Human Molecular Genetics, 2013, Vol. 22, No. 1
doi:10.1093/hmg/dds397
Advance Access published on September 21, 2012

18-34

A fully humanized transgenic mouse model of
Huntington disease

Amber L. Southwell', Simon C. Warby?, Jeffrey B. Carroll3, Crystal N. Doty', Niels H. Skotte',
Weining Zhang', Erika B. Villanueva', Vlad Kovalik', Yuanyun Xie', Mahmoud A. Pouladi4,
Jennifer A. Collins', X. William Yang5, Sonia Franciosi' and Michael R. Hayden'*

'Centre for Molecular Medicine and Therapeutics, Child and Family Research Institute, University of British Columbia,
Vancouver, BC, Canada V5Z 4H4, 2Department of Psychiatry and Behavioral Sciences, Stanford University, Palo Alto,
CA 94025, USA, ®Behavioral Neuroscience Program, Department of Psychology, Western Washington University,
Bellingham, WA 98225, USA, “Translational Laboratory in Genetic Medicine (TLGM), Department of Medicine,
National University of Singapore, and Agency for Science, Technology and Research (A*STAR), Singapore 117609,
Singapore and SCenter for Neurobehavioral Genetics, Semel Institute for Neuroscience and Human Behavior;
Department of Psychiatry and Biobehavioral Sciences, University of California, Los Angeles, CA 90095, USA

Received July 27, 2012; Revised August 31, 2012; Accepted September 14, 2012

Silencing the mutant huntingtin gene (muHTT) is a direct and simple therapeutic strategy for the treatment of
Huntington disease (HD) in principle. However, targeting the HD mutation presents challenges because it is
an expansion of a common genetic element (a CAG tract) that is found throughout the genome. Moreover, the
HTT protein is important for neuronal health throughout life, and silencing strategies that also reduce the
wild-type HTT allele may not be well tolerated during the long-term treatment of HD. Several HTT silencing
strategies are in development that target genetic sites in HTT that are outside of the CAG expansion, includ-
ing HD mutation-linked single-nucleotide polymorphisms and the HTT promoter. Preclinical testing of these
genetic therapies has required the development of a new mouse model of HD that carries these human-spe-
cific genetic targets. To generate a fully humanized mouse model of HD, we have cross-bred BACHD and
YAC18 on the Hdh™'~ background. The resulting line, Hu97/18, is the first murine model of HD that fully gen-
etically recapitulates human HD having two human HTT genes, ho mouse Hdh genes and heterozygosity of
the HD mutation. We find that Hu97/18 mice display many of the behavioral changes associated with HD in-
cluding motor, psychiatric and cognitive deficits, as well as canonical neuropathological abnormalities. This
mouse line will be useful for gaining additional insights into the disease mechanisms of HD as well as for
testing genetic therapies targeting human HTT.

INTRODUCTION

Huntington disease (HD) is a dominantly inherited neurode-
generative disorder characterized by loss of voluntary motor
control, psychiatric disturbance and cognitive decline that
usually leads to death 15-20 years after symptom onset (1).
The identification of the monogenic cause of HD led to the de-
velopment of an accurate genetic test for the disorder 25 years
ago (2). Despite this predictive ability to identify mutation
carriers decades before disease onset, there is currently no
effective therapy for HD that can delay onset or slow

disease progression. Development of small molecule therapies
for HD has been hindered by difficulties identifying and valid-
ating tractable drug targets within the disorder’s complex
pathogenesis. However, the mutant copy of the H7TT gene
(muHTT) provides an upstream and universal therapeutic
target for the treatment of HD.

There is significant evidence that reducing the expression of
muHTT will result in amelioration of HD. Inactivation of the
muHTT transgene in symptomatic conditional HD transgenic
mice leads to not only halting of disease progression, but
reversal of neuropathological and behavioral HD-like
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phenotypes (3). Even in late-stage animals where significant, ir-
reversible neuron loss has already occurred, inactivation
of muHTT prevents further neuron loss, allows recovery
of dopamine- and cyclic AMP-regulated phosphoprotein
(DARPP-32) expression in the remaining neurons and results
in full motor recovery (4). This provides evidence that muHTT
silencing could provide both preventative and potentially re-
storative therapeutic benefit. Several studies have demonstrated
the efficacy of non-selective or species-selective HTT silencing
in mouse models of HD (5—11). Recently, it has even been
shown that therapeutic benefit can persist well beyond the
period of HTT silencing (12), indicating that transient relief
from muHTT-induced toxicity can allow partial functional re-
covery and provide lasting benefit. However, the silencing
reagents used in these studies would induce non-selective silen-
cing of both mutant and wild-type (wt) HTT in humans, which
may result in loss of wtHTT function-associated pathology.

