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Abstract
The discovery of the gene mutation responsible for Huntington's Disease (HD), huntingtin, in
1993 allowed for a better understanding of the pathology of the and enabled development of
animal models. HD is caused by the expansion of a polyglutamine repeat region in the N-terminal
of the huntingtin protein. Here we examine the behavioral, transcriptional, histopathological and
anatomical characteristics of a knock-in HD mouse model with a 140 polyglutamine expansion in
the huntingtin protein. This CAG 140 model contains a portion of the human exon 1 with 140
CAG repeats knocked into the mouse huntingtin gene. We have longitudinally examined the
rearing behavior, accelerating rotarod, constant speed rotarod and gait for the heterozygote,
homozygote and their non-transgenic littermates and have found a significant difference in the
afflicted mice. However, while there were significant differences between the non-transgenic and
the knock-in mice, these behaviors were not progressive. As in HD, we show that the CAG 140
mice also have a significant decrease in striatally enriched mRNA transcripts. In addition, striatal
neuronal intranuclear inclusion density increases with age. Lastly these CAG 140 mice show
slight cortical thinning compared to unaffected littermates, similarly to the cortical thinning
recently reported in HD.
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Introduction
Huntington's Disease (HD) is a progressive neurodegenerative autosomal dominant genetic
disorder that afflicts approximately 3 to 8 in 100,000 individuals (Folstein, et al., 1987,
Wexler, et al., 2004). In 1993, the gene that causes HD, huntingtin (htt), was discovered and
sequenced (The Huntington's Disease Collaborative Research Group, 1993). HD is caused
by an expanded polyglutamine tract which is encoded by the tri-nucleotide, CAG, in the first
exon (The Huntington's Disease Collaborative Research Group, 1993). An individual with
HD has more than 35 CAG repeats in the htt gene, normal repeat lengths of less than 35 do
not result in the development of HD (The Huntington's Disease Collaborative Research
Group, 1993). At this time, however, there is still little known regarding htt's native function
or the exact mechanism of how the mutant htt protein causes HD.

Briefly, HD pathology mainly affects the medium spiny neurons in the striatum (Graveland,
et al., 1985, Vonsattel, et al., 1985). In addition, progressive cortical thinning (Gomez-
Anson, et al., 2009, Hobbs, et al., 2010, Hobbs, et al., 2009, Rosas, et al., 2005, Rosas, et al.,
2008), striatal atrophy (Halliday, et al., 1998, Peinemann, et al., 2005, Ruocco, et al., 2006),
and striatal specific transcriptional dysregulation (Albin, et al., 1991, Augood, et al., 1997,
Hebb, et al., 2004, Hu, et al., 2004, Richfield, et al., 1995) are also observed in HD patients.
Behaviorally, HD is characterized by a progression from mood swings and personality
changes, to chorea, and dementia (Craufurd, et al., 2001, Lawrence, et al., 1998, Lawrence,
et al., 1996, Naarding, et al., 2001, Thompson, et al., 2002). For a more comprehensive
overview of the clinical symptoms, time course, and treatments for HD please see Phillips et
al (Phillips, et al., 2008).

In 1996, the first transgenic mouse models of HD were developed by Mangiarini et al
(Mangiarini, et al., 1996). The two transgenic lines, R6/1 and R6/2, have been among the
most studied models in the HD field and consist of the 5' region of the human mutant htt
inserted into the mouse genome. The R6/1 mice have approximately 116 repeats in the
transgene while the R6/2 mice have approximately 144 repeats. The gene expression levels
of the R6/1 and R6/2 in relation to the endogenous mouse htt (hdh) are 31% and 75%
respectively. Phenotypically, these mice show resting tremors, clasping behavior when held
by the tail, gait abnormalities and other motor skill deficits starting about 15 weeks in the
R6/1 and 5 to 6 weeks in the R6/2 line (Carter, et al., 1999, Mangiarini, et al., 1996). A
pathological hallmark of HD, neuronal intranuclear inclusions (NII) was first found in the
R6 lines and has since been one of the most utilized histopathological markers in mouse
models of HD as well as in humans (Becher, et al., 1998, Davies, et al., 1997, Gutekunst, et
al., 1999, Morton, et al., 2000, Schilling, et al., 1999). Levels of striatally enriched
transcripts, similar to that observed in humans, are also dysregulated in transgenic mice such
as the R6 lines (Bibb, et al., 2000, Denovan-Wright and Robertson, 2000, Dowie, et al.,
2009, Hebb, et al., 2004, Hebb, et al., 2008, Hu, et al., 2004, Kuhn, et al., 2007, Luthi-
Carter, et al., 2000, McCaw, et al., 2004, van Dellen, et al., 2000)

