a similar cycle in C57BL/6 mice (Kopp et al., 2006). When we
aligned the data to this night of peak activity (Kent et al., 1991), the effect of cycle was blunted
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in female KI mice at 6 months and lost at 8 months (Fig 7D (6 months), effect of cycle F(2,40)
= 17.5, p<0.0001, effect of cycle day, F(3, 60) = 20.2, p < 0.0001; Fig 7F (8 months), genotype
× cycle interaction F(2,16) = 6.6, p < 0.01; genotype × cycle day interaction F(3,24) = 11.8, p
< 0.0001). Thus, in this fully automated task, both male and female KI mice show disturbed
patterns of running and exhibit deficits in motor performance.

Early onset emotional defects – Evidence of increased anxiety in the light dark box and in
the fear conditioning paradigm

In order to assess emotional changes in these mice, we examined anxiety using the light dark
box and the fear conditioning paradigms, and behavioral despair using the tail suspension test
and the forced swim test. KI mice displayed increased latency to enter the light (WT 6.91
±3.03s, KI 27.94±10.65s, p < 0.05, one tailed t test for heteroscedastic data), indicating
increased anxiety, although we note that the within group variance was significantly greater in
the KI group (p < 0.05). Mice were also tested at 7 months, however by this age there was a
large variability in both groups, and there was no difference between groups.

Fear conditioning takes advantage of the ethologically validated freezing response of rodents
to aversive stimuli (Fendt and Fanselow, 1999, Blanchard et al., 2001). We measured
acquisition of fear-conditioned memory in male WT and KI mice (4–6 months of age). Over
3 CS-US training sessions mice were trained to associate a tone with a footshock, and both
genotypes showed increased freezing with training, during the tone. However, KI mice showed
more freezing, earlier, indicating that they were more fearful of the footshock (effect of training
session, F(2,26)=4.22, p<0.03, data not shown). Both groups of mice responded to the actual
footshock with immediate movement and squeaking and similar levels of tail rattle were
observed in both WT and KI mice. Following footshock, both genotypes showed further
increases in freezing, however, KI mice showed greater levels of freezing and this became
highly significant by the third training session (Fig. 8A, effect of training session, F(2,26)=4.5,
p<0.03). KI mice froze approximately 48% of the post shock period, in contrast to WT mice
that froze 14% of their post shock period. Furthermore, a separate group of male KI mice also
showed increased freezing compared with male WTs (effect of training session, (F(2,18)=15.9,
p<0.001, freezing in third session WT 25 ± 8%, KI 42.5 ± 6.4% p<0.05, Fishers LSD).

Behavioral despair was tested with the tail suspension test (Steru et al., 1985) and the forced
swim test (Porsolt et al., 1977), two tests that are predictive of anti-depressant action and are
used to model behavioral despair by measuring immobility during testing (Cryan and
Mombereau, 2004). We found no evidence of depressive behavior in either test (Table 2).

Cognitive performance in motor and emotional tasks
To assess cognitive performance, we examined learning components of the running wheel and
fear conditioning tests described earlier. At 6 months, male KI mice are not only impaired on
the running wheel, they also show slower improvement in running activity over time, when
compared to WT mice (Fig 8B). Similarly, while 6 month old WT females ran faster on days
2.4 and 3.4 versus day 1.4 (Fig 7D, p < 0.01, Fishers LSD), KI performance did not improve.
These data suggest that both male and female mice had motor learning defects. In contrast,
recall of the fear conditioning paradigm was normal in the KI mice, since their response to tone
alone, or context alone, was similar to WT mice (Fig 8C).

Discussion
Here, we show that the CAG140 line of mice shows multiple behavioral deficits up to 2 years
before overt, spontaneous motor deficits in the homecage, and eventually displays striatal
neuronal loss, a pathological hallmark of HD. Thus, these mice provide a slowly progressive
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phenotype amenable to mechanistic studies of successive phases of the disease. Indeed, there
is increasing evidence of motor, cognitive and psychiatric dysfunction in pre-manifest carriers
of the HD mutation (Kirkwood et al., 1999, Kirkwood et al., 2000a, Kirkwood et al., 2000b,
Smith et al., 2000, Kirkwood et al., 2002, Duff et al., 2007, Hinton et al., 2007, Solomon et
al., 2007). In addition, pathological changes (Gomez-Tortosa et al., 2001, Aylward et al.,
2004, Rosas et al., 2005, Rosas et al., 2006) and neural dysfunction (Zimbelman et al., 2007)
exist many years prior to estimated age at onset. These early changes are taking on increasing
value as potential markers of therapeutic efficacy in clinical trials (Paulsen et al., 2007). The
protracted period of behavioral dysfunction displayed by the KI mice, together with progressive
huntingtin pathology (Menalled et al., 2003), provides a useful model for studying the early
stages of HD and for preclinical drug testing.