The HTT protein is required for embryonic development
and loss of one copy of Hdh (the mouse HTT homolog)
throughout development results in behavioral and morpho-
logical abnormalities (13,14). The postnatal HTT requirements
are less well understood. The HTT protein is neuroprotective
and plays roles in several vital cellular processes including
axonal and vesicle transport, transcriptional regulation and
control of synaptic activity (15). While total loss of HTT in
the adult forebrain leads to progressive neurodegeneration in
mice (16), several short-term studies have demonstrated the
relative safety of partial HTT reduction in the brains of
adult mice and non-human primates (8,12,17,18). However,
these studies have not adequately evaluated the threshold of
non-pathological postnatal HTT reduction. The non-human
primate studies achieved a maximal 45% reduction in the
HTT protein, a value that is likely to be exceeded in treatment
of HD. Greater HTT reduction was achieved in the transgenic
HD mouse model studies; however, as these models express
both the normal complement of Hdh and transgenic human
HTT, they have more total HTT to begin with and would there-
fore be more resistant to HTT reduction. For example, a 75%
reduction in the total HTT protein in a transgenic mouse
model that initially has twice as much the HTT protein as a
wt mouse would still result in ~50% of endogenous HTT
levels remaining. Moreover, while the amount of HTT reduc-
tion in genetic models is homogeneous in all cells, HTT
reduction following treatment with silencing reagents is het-
erogeneous and calculated by tissue averages. Following treat-
ment, HTT reduction may vary from 0 to 100% from cell to
cell, further confounding the interpretation of postnatal HTT
reduction safety data. Additionally, while these studies were
conducted over a matter of months, therapeutic HTT silencing
in humans would likely span decades. The safety of long-term
partial wtHTT reduction in the brain has not yet been investi-
gated. Considering that HD pathogenesis includes the aspects
of both gain and loss of HTT function and that symptom onset
usually occurs in mid-life, despite the lifelong presence of the
mutation, it is likely that the effects of wtHTT silencing could
not be fully evaluated over the course of 6 months, which has
been the longest post-HT T-silencing interval tested in animals.
For these reasons, allele-specific silencing strategies that se-
lectively lower mutant but not wtHTT are preferable and
more likely to be well tolerated.
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The mutation that causes HD is the expansion of a
polyglutamine-encoding CAG tract in exon 1 of HTT to
>36 repeats (19). As CAG repeats are a normally occurring
genetic element throughout the genome (20), the development
of ‘selective’ silencing strategies has required identification of
target sites other than the CAG tract in H77T. Over 2000 single-
nucleotide polymorphisms (SNPs) have been identified in the
HTT region and ~200 of these have minor allele frequencies
greater than 1% (http://www.ncbi.nlm.nih.gov/projects/SNP/),
providing a wealth of potential silencing targets. Using direct
sequencing and SNP genotyping, we have previously identi-
fied haplotypes in the H7T region that are strongly associated
with CAG expansion (21). These haplotypes contain numerous
SNPs that, when heterozygous in an individual, can be used to
selectively target the CAG-expanded HTT allele for knock-
down. Combinatorial analysis demonstrated that >85% of
HD patients would have the correct genotypes to receive
allele-specific treatment using a therapeutic panel of silencing
reagents targeting as few as three of these SNPs (21,22).
Several SNP-targeted antisense oligonucleotide (ASO) drugs
have been identified that selectively silence muHTT in HD
patient fibroblasts (23). Preclinical testing of these ASOs
must be performed in an animal model with the same SNP
genotypes as the prospective patient population.

Sequence analysis at 91 SNPs of the human H7T transgene
in multiple mouse models of HD revealed that BACHD mice
(24), which express full-length human muHTT with 97Q,
share 85 target SNP alleles with the majority of Caucasian
HD patients. Of these, 27 SNPs occur in the pre-mRNA and
are heterozygous in greater than 30% of the sequenced HD
population, making them viable targets for human therapy.
In contrast, YAC18 mice (25), which express full-length
human wtHTT with 18Q, do not contain the target SNP
alleles at these 27 therapeutically relevant SNPs in their
human transgenes (23). Thus, when co-expressed the
BACHD and YACIS, transgenes are heterozygous at both
the HD mutation and 27 potential allele-specific silencing
target SNP sites. To generate a suitable mouse model for pre-
clinical testing of human HTT SNP-targeted silencing
reagents, we have cross-bred BACHD and YACI8 on the
Hdh™'~ background. This fully humanized HD model,
Hu97/18, lacks the mouse homolog, but has one human
muHTT gene and one human wtHTT gene, making it the first
mouse model that is genetically equivalent to human HD
patients. The HD-like phenotypes of the BACHD mouse,
which include motor and cognitive deficits as well as neuro-
pathology (24), are expected to be penetrant on the Hu97/18
strain. Therefore, we have characterized these mice using end-
points previously validated in the BACHD model.

RESULTS

Genetics

The YAC and BACHD transgenic mice were previously gen-
otyped at 91 SNPs in the H7T gene region using the
‘96SNP-assay’ (23). The YAC mice were determined to
have haplotype ‘C’ and the BACHD mice are haplotype
‘A4’ according to the haplotype definitions established previ-
ously (21). In the Caucasian HD population, the majority of
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expanded CAG HTT alleles have A haplotypes, while the most
common single haplogroup for non-expanded CAG HTT
alleles is C (21). Thus, when co-expressed with the CAG ex-
pansion on the BAC transgene, these two HTT alleles recapitu-
late the genetics of the most common combination of alleles in
the Caucasian HD population. There are 39 SNP positions in
the HTT region that were found to be different between the
YAC and BACHD transgenes (Table 1, adapted from 23; Sup-
plementary Material, Table S1). Of these, 27 were found to be
within the HTT transcript and individually heterozygous in
greater than 30% of the sequenced HD population. These
therapeutically relevant SNPs are highlighted in grey in
Table 1. The transgenic mouse lines were homozygous for
all other SNPs in the 96SNP assay.