Since the R6 and other HD models that are transgenic and have both the expanded 5' portion
of the human mutant htt gene and the endogenous mouse hdh alleles, these models do not
perfectly match the genetics of HD which is important especially when attempting to study
allele specific knock-down of mutant htt (DiFiglia, et al., 2007, Drouet, et al., 2009, Harper,
et al., 2005, Pfister, et al., 2009, Rodriguez-Lebron, et al., 2005). To more accurately model
the genetic makeup of HD, various knock-in models have been developed. These models
have replaced one of the hdh alleles with either a fused human/mouse mutant htt chimera
(Menalled, et al., 2003, Menalled, et al., 2002, Wheeler, et al., 2002, Wheeler, et al., 2000)
or simply expanded the CAG region of the mouse hdh gene itself (Lin, et al., 2001). The
knock-in mouse models, like the transgenic mouse models, have been created with various
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lengths of expanded CAG region (Lin, et al., 2001, Menalled, et al., 2003, Menalled, et al.,
2002, Wheeler, et al., 2002, Wheeler, et al., 2000). These knock-in mice tend to have a
longer life span than the transgenic with a slower progression towards neuropathology seen
in transgenic models consisting of truncated versions of htt (Hodgson, et al., 1999, Levine,
et al., 1999, Menalled, et al., 2003, Menalled, et al., 2002, Schilling, et al., 1999, Slow, et al.,
2003, Wheeler, et al., 2002, Wheeler, et al., 2000).

Menalled et al. (Menalled, et al., 2003) have developed a mouse knock-in model
characterized by 140 CAG repeats. This CAG 140 model contains a small portion of the
human gene, starting from 18 base pairs upstream of the CAG repeat region through 100
base pairs of first intron and was initially characterized by the Menalled group (Menalled, et
al., 2003). The CAG 140 model was further characterized by Dorner and Hickey (Dorner, et
al., 2007, Hickey, et al., 2008). To date, all characterizations of the CAG 140 mouse were
restricted in the timing of the behavioral testing and the pathological aspects examined.
Thus, here, we have undertaken a long-term longitudinal motor behavior study of the CAG
140 and a concomitant cross-sectional neuropathological study model to provide a
comprehensive picture of the progression of disease in this mouse model. Additionally, the
initial CAG 140 characterization studies were performed with homozygous mice (Dorner, et
al., 2007, Hickey, et al., 2008, Menalled, et al., 2003). No study, to date, has directly
compared the non-transgenic (nTG), heterozygote and the homozygote genotypes. To this
end, we performed monthly rotarod, rearing, and gait behavioral analysis as well as a cross-
sectional analysis of transcripts and NII levels at 3 month intervals for approximately 19
months in nTG, heterozygote and homozygote CAG 140 mice. The longitudinal and cross-
sectional study reported here expands the characterization of the CAG 140 mouse model
phenotype and provides a comprehensive set of dependent variables that can be used for
future testing of therapeutics in the CAG 140 model.

Materials and Methods
Animals and tissue preparation

Ten week old CAG 140 knock-in mice on the C57BL6 background strain (Menalled, et al.,
2003) were used for behavioral experiments (a kind gift of Scott Zeitlin). Briefly, Menalled
et al. replaced a portion of the first exon of the mouse htt gene with the human equivalent
(Menalled, et al., 2003). The knocked in region spans from 18 base pairs upstream of the
CAG repeat region to the 100 base pairs into the first intron and introduces ~140 CAG
repeats (Menalled, et al., 2003).

Genotype determination was performed by PCR analysis after isolation of genomic DNA
from tail snips. PCR primers for the nTG gene are as follows: F- 5'
ACGCATCCGCCTGTCAATTCTG 3' and R- 5' CTGAAACGACTTGAGCGACTC 3'.
Primers for the knock-in gene are F- 5' GCCCGGCATTCTGCACGCTT 3' and R-
5'GAGTACGTGCTCGCTCGATG 3'. An initial 5 minute 94°C was followed by 36 cycles
of 30 seconds at 94 °C, 30 seconds at 65 °C and 1 minute at 72 °C. Following the last cycle
a final elongation step was performed at 72 °C for 7 minutes. PCR samples were run on a 2
% agarose gel and genotype was determined by either the presence of the nTG band at 534
bps and/or the knock-in band at 287 bps.

For all behavioral experiments, 8 nTG mice (6 males, 2 females), 13 heterozygous (8 males,
5 females), and 4 homozygous (2 males, 2 females) mice were tested. In addition a cross-
sectional group of mice at 3, 6, 9, 12, 15 and 19/20 months of age were used for the in situ
hybridization study as well as immunohistochemistry quantification of inclusion bodies and
cortical thickness. The number of mice used in these cross-sectional studies varies and are
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indicated in the appropriate figure legends. No gender differences were observed in the
cross-sectional studies.

Mice were euthanized with an overdose of pentobarbital (>150mg/kg) and the brains were
removed and placed at −80°C until further processing was performed. All appropriate
housing and handling procedures were followed in accordance with the Institutional Animal
Care and Use Committees at the University of Florida.