Neurodegenerative changes
Only a handful of HD models, including one other KI line (Heng et al., 2007) reproduce the
frank loss of striatal neurons observed in HD (Reddy et al., 1999, Slow et al., 2003, Stack et
al., 2005, Kantor et al., 2006). Usually this phenotype is only observed in old mice, therefore
our goal was not to provide a detailed time course of the striatal neuronal loss but to establish
that this line of KI mice does exhibit the pathological hallmarks of HD. Our data indeed show
a 40% striatal neuronal loss as measured with rigorous stereological methods at 20–26 months
of age in KI mice. In addition, we observed a progressive loss of DARPP32, which is present
in medium-sized spiny neurons of the striatum. These neurons are primarily vulnerable in HD
and comprise 95% of all striatal neurons. The absence of DARPP32 decrease at 4 months
establishes that there is no significant neuronal loss in the striatum at the age when the mice
already show extensive dysfunction in tests of motor and non-motor behaviors (see below).

DARPP-32 levels are also reduced in other genetic models of HD (Bibb et al., 2000, van Dellen
et al., 2000). This phosphoprotein is an important mediator of signaling cascades in
dopaminoceptive neurons (Greengard, 2001), and it’s loss could contribute to reported
alterations in dopaminergic signaling in HD mice (Bibb et al., 2000, van Dellen et al., 2000,
Hickey et al., 2002, Petersén et al., 2002, Heng et al., 2007). Other pathological findings in
humans with HD include cortical (Selemon et al., 1998) and striatal (Stevens et al., 1988)
gliosis. Cortical gliosis was already significantly increased in KI mice by 1 year of age while
striatal gliosis was only increased at 2 yrs. The delayed appearance of gliosis in the KI mice is
compatible with the late onset of neurodegeneration in this model and with reports of striatal
reactive gliosis in CAG150 homozygous mice, at approximately similar ages (Lin et al.,
2001).

Motor impairments
As with other HD mouse models (Hickey et al., 2005) spontaneous overt homecage motor
phenotypes were not observed until an old age (20 – 26 months) and consisted of obvious shake
or tremor and qualitative impairment of gait. This supports and extends gait deficits measured
quantitatively in these mice at 1 year (Menalled et al., 2003) and later (2 years of age) in the
CAG 150 and HdhQ111 models (Wheeler et al., 2002, Heng et al., 2007). These deficits are
also similar to those exhibited by the R6/2 transgenic mouse but this overt phenotype is also
a very late manifestation of disease in these transgenic mice (Hickey et al., 2005).

In contrast to the late developing overt spontaneous home-cage motor phenotypes, motor
performances on challenging behavioral tests were impaired at a much earlier age, extending
our previous observations in the same line of mice (Menalled et al., 2003). Both in R6/2
transgenic mice (Hickey et al., 2005) and CAG140 KI mice, which display very different
progression of phenotype, climbing is one of the earliest deficits observed and here we show
that in CAG140 KI mice, as with R6/2 transgenic mice, the deficit is progressive.

Hickey et al. Page 10

Neuroscience. Author manuscript; available in PMC 2009 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



At 4 m, sensorimotor performance was impaired in KI mice on the vertical pole task. On the
rotarod, KI mice did not show any deficit in the accelerating paradigm, however deficits were
revealed using a fixed speed paradigm (4 m), which has been shown to be more sensitive to
striatal dysfunction (Monville et al., 2006). However, the deficits were subtle and larger group
sizes were required to reveal them.