HTT levels

We interbred BACHD, YAC18 and Hdh '~ mice to generate
BACHD+:;YACI84++4; Hhd~'~ (Hu97/18) mice or
YACI18++; Hdh™'~ (Hul8/18) mice. We then evaluated
the levels of HTT RNA and protein in the brains of the
newly generated humanized mice and compared them with
BACHD and wt mice. RNA levels were compared in four
mice per genotype using Tagman SNP quantitative reverse
transcription polymerase chain reaction (qQRT—PCR) with
probes selective for either human wt or human muHTT
(Fig. 1A and B). As expected human wtHTT RNA was
similar in Hul8/18 and Hu97/18 mice. However, human
muHTT RNA was nearly two-fold higher in BACHD than
Hu97/18 mice, despite arising from the same transgene.
HTT protein levels were compared in four mice per genotype
by fluorescence resonance energy transfer (FRET) using anti-
body pairs recognizing total HTT or expanded CAG HTT
(Fig. 1C and D). We found that compared with wt mice,
BACHD mice have more total HTT protein and Hul8/18
mice have less, while the level of the total HTT protein in
the brains of Hu97/18 mice is similar to that of wt mice. Mir-
roring the RNA, the muHTT protein level in Hu97/18 mice is
~40% less than that in BACHD mice. We next compared the
level of wt and muHTT protein in three mice per genotype
using allelic separation quantitative immunoblotting and
found equivalent levels of the two proteins in the Hu97/18
brains (Fig. 1E and F). This assay also confirms the down-
regulation of BACHD transgene-derived muHTT protein in
the context of the Hu97/18 brain seen in the qRT—PCR and
FRET assays. This reduction is presumably related to the re-
placement of mouse WtHTT with human wtHTT, though
loss of mouse HTT does not change the expression level of
the YACI8 transgene (Supplementary Material, Fig. S1).
Data shown are from the right cortex of 2-month-old
animals, though similar relative HTT levels were observed
in pooled striata or in cortices from 12-month-old animals
(data not shown).

Body weight

Hu97/18 and Hul8/18 littermates were weighed at 2-month
intervals from 2 to 12 months of age. While Hu97/18 mice
display a small increase in body weight when compared
with Hul8/18 mice, both genotypes display increased body

Table 1. Summary of known heterozygosities in Hu97/18 mice and human HD
patients

SNP Transcribed? YAC BAC Human HD % HD population
rs1263309  No C T T 49.1
1s2798296 No A G G 51.7
rs2857936  No T C C 44.9
1s762855 No G A A 53.8
rs3856973  Yes A G G 49.6
rs2285086  Yes G A A 49.6
rs7659144  Yes G C C 41.5
rs16843804 Yes T C C 38.5
rs2024115  Yes G A A 47.9
rs7691627  Yes A G G 48.7
rs4690072  Yes G T T 49.1
rs6446723  Yes C T T 50.0
rs363064 Yes T C C 35.5
rs4690073 Yes A G G 48.7
rs34315806 Yes T C C 37.6
rs363099 Yes T C C 37.6
rs363096 Yes C T T 39.7
rs2298967  Yes C T T 37.6
rs2298969  Yes G A A 52.1
rs6844859  Yes C T T 48.7
1s2798232 Yes C T C 0.0
rs7685686  Yes G A A 48.7
rs363088 Yes T A A 37.6
rs362331 Yes C T T 48.7
rs916171 Yes G C C 48.7
1s2857790 Yes C A C 0.0
rs362275 Yes T C C 38.0
rs362273 Yes G A A 38.9
rs3121419  Yes T C C 38.0
rs362272 Yes A G G 38.0
rs362271 Yes A G G 38.5
rs3775061  Yes G A A 38.0
rs362306 Yes A G G 38.0
1s362296 No A C C 42.3
rs3121417  No A G G 41.5
rs3129322  No C T T 41.5
rs108850 No G C C 48.7
rs1006798 No G A A 41.0
rs3095074  No A G G 39.3

Therapeutically relevant SNPs, those that are in the HTT transcript and
heterozygous in greater than 30% of the sequenced HD population, are
highlighted in bold. Adapted from Carroll ez al. (23).

weight when compared with historical body weight data from
FVB mice (Fig. 2). It has previously been reported that body
weight is correlated to levels of full-length HTT protein (26,
27). However, as Hul8/18 mice have less full-length HTT
than FVB mice and Hu97/18 mice have a similar amount
while both genotypes are heavier, it is likely that metabolic
changes depend not only on total HTT levels, but on levels
and composition of human HTT, indicating that there may be
some functional differences between the HTT proteins of the
two species. Supporting this is the finding that BACHD mice,
which have roughly the same amount of human HTT as
Hu97/18 mice plus mouse wtHTT, weigh about the same as
Hu97/18 mice, while YACI18 mice, which have the same
amount of human HTT as Hul8/18 mice plus mouse wtHTT,
weigh less than Hul8/18 mice (Supplementary Material,
Fig. S2). The body weight gain in humanized mice is also
greater in females than in males, indicating some gender com-
ponent to metabolic dysfunction.