Rearing Behavior
nTG, heterozygous, homozygous mice were individually placed in 1 L beakers in the dark
and videotaped for 10 minutes. Testing was done at the end of the light cycle for the mice.
The tapes were viewed by an individual who was ignorant of the mouse genotype to
determine the number of times the mice reared up and touched the side of the beaker with
their front paws. Rears that did not include a front paw touch were not counted. Average
number of rears per minute was calculated. This task was performed once every two weeks
initially and once a month when the mice were 4 months old.

Rotarod
The accelerating rotarod (Columbus Instruments, Columbus OH) started at 5 RPM and
increased in speed at 0.3 RPM per second. The mice were allowed to stay on the apparatus
until they fell off. The time that each mouse fell off was noted. The test was performed 4
consecutive times a day over 3 consecutive days. A minimum of a minute and half was
allowed between each session. The maximum speed was then calculated from the latency to
fall. We were unable to perform this test in the 15th month.

In addition, we measured the latency to fall off the rotarod at two different constant speeds.
Starting at 10 RPM, the mice were allowed to continue to run on the rod until they fell or
until 60 seconds elapsed. The test was performed again at 18 RPM. The test consisted of two
consecutive 10 RPM-18 RPM switches over two consecutive days following the
accelerating rotarod task described above. A minimum of a minute and half was allowed
between each session. We were unable to perform this test in the 15th month.

Gait analysis
A gait apparatus with a runway of 50 centimeters by 10 cm wide with 10 cm high walls was
used to test gait. Each mouse was initially allowed to be in a dark goal box for 5 minutes
with a FrootLoop™. The mouse was then taken out and shown the corridor that was well lit
overhead and on the side. Receipt paper was laid down in the corridor. The mouse was then
placed back into the goal box for 1 minute, after which the front paws were painted blue and
the rear paws orange with non-toxic children's finger paint. The mouse was then placed at
the opposite end of the goal box and allowed to return to the goal box on its own volition.
The receipt paper was then collected and the distance between the front and rear paws (Gait
Width), and between the front footprints of the consecutive steps (Gait Length) were
measured. In subsequent tests, mice were only allowed in the goal box for 1 minute before
their feet were painted.

In Situ hybridization
Fresh-frozen mouse brain tissue was sectioned at 14μm on a cryostat. Approximately 25
slides with 5 sections per slide were processed for each mouse, and these slides were used
for both immunohistochemisty (see immunohistochemisty section) and in situ hybridization.
In situ hybridization was performed on the representative 14 μm thick coronal mouse brain
sections (bregma +1.70 to −0.50) mounted on slides from using radiolabeled (33P) antisense
gene-specific oligonucleotide probes. The probes used here are dopamine and cyclic AMP-
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regulated phosphoprotein with molecular weight 32 kDa (DARPP-32), pre-pro-Enkephalin
(ppENK), Phosphodiesterase 10a (PDE10a), Phosphodiesterase 1b (PDE1b), Dopamine
Receptor Type 2 (D2), Cannabinoid Receptor Type 1 (CB1), Neuronal Growth Factor I-A
NGFi-A, dynamin and β-actin. The methods employed for in situ hybridization and
quantification of the hybridization signal have been described previously in detail.
(Denovan-Wright and Robertson, 2000, Hebb, et al., 2004, Hu, et al., 2004, Luthi-Carter, et
al., 2000, Rodriguez-Lebron, et al., 2005)

Quantification of Transcripts
To determine the relative mRNA transcript levels, optical density (OD) was calculated using
the Quantity One analysis software from Bio-Rad (Hercules, CA). Slide background was
subtracted out and all values were normalized to the β-actin transcript levels. Heterozygote
and homozygote percentage levels were calculated from nTG levels. Dynamin was
determined using a rectangle shape outline.

Immunohistochemistry
Slides used for immunohistochemical staining were washed 3 times with PBS then fixed for
15 minutes with 4% paraformaldhyde. Three PBS washes were then performed to remove
the paraformaldehyde, and then the samples were treated with a 3% (v/v) H202 and 10 %
methanol solution for 10 minutes. Subsequently a blocking step was performed with 7.5%
(v/v) Natural Horse Serum (NHS) and 0.1% Triton-X100 for 2 hours. Primary antibody
solutions were made with mouse anti-htt mEM48 (MAB5374 from Millipore™ Billerica,
MA at 1:2000), and mouse anti-NueN (MAB377 from Millipore™ Billerica, MA at 1:1000)
with 1% NHS and 0.1% TritonX100. Primary was applied to the slides overnight at 4°C
using Hybriwells™ (Grace Bio-Labs Bend, OR). After washing slides with PBS, they were
incubated in biotinylated horse anti-mouse secondary with 1% NHS and 0.1% Triton-X100
for 2 hours. ABC solution from the Vectastain ABC kit (Vector Laboratories Burlingame,
CA) was applied to prime the secondary antibodies on the tissue for an hour before
NovaRed (Vector Laboratories, Burlingame, CA) visualization was performed.