Running wheel activity takes advantage of a fully automated test. Spontaneous running deficits
developed over time in the CAG140 mice starting with significant but small deficits at 4 m, in
both male and female mice. By 6 m running became profoundly reduced in male KI mice and
this deficit remained at 8 m, despite using smaller group sizes. Indeed, power analysis of
running wheel data at 6 months showed that only 5 male mice are required to see a 50% change
in running wheel performance at 6 months. The pattern of running in 6 m male KI mice was
fragmented and disorganized and this is very much reminiscent of the progressive reduction
in running wheel performance of transgenic R6/2 mice (Hickey et al., 2005). We did not find
any differences in running wheel in the light, however this is not unexpected since rodents run
very little in the light phase. Similarly, in R6/2 mice, night phase running deficits are much
larger than; and precede; light phase deficits (Hickey et al., 2005). Our findings on the running
wheel and in climbing activity of male KI mice are consistent with observations made by
Dorner and colleagues (2007) in the same line of mice, with the exception of the gender
interactions found by these authors with smaller number of animals than in our study.

Wheel running can be modulated by estrogen levels (Cotman and Engesser-Cesar, 2002,
Ogawa et al., 2003) thus performance of female mice was analyzed separately to male mice.
Running was reduced at 4 m and 6 m and became profoundly impaired at 8 m. We also noted
that the mice showed a pattern of increased running every 4–5 nights (most mice, when they
showed a cycle, had a 4 d cycle). This pattern has been described previously, and has been
attributed to estrus cycle, with increased running at proestrous in rodents (Kent et al., 1991,
Kopp et al., 2006). Indeed, running wheel activity has been used as a non-invasive method for
monitoring estrus cycle in female rats (Kent et al., 1991). When we aligned the data to these
nights of peak activity the deficit in female KI performance on the running wheel became more
apparent. In aligned data, proestrus running was blunted in female KI mice by 6m, and by 8
m, female KI mice did not show cycling. Interestingly, many aspects of endocrine function are
perturbed in HD (Petersén and Bjorkqvist, 2006) and indeed circulating levels of sex hormones
are altered in a transgenic rat model of HD (Bode et al., 2008).

Non-motor behaviors; evidence of anxiety and motor-learning impairment
Importantly, CAG140 KI mice exhibited early non-motor anomalies, indicating that they
express a broad range of behavioral deficits, similar to HD patients even in the pre-manifest
phase of the disease (Duff et al., 2007, Marshall et al., 2007). Evidence for increased anxiety
was observed in the light dark box and in the fear conditioning paradigm. The difference in
variability between WT and KI groups at 1.5 months in the light dark box is reminiscent of the
variable incidence of anxiety in HD (Paulsen et al., 2001). The effect was only observed at this
early age, which is consistent with data showing that optimal results with the light dark box
are achieved with young mice (Hascoet et al., 1999). Indeed, we also observed increased
anxiety in young (4 weeks), but not old (8 weeks) male R6/2 transgenic mice (Hickey et al.,
2005). In addition, we found that male KI mice showed an increased fear response during the
training phase of fear conditioning. Alterations in fear conditioning response in the R6/2 model
have been reported (Bolivar et al., 2003), however freezing, a well defined rodent response to
aversive stimuli (Fendt and Fanselow, 1999, Blanchard et al., 2003), was not measured in that
study. Mild stress induces an increased fear response during footshock (Griffin et al., 2003)
and anxiolytics can reduce the fear response (Miyamoto et al., 2004). In addition, mutant mice
that show neophobia in the novelty-suppressed feeding task and other anxiety behaviors also
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show increased freezing in response to footshock (Gross et al., 2000). This suggests that the
increase in fear response in our mice may further indicate enhanced anxiety, at an early stage
in disease progression.

Surprisingly, other HD mouse models displayed reduced (File et al., 1998, Naver et al.,
2003, von Hörsten et al., 2003, Nguyen et al., 2006) or no change (Klivenyi et al., 2006) in
anxiety. These differences may be due to the analysis of different phases of the disease in
models with markedly different progression rates of pathology. We also tested our mice for
depressive behavior using the tail suspension and the forced swim tests, which have a long
history of use in the study of depression and of predicting anti-depressant action (Cryan and
Mombereau, 2004, Cryan et al., 2005). Based on these tests, our mutant mice did not display
any depression-like behavior.

No deficits were observed in the recall components of the fear conditioning task, indicating
that long term memory for the context and CS was normal in KI mice. In contrast, both male
and female KI mice showed impaired motor learning on the running wheel, again reminiscent
of early changes in learning observed in pre-manifest HD (Feigin et al., 2006, Ghilardi et al.,
2008).