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds397/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds397/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds397/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds397/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds397/-/DC1
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Figure 1. HTT levels in Hu97/18 mice. HTT RNA (A and B) and protein (C—F) were evaluated in cortical lysates from 2-month-old wt, Hul8/18, Hu97/18 and
BACHD mice (n =4 per group). (A) Quantitative reverse transcription polymerase chain reaction (QRT—PCR) detection of human wtHTT RNA, which is
similar in Hul8/18 and Hu97/18 mice, but absent from BACHD mice. (B) qRT—-PCR detection of human muHTT RNA, which is absent from Hul8/18
mice, and higher in BACHD than Hu97/18 mice. (C) FRET detection of relative levels of the total HTT protein, which is less than wt in Hul8/18 mice,
similar to wt in Hu97/18 mice, and higher than wt in BACHD mice. (D) FRET detection of relative levels of muHTT protein, which is absent in wt and
Hul18/18 mice and higher in BACHD mice than Hu97/18 mice. (E) Representative allelic separation quantitative immunoblot of wt and muHTT protein
(MAB2166) showing that there are similar levels of human wt and muHTT protein in Hu97/18 mice. (F) Quantitation of three animals per group and two repli-
cates per animal. **P < 0.01 and ***P < 0.001.
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Figure 2. Body weight is increased in both Hul8/18 and Hu97/18 mice. Body weight was assessed at 2 month intervals in (A) male and (B) female Hu97/18 and
Hu18/18 mice and compared with historical FVB body weight data (unpublished). While Hu97/18 mice are slightly heavier than Hu18/18 mice, both humanized
genotypes are significantly heavier than wt mice. Different from FVB: *P < 0.05 and ***P < 0.001; different from Hul8/18: #P < 0.05.

Motor performance

To evaluate motor performance, Hu97/18 and Hul8/18 litter-
mates were assessed longitudinally at 2-month intervals from
2 to 12 months of age using an accelerating rotarod, climbing
and spontaneous activity assays. Two-month-old Hu97/18
mice display a motor learning deficit as evidenced by
increased falls and decreased latency to fall during rotarod
training [Fig. 3A; genotype P < 0.01, trial P < 0.001,
two-way analysis of variance (ANOVA)]. After training at
this age, they perform similar to Hul8/18 mice, indicating
that this difference is truly the result of a learning deficit
rather than a motor deficit. In longitudinal rotarod testing,
both Hu97/18 and Hul8/18 mice display declining perform-
ance with age (Fig. 3B; age P < 0.001, two-way ANOVA).
For males, there is a significant difference between the two
genotypes (genotype P < 0.01, two-way ANOVA), indicating
greater impairment in Hu97/18 than Hul8/18 mice, though no
single time point shows a significant difference by post hoc
analysis. There is no genotypic difference in performance
for females. In both humanized genotypes, we found a signifi-
cant linear relationship between body weight and rotarod per-
formance (Fig. 3C; P < 0.0001, * = .55 for Hul8/18 and 0.58
for Hu97/18, regression), and both genotypes are overweight
(Fig. 2), an effect which is exaggerated in females, indicating
that poor rotarod performance may be due in part to increased
body weight. However, there is a scatter around the line for
both genotypes, indicating that other factors besides body
weight likely contribute to declining motor performance in
these animals. This includes the HD mutation for Hu97/18
mice. In Hul8/8 mice, the declining rotarod performance
may also be related to the reduction in overall HTT levels
compared with wt mice (Fig. 1C) or the failure of human
HTT to fully compensate for the loss of mouse HTT. During
a spontaneous climbing test, 2-month-old Hu97/18 mice
trend toward an increased latency to begin climbing
(P = 0.08, Student’s ¢-test) and decreased number of climbing
events (P = 0.07, Student’s #-test) and spend significantly less
time climbing (P = 0.04, Student’s #-test) than Hul8/18 mice
(Fig. 4). However, after this time point, climbing in both gen-
otypes of mice decreased dramatically to a level that could not
be meaningfully evaluated (data not shown). We also assessed

motor performance longitudinally by spontaneous activity.
During a 30 min trial, there was no difference in distance trav-
eled or ambulation time between Hu97/18 and Hul8/18 mice,
indicating similar activity during exploration (Fig. SA and B).
However, compared with Hul8/18 littermates, Hu97/18 mice
did show increased stereotypy, or repetitive movement, and
decreased jumping (Fig. 5C and D; genotype P < 0.001,
two-way ANOVA). Taken together, these data indicate that
Hu97/18 mice have significant motor deficits, though the dif-
ference in performance from the control humanized line is
measurable but modest.