Quantification of Inclusion Bodies
Using the program Stereo Investigator (MBF Bioscience, Williston, VT) striatal regions of
the brain sections were outlined using the optical fractionator function. Using approximately
300μm separation between each stop in the setup parameters a representative number of
inclusion bodies were counted in the section. Five sections were counted separated
approximately by 350 μm. The average number of inclusions per stop was calculated. A
minimum of three mice per group were used for this calculation. This sampling method
yielded an estimate of NII density identically for each mouse. NII estimates were
normalized for each mouse to the mean of the 6 month NII density in order to give an index
of percentage increase over the sixth month time point.

Cortical Thickness
Measurements of cortical thickness were determined using the Quantity One program from
Bio-Rad (Hercules, CA). The thickness of an average of 3 sections from the left and right
hemispheres was determined from the dynamin in situ films.

Statistical Analysis
One-way or Two-Way analysis of variance (ANOVA) was performed where applicable.
Two-way ANOVA was followed by Bonferoni/Dunn post-hoc tests. All longitudinal data
were analyzed using repeated measures ANOVA. In these repeated measures analysis, no
post hoc comparisons between groups at individual time points was performed due to the
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lack of a time X genotype interaction in all cases. Statistics and Graphs were generated in
GraphPad Software (Prism, La Jolla, CA) or Statview 5.1 (SAS Institute, Inc. Cary, NC). P–
values of <0.05 were accepted to be significant.

Results
Behavioral Abnormalities in HD mice

Rearings—We placed individual mice in a 1 L beaker for 10 minutes in the dark and the
number of rears was recorded. From the initial 2.5 month time point on, the nTG mice
reared significantly more times than the knock-in mice. nTG mice averaged 2.74 rears per
minute while both heterozygote and homozygote averaged 1.36 (Figure 1). There was no
difference in rearing between heterozygote CAG 140 and homozygote CAG 140 mice.
While there was a significant difference between the knock-in and the nTG mice, this
difference was not progressive. There were some inconsistent gender differences prior to 9
months of age but these differences did not contribute significantly to the overall reduction
of rearing behavior in CAG 140 mice (supplemental figure 1).

Rotarod—We used two different rotarod tests to determine if the CAG 140 mice exhibited
a deficiency in motor skills. The accelerating rotarod started at a speed of 5 RPM
(revolutions per minute) and increased in speed by 0.3 RPM each second (Figure 2A). nTG
mice reached an average max speed of 21.3 RPM before falling, whereas the heterozygotes
and homozygotes reached 16.8 and 17.2 RPM, respectively. The maximum speed that the
nTG mice were able to perform was significantly higher than either the heterozygous or the
homozygous CAG 140 mice. There was no significant difference between the maximum
rotarod performance speeds of the heterozygous or homozygous CAG 140 mice.

The constant speed rotarod performance was tested at two different speeds, 10 RPM and 18
RPM (Figure 2B and 2C). While the accelerating rotarod showed a difference between the
genotypes, constant speed rotarod tests showed no difference between nTG and either the
heterozygous CAG 140 or the homozygous CAG 140 mice. On the 10 RPM constant speed
rotarod, the nTG, heterozygous and homozygous mice stayed on an average of 50.9 seconds,
43.7 seconds and 47.2 seconds respectively. The 18 RPM constant speed rotarod showed the
nTG, heterozygous and homozygous stayed on an average of 31.8, 19.4 and 22.7
respectfully.

Gait Analysis—Like the rearings, gait analysis was performed once a month. The results
for both stride length and stride width or ratios between the two measurements did not
indicate a difference between any of the genotypes (data not shown).

Expression of the CAG 140 allele leads to transcriptional anomalies in the
mouse brain—In situ hybridization of transcripts was performed on nTG, heterozygous
and homozygous mice to ascertain the transcriptional changes associated with the expression
of the CAG 140 allele of hdh. The striatally enriched transcripts examined here were
DARPP-32, ppENK, PDE10a, PDE1b, D2 receptors, CB1 receptors, and NGFi-A, (also
known as zif-268). β-actin was used to normalize the other transcripts. We examined 3
month old mice through 19/20 months at intervals of approximately 3 months. We examined
the homozygous mice only out to 12 months.

Transcriptional levels of heterozygote compared to nTG (Figure 4) started to decrease at 6
months in four transcripts (PDE1b, NGFiA, CB1 and ppENK). We saw a transcript
reduction of approximately 20% when compared to nTG transcript levels at 9 months with
the exception of ppENK and DARPP-32 which showed a 7 % increase and a 15 % decreases
respectively. Transcripts continued to decrease over time and eventually by 19/20 months
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the transcripts were approximately reduced by 30% compared to controls. The transcript
with the greatest reduction levels compared to nTG was PDE10a which decreased by 36%,
while ppENK transcript levels decreased the least, by 14%, at the final time point.