In summary, the CAG140 KI mice reproduce key features of HD: an expanded CAG repeat
within the full length huntingtin protein, expressed under the huntingtin promoter; progressive
accumulation of huntingtin in the nucleus followed by huntingtin aggregates in the nucleus
and the neuropil, and nuclear inclusions (Menalled et al., 2003); early and progressive motor
dysfunction leading to overt deficits at an older age; non-motor anomalies suggestive of
increased anxiety; motor learning deficits; reactive gliosis; loss of DARPP-32; brain and striatal
atrophy; and finally loss of striatal neurons, a hallmark of advanced HD in humans. This
ensemble of characteristics (see Table 3), in particular the slow progress of the phenotype,
makes these mice a particularly useful model to decipher the succession of detrimental effects
caused by the mutation, and to test neuroprotective treatments for HD.

Abbreviations
KI, knock-in; WT, wildtype; HD, Huntington’s disease; PBS, phosphate buffered saline.
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Fig 1. KI mice show striatal neuronal loss and striatal atrophy
A, The volume of the total striatum (1 hemisphere) was calculated in 20 – 26 m old WT and
KI mice, and KI mice show 38% reduction in striatal volume in comparison to WT mice. B,
Using the optical fractionator method, the number of striatal neurons over the entire striatum
(1 hemisphere) in these mice was estimated, with KI mice showing 40% reduction in striatal
neurons. Male mice, WT, n=7, KI, n=4. Data compared using Student’s t test, *p<0.01.
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Fig 2. DARPP-32 levels in WT and KI CAG140 mice
A, Representative photomicrographs of DARPP-32 immunocytochemistry at 4 m, 12 m and
20–26 m (approx 23 m). B, WT and KI mice were grouped by age and the optical density of
striatal staining for DARPP-32 was determined from digitized photomicrographs using ImageJ.
DARPP-32 content for each mouse (WT and KI) was determined as a percent of the WT group
mean. Within-age comparisons of raw data were carried out using Mann Whitney U-tests, *
p<0.05. Male mice were used, 4 m WT n=4, KI n=5, 12 m WT n=3, KI n=4, 23 m WT n=6,
KI n=4. Scale bar in A = 2 mm.
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Fig 3. Cortical gliosis in WT and KI CAG140 mice
A through F, Representative photomicrographs of GFAP immunoreactivity in the cortex of
WT (A, C, E) and KI (B, D, F) mice at 4 m (A, B), 12 m (C, D) and 20–26 m (approx 23 m,
E, F). Note the increased gliosis in KI mice at 12 m, with increased numbers of glia in the
deeper cortical layers. By 23 m, gliosis is even more prominent in KI mice. Scale bar = 100
µm, applies to A through F. G, A blinded observer scored each of three sections per mouse for
numbers of glia present, on a scale of 1 through 6. The average score per mouse was then used
to generate group means. *, p<0.05, ** p<0.01. Male mice were used, 4 m WT n=4, KI n=5,
12 m WT n=3, KI n=4, 23 m WT n=7, KI n=5.
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Fig 4. Late stage striatal gliosis in KI CAG140 mice
A through F, Representative photomicrographs of GFAP immunoreactivity in the striatum of
WT (A, C, E) and KI (B, D, F) mice at 4 m (A, B), 12 m (C, D) and 20–26 m (approx 23 m,
E, F). Striatal gliosis is delayed in comparison to cortical gliosis (see Fig 3) and KI mice do
not show increased striatal gliosis until 23 m. Scale bar = 100 µm, applies to A through F. G,
A blinded observer scored each of 3 sections per mouse for numbers of glia present, on a scale
of 1 through 6. The average score per mouse was then used to generate group means. * p<0.05.
Male mice were used, 4 m WT n=4, KI n=5, 12 m WT n=3, KI n=4, 23 m WT n=7, KI n=5.
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Fig 5. Young KI mice climb less than WT mice and are impaired on the pole task and fixed speed
rotarod paradigm
A, KI mice attempt less climbs than WT mice from 1.5 months of age. * p<0.05, ** p<0.01
compared to WT group. B, However, activity levels are normal until 4.5 months, but by 6.5
months, KI mice rear less than WT mice in the climbing cage **, p<0.01. C, KI mice show
sensorimotor deficits on the pole task at 4.5 months of age. ** p<0.01 compared to WT group
at same age. Data shown are mean ± sem. WT n=12, KI n=11. D, KI and WT mice (4 months)
were tested on the rotarod using fixed speeds and KI mice showed impaired performance at
higher speeds, * p<0.05, ** p<0.01. Data are mean ± sem. WT n=19, KI n=13.
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Fig 6. Male KI mice show progressive reduction in running wheel performance with age
While no deficit in performance was detected at 1 month of age (A), slight deterioration was
found at 4 months (B). By 6 months (C) KI mice show profoundly reduced running,
accompanied by (D) an increase in the time taken to run when the lights go off (Time to initiate
running) and increased lengths of break taken from running (Length of break). * p<0.05, **
p<0.01, *** p<0.001 compared to WT mice. Data shown are mean ± sem. n=8–13.
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Fig 7. Female KI mice show progressive reduction in dark phase running and deficits become more
obvious when estrus cycle is taken into account
At 1 month (A), similar to male KI mice, no deficit in performance in female KI mice is noted.
However by 4 months (B), slight reductions in performance are detected. Unaligned nightly
running of female WT and KI mice at (C) 6 and (E) 8 months of age. Raw data from (C) and
(E) were then aligned to coordinate peak running. WT mice show a strong estrus cycle at 6 (D)
and 8 (F) months. KI mice do show estrus cycling at 6 months, however they do not run as fast
as their WT littermates, and by 8 months show no cycling at all. * p<0.05, ** p<0.01 compared
to WTs. Data shown are mean ± sem. n=5–12.
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Fig 8. Male KI mice show enhanced fear response during fear conditioning training and show
evidence of motor learning impairment
A, For fear conditioning mice were tested once, and were aged 4–6 months. During CS-US
pairing (training) KI mice show increased fear in response to the footshock, in comparison to
WT mice. **, p<0.01, compared to WT, same session. B, KI mice show less improvement over
time in running wheel activity, as indicated by the reduced slope of their performance between
night 2 and night 10 of running wheel exposure. * p<0.05, compared to WT mice. C, Context
and tone recall for fear conditioning were tested 48 hours post training. Both genotypes show
significantly increased freezing over baseline (habituation) values when exposed to the context
within which training took place (left), or when exposed to the tone (CS, right). * p<0.05, **,
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p<0.01. For the context recall, mice were placed in the same chambers as they were trained in,
thus habituation data shown here are from prior to training sessions. For tone recall, mice are
placed in different cages, in a separate room, thus habituation data are from before tone being
turned on. Data shown are mean ± sem. N = 8–13.
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Table 1
KI mice develop spontaneous homecage behavioral anomalies