Psychiatric-like behavior

To evaluate anxiety, we assessed open field and elevated plus
maze exploration in Hu97/18 and Hul8/18 mice aged 3, 6 or 9
months. Mice were tested in each paradigm only once and mul-
tiple cohorts were used to provide data at different ages. During
open-field exploration, both genotypes had similar distance
traveled and mean velocity (Fig. 6A and B), indicating a
similar exploratory activity. However, Hu97/18 mice were
more anxious than their Hul8/18 littermates, entering the
center of the field less frequently and spending less total time
in the center of the field (Fig. 6C and D; genotype P < 0.05,
two-way ANOVA). During elevated plus maze exploration,
both genotypes again displayed similar exploratory activity
(Fig. 7A and B), but Hu97/18 mice spent less time in the open
arms and less frequently dipped their head off the edges of the
open arms (Fig. 7C and D; genotype P < 0.001, two-way
ANOVA), indicating increased anxiety. Depressive behavior
was evaluated in 12-month-old Hu97/18 and Hul8/18 mice
using the Porsolt forced swim test. When compared with
Hul8/18 mice, Hu97/18 mice spent more time in immobile
and less time in swimming (Fig. 8; P = 0.04, Student’s #-test),
indicating increased depressive-like behavior.

Cognitive performance

Aside from the rotarod training task in which Hu97/18 mice
display a motor learning deficit (Fig. 3A), we also evaluated
spatial learning by preference for a known object in a novel
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Figure 3. Hu97/18 mice display a motor learning deficit. (A) Two-month-old mice were trained on a fixed speed rotarod over 3 consecutive days and tested in an
accelerating program on the fourth day. The number of falls during training and latency to the first fall during training and testing were scored. On day 1 of training,
Hu97/18 mice fell from the rotarod sooner and more frequently. However, during testing on the fourth day, there was no genotypic difference indicating that the dif-
ference in training performance is the result of a motor learning deficit. (B) Mice were tested on an accelerating rotarod at 2 month intervals from 2 to 12 months of age.
Performance declines with age for both genotypes (age P < 0.001). For males, there is a genotypic difference in performance with Hu18/18 mice scoring slightly better
(genotype P < 0.01), but for females, there is no effect of genotype. (C) Regression analysis of rotarod performance and body weight. Linear relationship £ < 0.0001
both genotypes, > = 0.55 for Hul8/18 and 0.58 for Hu97/18, indicating that rotarod performance is partially dependent on body weight. *P < 0.05.

location and object recognition by preference for an unknown

performance at different ages. In the spatial learning task,

object (Fig. 9) at 3, 6 or 9 months of age. Mice were tested mice are presented with two unknown objects in trial 1. If

only once and multiple cohorts were used to evaluate

there is no basal preference for one object over the other,
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Figure 4. Hu97/18 mice display a climbing deficit. Climbing was assessed at 2 months of age by placing mice in a wire mesh container and recording activity for
5 min. (A) Hu97/18 mice display a trend toward increased latency to begin climbing and (B) decreased number of climbing events, and (C) a significant decrease

in total time spent climbing. *P < 0.05.

investigation of the target object, the one on the right, should
be at the level of chance (50%). In trial 2, the mice are pre-
sented with the same two objects, but the right object has
been moved to a novel location. Mice with adequate spatial
learning will prefer to investigate the target object, the one
in the new location, resulting in a significant increase in the
percentage of investigations to the target object between
trials 1 and 2. Mice with impaired spatial learning will inves-
tigate both objects at the level of chance resulting in no differ-
ence in investigations to the target object between trials 1 and
2. In the object preference task, the mice are again presented
with the same two objects in their original locations in trial
1. As this is the third exposure to this object pair, and they
are both known, there should be no preference for one
object over the other resulting in ~50% of the investigations
to the right object. In trial 2, the right object is replaced
with a completely novel object. Mice with adequate object rec-
ognition will prefer to investigate the novel object resulting in
greater than 50% investigations and a significant increase in
target object investigations between trials 1 and 2. Mice
with impaired object recognition will investigate the known
and novel objects equally, resulting in no difference in target
object investigations between trials 1 and 2. At 3 months of
age, both genotypes of mice display normal spatial learning
and object recognition showing preference to investigate
both a known object in a novel location and an unknown
object (Fig. 9B). At 6 months of age, Hul8/18 mice still
display normal learning in both assays, while Hu97/18 mice
display a spatial learning deficit (Fig. 9C). By 9 months of
age, Hul8/18 mice still display normal learning, but Hu97/
18 mice display deficits in both spatial learning and object rec-
ognition (Fig. 9D), indicating a progressive cognitive deficit.

Neuropathology

To evaluate neuropathological changes in Hu97/18 mice, we
assessed forebrain and cerebellum weight, striatal and cortical
volume, corpus callosum volume and DARPP-32 staining in-
tensity in the brains of 12-month-old mice. Compared with
Hul8/18 mice, Hu97/18 mice have a trend toward reduced

forebrain weight (P = 0.07, Student’s #-test) with no change
in cerebellum weight (Fig. 10A and B). Hu97/18 mice show
striking reductions in both striatal volume (12.9%, P < 0.01,
Student’s #-test) and cortical volume (15.3%, P < 0.01, Stu-
dent’s #-test; Fig. 10C and D). Additionally, there is a trend
toward reduced corpus callosum volume and a 16.8% reduc-
tion in DARPP-32 staining intensity that did not reach signifi-
cance (P = 0.09, Student’s ¢-test; Fig. 10E and F). These data
are consistent with human HD in which forebrain atrophy,
striatal volume loss, cortical shrinkage and white matter loss
are observed, but the cerebellum is relatively spared (28,29).