Similar to heterozygous CAG 140 mice, homozygote transcript levels (Figure 5) began to
decrease at 6 months. At 12 months, the average transcript reduction was 35% with the
greatest reduction being CB1 at 56%, and the lowest reduction being DARPP-32 at 18%
when compared to nTG mice transcript levels. For comparison, heterozygous mice at 12
months have an average reduction of 22% across the transcripts while homozygote at 12
months mice transcripts reduced by an average of 35% compared to nTG.

Older CAG 140 mice exhibit an increase in NIIs—Sections from each genotype at the
various ages were stained with EM48 (Millipore™ Billerica, MA) for semi-quantification of
the NIIs. Figure 6 shows the percentage increase over the baseline levels of NIIs at 6
months. 6 months was the first time NIIs became evident in any of our mice and we used
this time point as our normalization baseline. Similar to the heterozygous mice, the
homozygote NIIs show an increase over time compared to the 6 month baseline but these
differences did not reach statistical significance (Supplementary Figure 2). nTG mice, as
expected, did not show significant inclusion staining at any time point (data not shown).

Significant increase in the percent of NIIs seen above baseline did not occur until 15 months
for the heterozygous mice. At 19/20 months the heterozygous mice had 5.3 inclusions per
1mm2 equating to 8.8 times as many inclusions compared to the 6 month time point. There
was no significant difference between heterozygote and homozygote inclusion counts. For
an example of the homozygous NII stain see Supplementary Figure 2.

Cortical Thickness—Using the sections probed for dynamin from the in situ
hybridization experiments, we measured the cortical thickness. Cortical thickness has been
recently found to decrease in HD patients (Gomez-Anson, et al., 2009, Hobbs, et al., 2010,
Hobbs, et al., 2009, Rosas, et al., 2005, Rosas, et al., 2008) and because dynamin transcript
signal was found to be located primarily in the cortex, it provides a reasonable metric of
cortical dimensions. When compared to the nTG mice, the cortices of the heterozygous and
homozygous CAG 140 mice showed a significant difference across the genotypes (Figure 6,
ANOVA; p=0.0001)

Using NeuN staining, the number of neurons in this region were counted and showed no
significant decrease in the homozygous mice (supplementary Figure 2D). Thus, a neuronal
population decline is unlikely to explain the loss of cortical thickness observed here. The
region that was counted is outlined in supplementary figure 2D.

Discussion
Recently developed knock-in mouse models of HD have the advantage of recapitulating the
human disease by having one or two copies of the mutant gene under the control of the
endogenous promoter, as would be the case in the human HD. Here, we decided to
characterize the CAG 140 knock-in model originally created by Menalled et al., (2003) to
determine the fidelity of this model compared to the human disease with an eye towards
eventually study siRNA knock-down technology in this model. When the present study
started, there was very little information on the time course of the disease in the knock-in
CAG 140 mouse model. The model was initially characterized by Menalled et al. (Menalled,
et al., 2003) and more recently studied by Dorner and Hickey (Dorner, et al., 2007, Hickey,
et al., 2008), but each of these characterizations examined only a few select time points and
only examined homozygous mice.
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In previous studies of CAG 140 mice, rotarod deficits were observed at 4 months, slight
rearing differences seen at 6.5 months in a novel cage environment, and night time running
wheel differences were detected at 4, 6 and 8 months (Hickey, et al., 2008). In these
previous studies, while examining differences between nTG and the CAG 140 mice at
selected time points, did not investigate both heterozygous and homozygous mice. In the
present study, we examined the motor behavior over a longitudinal time course in one set of
mice, a corresponding time-matched time course of striatal specific transcripts, and NIIs in a
separate cross-sectional study. The present study also examined both the heterozygous and
the homozygous CAG 140 mice, which, to date, have not been compared in a single study.
The CAG 140 mice do not exhibit the shortened lifespan like the other more widely used
models such as the R6/1, and thus allow for a more extended examination of the HD
progression.

Behavioral Abnormalities
Behaviorally, the CAG 140 model exhibits slight and subtle overt differences compared
nTG mice. There was no obvious gait, size or activity difference between the genotypes by
simple observations. However, behavioral testing revealed a relatively mild pathological
phenotype. Unlike other models, no clasping behavior was observed. As early as 2.5 months
of age, we observed a significant difference in the rearing behavior of the HD mice (Figure
1). In HD patients, individuals have been reported to have slight motor, language and
cognitive skill deficits that precede the major HD symptoms and could be an early indication
of the disease (Feigin, et al., 2006,Gabrieli, et al., 1997,Ghilardi, et al., 2008,Robins Wahlin,
et al., 2007) and it is not inconceivable that CAG 140 rearing behavior may be a
manifestation of similar subtle early deficit in HD mice. While other models have shown
gait abnormalities, no significant differences were seen in our study. Neither gait width and
gait length nor the ratio between the two was significantly different from nTG (data not
shown).