WT KI

Uncoordinated gait 0 11**

Tremor 1 12**

Uncoordinated gait with tremor 0 8*

Data from 20–26 month old mice, WT n=8 (3M, 5F), KI N=15 (7M, 8F),

*
p<0.05;

**
p<0.01, Chi square independence test.
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Table 2
No evidence of behavioral despair in the forced swim test (Porsolt swim test, PST) and tail suspension test (TST).

Male Female

WT (s) KI (s) WT (s) KI (s)

Duration of immobility
(PST)

114 ± 24 115 ± 38 136 ± 45 139 ± 28

Duration of immobility
(TST)

143 ± 20 141 ± 20 104 ± 29 118 ± 24

Mice were aged 4.5 – 6 m. WT n= 13 (7M, 6F); KI n=13 (4M, 7F).
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Table 3
Timeline of pathological and behavioral anomalies in CAGI40 KI mice

The top section shows the pattern of huntingtin aggregation in the striatum, pEM48, polyclonal EM48; NS, nuclear staining; NA, nuclear microaggregates;
NI, nuclear inclusions; NP, neuropil aggregates. Ages greater than 6 m were not examined. The middle section shows the frank degenerative changes that
occur in CAG140 homozygous mutuant KI mice, as described in this paper. The bottom section shows the behavioral anomalies in KI mice. Symbol (+)

indicates presence of deficit or anomaly in behavioral measure (see row title) in comparison to WT mice. ΔFear conditioning measures in male mice aged

4–6 m. ◇Depressive behavior measured in mice aged 4.5–6m. #Indicate data previously published in Menalled et al., 2003. Please note than these
observations were made in KI mice with 140CAG repeats; all other observations are from the present study, with mice carrying approximately 120 CAG
repeats.
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