DISCUSSION

In an effort to generate a mouse model suitable for preclinical
testing of therapies specifically targeting human HTT, we have
generated the first fully humanized transgenic mouse model of
HD. The Hu97/18 mouse lacks both endogenous mouse Hdh
alleles but expresses two copies of the full-length human
HTT gene. One transgene copy is CAG-expanded (97Q)
while the other is wt (18Q) to model the dominant effects of
the mutation in HD patients. The CAG-expanded transgene
is derived from the BACHD mouse, while the wt transgene
originates from the YAC18 mouse. This means that in addition
to the difference in the CAG-tract length, Hu97/18 mice are
also heterozygous at 27 therapeutically relevant SNP sites in
the human HTT gene that are potential allele-specific silencing
targets. The Hu97/18 mouse therefore allows efficacy testing
of candidate silencing reagents in an appropriate genetic back-
ground. In parallel to developing the Hu97/18 mouse line, we
have generated the humanized control mouse line Hul8/18,
which also lacks both Hdh alleles but expresses only human
wtHTT from the YACI18 transgene.

We predicted that Hu97/18 mice would have much of the
same HD-like phenotypes as BACHD mice due to the
shared CAG-expanded BACHD transgene. Though the expres-
sion of additional wtHTT from the YACI1S8 transgene could
reduce phenotypic severity in BACHD mice, we predicted
that deletion of both copies of the wt Hdh gene would
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Figure 5. Hu97/18 mice display similar activity but increased stereotypy and decreased jumping during spontaneous activity. Spontaneous activity was assessed
by infrared beam breaks at 2-month intervals from 2 to 12 months of age, during a 30 min exploration. Hu97/18 and Hul8/18 mice display similar (A) total
distance traveled and (B) time spent during ambulation. Compared with Hul8/18 mice, Hu97/18 mice display (C) increased stereotypy and (D) decreased

jumping. *P < 0.05 and **P < 0.01.

nullify any benefit. We previously found that the addition of
the YACI18 transgene to YAC128 mice only slightly amelio-
rates striatal neuropathology and has no effect on motor defi-
cits (30). In contrast, the deletion of both copies of the Hdh
gene increased the severity of HD-like phenotypes in
YACI128 mice (31). Thus, we have characterized the newly
generated humanized mouse models with endpoints previously
validated in the BACHD mouse.

We find that Hu97/18 and BACHD mice have similar phe-
notypes (Table 2). Both lines display increased body weight.
Interestingly, Hul8/18 mice, which have less total HTT than
wt mice, also display increased body weight (Figs 1 and 2),
indicating that weight gain in HD mouse models is not only
correlated with the amount of full-length HTT protein (26)
but may be more dependent on the level and composition of
full-length human HTT. Human HTT is able to rescue the em-
bryonic lethality of loss of mouse HTT (25), indicating the
appropriate developmental expression of exogenous human
HTT in mice and the functional overlap of the two proteins

during development. This led to the long-standing assumption
that human HTT could fully compensate for the loss of mouse
HTT. However, the metabolic changes evidenced by increased
body weight in Hul8/18 control mice indicate that the func-
tional overlap of the two proteins is not complete. Although
Hdh is 86% identical to human HTT at the DNA level, there
are several key genetic differences cis- to the CAG tract, in
the gene promoter, and throughout the gene loci that could
alter function in ways such that deficits are not observed
until adulthood (32). The humanized mouse lines will be im-
portant tools for evaluating the functional differences in
human and mouse HTT proteins and give valuable insight to
the interpretation of data generated in transgenic versus
knock-in mouse models of HD.

Both BACHD and Hu97/18 mice display a motor learning
deficit at 2 months of age during rotarod training and progres-
sive decline in accelerating rotarod performance with age
(Fig. 3) (33). To a lesser degree, rotarod performance also
declines with age in Hul8/18 mice, which is likely at least
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Figure 6. Hu97/18 mice display increased anxiety during open-field exploration. Mice aged 3, 6 or 9 months were allowed to explore an open field under bright
lighting for 10 min. Exploration was recorded by a ceiling-mounted video camera and animals were tracked using Ethovision XT 7 software. Both genotypes had
similar (A) total distance traveled and (B) mean velocity during the exploration period. Compared with Hul8/18 mice, Hu97/18 mice (B) less frequently entered
into the center portion of the field and (D)spent less total time in the center of the field, though these differences only reached significance by post hoc at 3 months

of age. *P < 0.05.

in part the result of increased body weight. Declining rotarod
performance in Hul8/18 mice may also be related to the re-
duction in the total HTT level in these mice when compared
with wt mice. However, these mice retain ~65% normal
wtHTT levels, which is well above the 50% level in
Hdh™'~ animals. While Hdh*'~ mice do display several be-
havioral and neuropathological abnormalities (13), they do
not have rotarod performance deficits (unpublished data).
Thus, it is more likely that the motor deficits of Hul8/18
mice result from the failure of human HTT to fully compen-
sate for the loss of mouse HTT, indicating additional potential
functional differences between the two proteins. BACHD and
Hu97/18 mice both display a climbing deficit (Fig. 4) (34).
However, this deficit can only be evaluated at a very young
age in the humanized mice because at older ages, neither
genotype performs the task. Motor abnormalities were also
observed in Hu97/18 mice throughout the characterization
period from 2 to 12 months of age during spontaneous activity
including increased stereotypy and decreased jumping (Fig. 5).