In HD, motor and cognitive skills progressively worsen as the individual ages (Harper,
1993, Josiassen, et al., 1983, Lawrence, et al., 1996). In the CAG 140 knock-in mouse
model examined here, there was little to no progressive decline in the behavioral tasks
utilized here. Rearing and rotarod behavioral tasks showed a large significant deficit when
comparing nTG mice to the knock-in mice, but this deficit did not increase as the mice aged.
In fact, for the rearing behavior, nTG mice approached the knock-in rearing numbers
towards the end of this study indicating a possible age-related decline in normal mice. Gait
analysis did not show a significant difference between nTG and knock-in mice. The lack of
a progressive behavioral deficit in the CAG 140 mouse model is a drawback of the model
but does not preclude the possibility that other behavioral paradigms might uncover a
progressive deficit especially in light of the progressive neuropathological deficits
uncovered in this study (see below).

Transcriptional Dysfunction
In humans, as well as other mouse models of HD, striatal specific transcript and protein
levels are known to be progressively reduced. We examined striatal DARPP-32, ppENK,
PDE10a, PDE1b, D2, CB1, and NGFi-A transcripts because of various reports that have
shown these transcripts are altered in HD and in prominent HD mouse models (Albin, et al.,
1991, Augood, et al., 1997, Bibb, et al., 2000, Chan, et al., 2002, Denovan-Wright and
Robertson, 2000, Hebb, et al., 2004, Hu, et al., 2004, Luthi-Carter, et al., 2000, McCaw, et
al., 2004, Menalled, et al., 2000, Richfield, et al., 1995). The transcripts examined here, are
all enriched in the striatum and have a role in cell signaling to varying degrees (Herkenham,
et al., 1991, Le Moine, et al., 1991, Le Moine, et al., 1990, Moratalla, et al., 1992, Reiner, et
al., 1988, Scott, et al., 2005, Tsou, et al., 1998, Walaas and Greengard, 1984). Both D2 and
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CB1 receptors, when activated, help to the regulate the intracellular levels of cAMP (Bidaut-
Russell and Howlett, 1991, Glass and Felder, 1997, Nishi, et al., 1997, Stoof and Kebabian,
1981, Stoof and Verheijden, 1986) which in turn regulates the phosphorylation of the striatal
enriched protein DARRP-32 (Nishi, et al., 1997, Stoof and Kebabian, 1981, Stoof and
Verheijden, 1986). PDE10a and PDE1b are striatal specific and have been shown to
hydrolyze cAMP (Bender and Beavo, 2006, Fujishige, et al., 1999, Lakics, et al., 2010,
Loughney, et al., 1999, Reed, et al., 1998). Studies regarding upstream binding sites of the
gene that codes PDE10a revealed that there is a NGFiA binding site which suggests that
NGFiA could help regulate the transcription of PDE10a (Hu, et al., 2004). The
interconnections between these striatally enriched transcripts highlight their functional
significance especially since mutant htt has been associated with decreases in these
transcripts.

Indeed, just as seen in the transgenic R6 mouse model (Bibb, et al., 2000, Denovan-Wright
and Robertson, 2000, Dowie, et al., 2009, Hebb, et al., 2004, Hebb, et al., 2008, Hu, et al.,
2004, McCaw, et al., 2004, van Dellen, et al., 2000), and various other mouse models of HD
(Chan, et al., 2002, Luthi-Carter, et al., 2000, Luthi-Carter, et al., 2002, Menalled, et al.,
2000), there is an age-dependent decrease of striatal specific transcripts in the CAG 140
model. There is a decrease of the measured striatal mRNA levels in heterozygous CAG 140
mice starting at 6 months of age and a reduction of nearly 20% in most transcripts by 9
months of age. The trend for reduced striatal specific transcripts in CAG 140 mice continues
as the mice age and at 19/20 months of age, an average reduction of 30% is observed.
Homozygous mice already display a reduction of 20% by 6 months of age, and at 12 months
of age, the homozygous mice show a reduction of approximately 35% which is an earlier
onset of striatal transcriptional than heterozygous mice. The difference between the
heterozygous and the homozygous striatal transcript levels seen at 12 months may indicate a
gene dosing effect of the two expanded knock-in htt alleles present in the homozygous mice
compared to the single copy in the heterozygotes. The decrease in relative mRNA of these
various striatal transcripts in the CAG 140 mice corroborates what has been seen in the
human HD as well as what has been seen in other mouse models of HD.

Neuronal Intranuclear Inclusions
Another well established pathological component in HD and HD models, in addition to
transcript dysregulation, is the presence of the NIIs. In the present study, we have used an
unbiased sampling method to determine NII density over the life-span of the CAG 140
mouse. We normalized the NII densities to the six month time point which was the first age
where we could detect significant NIIs. Visualizing these data demonstrates an age related
progression in CAG 140 mice (Figure 5).

Wild-type htt has been shown to associate with various transcription factors and that
association is altered when mutant htt is present (Marcora, et al., 2003, Marcora and
Kennedy, , Steffan, et al., 2000, Sugars, et al., 2004, Takano and Gusella, 2002, Zuccato, et
al., 2007, Zuccato, et al., 2001). It would follow that the function and or availability of the
transcription factors to perform their tasks would be altered if sequestered by mutant htt. Our
observations support the hypothesis that transcription factor segregation due to mutant htt
could in turn decrease mRNA levels (Figures 3 and 4). We see significant decrease of
transcripts before a significant increase of NIIs in the CAG 140 mice. This may suggest
sequestering of transcriptional factors takes place before the actual formation of detectable
inclusion bodies (Schaffar, et al., 2004, Takahashi, et al., 2005, Yu, et al., 2002). While
sequestering of transcription factors prior to the formation of NIIs may account for our early
behavioral data, from our data we cannot conclude that this is occurring in the CAG 140
model.
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Cortical Thinning
Cortical thinning has recently been examined during the progression of HD. A number of
studies have determined via functional magnetic resonance imaging (fMRI) that as the
disease progresses in humans cortical areas begin to thin or atrophy (Gomez-Anson, et al.,
2009, Hobbs, et al., 2009, Rosas, et al., 2008). The CAG 140 mouse model displays an
overall significant difference between the genotypes (Figure 6). nTG mice also showed a
significant decline in the cortical thickness over time. The nTG cortical thinning could be
attributed to aging which has been seen in normal human aging (Fotenos, et al., 2005,
Resnick, et al., 2003, Scahill, et al., 2003). Here, the knock-in mice might reach a threshold
of cortical thinning and the nTG mice reach that point at a later stage. Examining neuron
density at 9 to 12 months of the homozygous mice, did not reveal a consistent decrease in
the number of neurons as visualized by NeuN staining (Supplementary Figure 1D). This
lack of NeuN differences suggests that atrophy or loss of cell types other than neurons or
significant atrophy of cortical neurons is potentially responsible for the observed cortical
thinning. The implications of such cortical thinning in the CAG 140 mice cannot be
determined from the present study. More precise learning behavioral tasks may provide a
clue as to the effects of such cortical loss.

While a non-invasive method of determining transcript and/or NIIs in humans has not been
developed, post-mortem studies have indicated that, in all likelihood, a progressive decrease
of transcripts and a progressive increase of NIIIs occurs in HD. Cortical thinning may
provide a real-time measurable progressive pathological marker for the CAG 140 mice.
Additionally we have found a series of behavioral tests that show long-term, quantifiable,
non-progressive deficits when compared to nTG. These tests along with other behavioral
assays such as the open field anxiety test (Belzung, et al., 2001) and the object recognition
test (Devito and Eichenbaum, 2010) could be used to ascertain the effectiveness of various
treatments of HD.