Though it is difficult to accurately assess motor performance
in overweight mice, there are clear deficits in the Hu97/18
line compared with the Hul8/18 line. Reducing the body
weight of both humanized lines with either diet or interven-
tions previously shown to normalize body weight in full-
length human HTT transgenic models, such as 17-B-estradiol
treatment (26) or the targeted hypothalamic disruption of
BACHD expression (35), may allow greater differentiation
of motor performance between Hul8/18 and Hu97/18 mice.
In addition to motor abnormalities, Hu97/18 mice also
display behavioral and cognitive changes consistent with
BACHD mice and human HD. Both BACHD and Hu97/18
mice display increased anxiety behaviors (Figs 6 and 7)
(34), increased depressive-like behavior during the Porsolt
forced swim test (Fig. 8) (33) and reduced spatial memory
and object recognition (Fig. 9) (34). However, in some
cases, these behavioral phenotypes appear slightly delayed in
the Hu97/18 line. For instance, BACHD mice display
increased anxiety during elevated plus maze exploration as
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Figure 7. Hu97/18 mice display increased anxiety during elevated plus maze exploration. Mice aged 3, 6 or 9 months were allowed to freely explore an elevated
plus maze under normal lighting during 5 min. Exploration was recorded by a ceiling-mounted video camera and animals were tracked using Ethovision XT 7
software. Both genotypes had similar (A) total distance traveled and (B) mean velocity during the exploration period. Compared with Hul8/18 mice, Hu97/18
mice (C) spent less time in the open arms and (D) less frequently dipped their heads off the edges of the open arms, though these differences only reached

significance by post hoc at 6 and 9 months of age. *P < 0.05 and **P < 0.01.

early as 3 months of age (36), while Hu97/18 mice do not
display significant anxiety in this assay until 6 months of
age (Fig. 7). Additionally, by 6 months of age, BACHD
mice display impaired spatial learning and object recognition
(34), while Hu97/18 mice only display spatial learning deficits
at this time point and do not show object recognition deficits
until 9 months of age (Fig. 9).

The delay in onset of certain phenotypes in Hu97/18 mice is
likely a result of the down-regulation of the BACHD transgene
(Fig. 1). Though muHTT is expressed from an identical trans-
gene and insertion in both lines, there is ~40% less muHTT
protein in the Hu97/18 brain than in the BACHD brain. The
HTT gene is known to regulate H7T expression via an anti-
sense transcript (H1T AS), which is modulated by CAG expan-
sion (37). It is possible that there are species specific factors in
HTT AS regulation that also modulate it’s function. Removal
of endogenous wtHTT and replacement with human wtHTT
in Hu97/18 mice may alter this regulation resulting in

reduced expression of BACHD-derived muHTT. This pro-
vides additional evidence of functional differences between
mouse and human HTT. Though the cause of BACHD down-
regulation in Hu97/18 mice remains unexplained, it actually
increases the validity of the model: while BACHD mice
have nearly twice as much total HTT as wt mice, Hu97/18
mice have approximately the same level of total HTT
protein as wt mice and approximately equivalent levels of
human wt and muHTT protein (Fig. 1).

Importantly, even with the modest delay in onset for some
behavioral phenotypes, other phenotypes are apparent in very
young Hu97/18 mice. Motor learning deficits, climbing deficits
and abnormal behavior during spontaneous activity are
observed at 2 months of age, and anxiety during open-field
exploration is observed at 3 months of age. These early
onset phenotypes increase the usefulness of the Hu97/18
model allowing for preclinical evaluation of early changes,
which are more likely to translate to observed clinical



28 Human Molecular Genetics, 2013, Vol. 22, No. 1

A Immobility
60+ %
< 40-
>
el
[=]
£
£ 20-
—_
0 :
& N
& &

B Swimming
300- — .
< 2004
oD
=
£
E
& 100-
0 T
® >
& &

Figure 8. Hu97/18 mice display depressive-like behavior. Twelve-month-old mice were placed in cylinders filled with room temperature water and recorded for
6 min with a video camera. During the final 5 min, compared with Hul8/18 mice, Hu97/18 mice (A) spent more time immobile and (B) less time swimming.

*P < 0.05.

changes considering that clinical trials are generally performed
in early HD individuals for durations of 1-2 years.

In addition to behavioral abnormalities, both BACHD (24)
and Hu97/18 mice have neuropathological changes that are
consistent with HD. At 12 months of age, Hu97/18 mice
have significantly reduced cortical and striatal volumes rela-
tive to Hul8/18 littermates, while there is no change in the
cerebellum (Fig. 10). The earliest time point of these neuro-
pathological changes in Hu97/18 mice is not yet determined.