In conclusion, the CAG 140 knock-in mouse model of HD has many aspects that are similar
to the human disease. Not all of the observed pathological aspects observed in CAG 140
mimic the human disease perfectly but the histopathological characteristics do recapitulate
many observations in the human disease and may provide good benchmarks for determining
the efficacy of drugs and treatments. The progressive decreases in transcripts and cortical
thinning as well as the increase in NIIs over time allow us to gauge treatments at various
points in the disease. Thus, given the present and previously reported data (Dorner, et al.,
2007, Hickey, et al., 2008, Menalled, et al., 2003), the best currently available functional
outcome measures for the CAG 140 mouse model of HD are probably striatal transcripts,
NIIs, and cortical thickness measurements.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Longitudinal rearing behavior of the CAG140 knock-in mouse model of Huntington 's
disease shows a deficit in heterozygous (Het) and homozygous (Hom) mice. Mice were
videotaped in a 1 L beaker for 10 minutes in the dark starting every two weeks for the first
four testing periods then once a month thereafter. nTG mice reared significantly more than
Het and Hom mice (ANOVA; p<0.0001). There was no significant difference between Het
and Hom mice. [n: nTG= 8 (6 males, 2 females), Het= 13 (8 males, 5 females), Hom= 4 (2
males, 2 females)].
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Figure 2.
Latency to fall in the accelerating and constant speed rotarod. A) CAG 140 mice (Hets and
Homs) displayed rotarod performance deficits beginning at 11 months of age (ANOVA;
P<0.05). There was no difference between the performance of the Het and the Hom mice. B)
10 RPM constant speed rotarod testing revealed no differences between nTG and CAG 140
mice. C) All genotypes performed similarly in the 18 RPM constant speed rotarod test,
although performance of this task was generally reduced with age (ANOVA; p<0.001). [n:
nTG= 8 (6 males, 2 females), Het= 13 (8 males, 5 females), Hom= 4 (2 males, 2 females].
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Figure 3.
Striatal mRNA transcript in situ 33P hybridization of heterozygote CAG 140 knock-in
mouse model of Huntington's disease. The striatal area of the Het mice was analyzed for
optical density after mRNA transcript radioactive in situ hybridization in relation to the nTG
mRNA transcripts after normalization to β-actin mRNA transcript optical density. An
overall transcriptional down regulation was observed in A) D2, B) DARPP-32, C) ppENK,
D) PDE1b, E) CB1, F) PDE10a and G) NGFiA (ANOVA; p<0.001) In D2, DARPP-32 and
PDE1b (A, B and D) the transcriptional down regulation begins at 9 months and continues
through the last age group. In CB1 and PDE10a transcripts (E and F), reductions begin
earlier at 6 months continue to be significant through the course of the cross sectional
analysis. ppENK and NGFiA (C and G) showed variable but over all transcriptional down
regulation. Asterisk represent significant differences between heterozygote transcript levels
and the nTG transcript levels at the corresponding age (p<0.05). [n: 3 months: nTG=6 (4
males, 2 females), Het =9 (5 males, 4 females), 6 months: nTG=7 (3 males, 4 females), Het=
5 (4 males, 1 females), 9 months: nTG=9 (7 males, 2 females), Het=6 (5 males, 1 females),
12 months: nTG=3(1 males, 2 females), Het=11 (8 males, 3 females), 15 months: nTG=11
(4 males, 7 females), Het=12 (7 males, 5 females), 19/20 months: nTG=12 (4 males, 8
females) Het=13 (7 males, 6 females)].
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Figure 4.
Striatal mRNA transcript in situ 33P hybridization of homozygote CAG 140 knock-in mouse
model of Huntington's disease. The striatal area of the Hom mice was analyzed for optical
density after mRNA transcript radioactive in situ hybridization in relation to the nTG mRNA
transcripts after normalization to β-actin mRNA transcript optical density. An overall
transcriptional down regulation was similar to that observed in the Het mice, in A) D2, B)
DARPP-32, C) ppENK, D) PDE1b, E) CB1, F) PDE10a and G) NGFiA transcripts
(ANOVA; p<0.001). All transcripts except D2 and DARPP-32 showed significant reduction
starting at 6 months (C–G). Overall differences from Het and Hom mice are significant over
age groups analyzed here (ANOVA; p<0.01). The asterisk represent significant differences
between homozygote transcript levels and the nTG transcript levels at the corresponding age
(p<0.05). [n: 3 months: nTG=6 (4males, 2 females), Hom=6 (3 males, 3 females), 6 months:
nTG=7 (3 males, 4 females), Hom=11 (8 males, 3 females), 9 months: nTG=9 (7 males, 2
females), Hom=7 (4 males, 3 females), 12 months: nTG=3, Hom=8 (4 males, 4 females)].
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Figure 5.
Quantification of Neuronal Intranuclear Inclusions (NIIs). NIIs were quantified using a
sterologically based random sampling regime. NII density was estimated identically for each
group and normalized to the 6 month age group. 6 months was chosen because NIIs were
first detected at this age group. A significant increase in NIIs as the mice age was detected
(One-Way ANOVA: p<0.0001). Starting at 15 months, there is a significant increase of NIIs
over the 6 month baseline (p<0.01). [n: 6 months: Het= 4 (4 males), 9 months: Het= 5 (4
males, 1 females) 12 months: Het= 4 (2 males, 2 females), 15 months: Het= 3 (3 males),
18/19 months: Het= 5 (3 males, 2 females)].
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Figure 6.
Cortical thickness of the CAG 140 knock-in mice decrease over time compared to the nTG
mice. Using the dynamin in-situ film images of the mice examined previously, cortical
thickness of the nTG, Het, and Hom mice were measured in millimeters using the Quantity
One program. There is an overall significant difference between the nTG and the knock-in
mice (ANOVA; p =0.0001). [n: 3 months: nTG=6 (4males, 2 females), Het =9 (5 males, 4
females), Hom=6 (3 males, 3 females), 6 months: nTG=7 (3 males, 4 females), Het= 5 (4
males, 1 females), Hom=11 (8 males, 3 females), 9 months: nTG=9 (7 males, 2 females),
Het=6 (5 males, 1 females) Hom=7 (4 males, 3 females), 12 months: nTG=7 (4 males, 3
females), Het=11 (8 males, 3 females), Hom=8 (4 males, 4 females) 15 months: nTG=11 (4
males, 7 females), Het=12 (7 males, 5 females), Hom = 1 males, 19/20 months: nTG=12 (4
males, 8 females) Het=13(7 males, 6 females), Hom= 3 (2 males, 1 females)].
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