The humanized Hu97/18 transgenic mouse precisely models
the genetic condition of the human HD patient. The Hu97/18
mice are heterozygous for haplotypes in the entire H77T gene
loci, not just the CAG-tract size, and are therefore the ideal
model for testing genetic therapies intended for human HD
patients. Hu97/18 mice recapitulate many of the behavioral
changes associated with HD including motor, psychiatric
and cognitive deficits as well as canonical neuropathological
abnormalities. The Hu97/18 model will serve as a crucial
tool for testing potential therapies, characterizing the function
of the HTT protein and investigating other research questions
addressing HD pathogenesis that were not possible using pre-
vious HD mouse models.

MATERIALS AND METHODS
Mice

BACHD mice were generated previously in William Yang’s
laboratory (24). YAC18 and Hhd™~ mice were generated
previously in Michael Hayden’s laboratory (13,25). The
BACHD and YACI1S8 lines were generated and maintained
on the FVB/N strain background. The Hdh*'~ line was gener-
ated on a mixed 129/SV and C57Bl/6J strain background and
backcrossed a minimum of 10 generations to the FVB/N so
that all three preexisting lines were on the same strain back-
ground. Animals were maintained under a 12 h light:12 h
dark cycle (lights on at 2300) in a clean facility and given
free access to food and water. Experiments were performed

with the approval of the animal care committee at the Univer-
sity of British Columbia.

Breeding and genotyping

BACHD or YAC18 mice were bred to Hdh™'~ mice to gener-
ate BACHD+;Hdh+/7 and YAC18+;Hdh+/7 mice. These
mice were then interbred to generate BACHD+;YACI18+;
Hdh™'~ mice and YAC18+:Hdh~’~ mice. These mice were
then interbred to generate BACHD+;YAC18++;Hdh7/ B
mice (Hu97/18) and YACI8++;Hdh™'~ mice (Hul8/18).
As the YAC transgene contains ~4 kb more 5 sequence of
the HTT gene than the BAC transgene (33), YAC18 zygosity
was determined by qPCR using primers in the region con-
tained only in the YAC transgene (forward primer: 5'-CAG
CCTGGTGACAGAGCAAG-3', reverse primer: 5-AGGCAA
AACGGATCTCCAAA-3"). A PCR across the region contain-
ing the two loxP sites in the BAC but not in YAC transgene
was used to distinguish between the two human HTT trans-
genes (forward primer: 5-ATTACAGTCTCACCACGCC
C-3, reverse primer: 5'-CTTCATCAGCTTTTCCAGGG-3')
yielding product sizes of 424 bp for the YAC and 458 bp for
the BAC. Hul8/18 and Hu97/18 matings were then established
producing offspring of 50% each genotype. Once YAC18 and
Hdh™'~ homozygosity were achieved, only the loxP site span-
ning PCR was necessary to genotype the offspring as either
Hul8/18 or Hu97/18.

HTT RNA and protein quantitation

To evaluate HTT RNA and protein levels, 2-month-old
BACHD and wt littermates and Hul8/18 and Hu97/18 litter-
mates were euthanized with 2.5% intraperitoneal (IP)
avertin. The brains were removed and placed on ice for
5 min, then microdissected into regional tissue samples that
were submerged in RNAlater (Ambion) overnight at
4°C. Total protein and RNA was then isolated from right cor-
tices using the Ambion PARIS kit according to the
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Figure 9. Hu97/18 mice display progressive cognitive deficits. Mice aged 3, 6 or 9 months were evaluated for spatial learning and object recognition using the
novel object location and novel object preference learning assays. (A) Diagram of the two tests. In the object location test, the mice are presented with two
unknown objects in trial 1, and two known objects (the same objects), one in a novel location, in trial 2. In the object preference test, mice are presented
with two known objects (the same from object location testing) in trial 1, and one known and one novel object in trial 2. (B) At 3 months of age, both genotypes
display normal spatial learning and object recognition, i.e. they prefer to investigate the target object, either the one in the novel location or the novel object, in
trial 2. (C) At 6 months of age, Hul8/18 mice display normal learning. Hu97/18 mice display impaired spatial learning (they do not prefer the target object in
trial 2), but normal object recognition. (D) At 9 months of age, Hul8/18 mice display normal learning, while Hu97/18 mice have deficits in both tasks indicating
impaired spatial learning and object recognition. Mo, month; *P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 10. Hu97/18 mice display neuropathological abnormalities consistent with HD. The brains of 12-month-old mice were evaluated for physical changes
seen in HD. (A) Hu97/18 trend toward reduced forebrain weight (P = 0.07), (B) but have no change in cerebellum weight. Stereological analysis shows that
compared with Hul8/18 mice, Hu97/18 mice have significantly decreased (C) striatal and (D) cortical volume and (E) a trend toward reduced corpus callosum
volume. (F) There is also a trend toward reduced DARPP-32 staining intensity in the Hu97/18 brain. **P < 0.01.

manufacturer’s instructions. Protein concentrations were For quantitation of human wtHTT RNA or human muHTT
determined by DC assay (Biorad) and RNA concentrations RNA by qRT—PCR, RNA was treated with DNase I (Invitro-
were determined by absorbance at 260 nm. gen) and 1 pg of RNA was reverse-transcribed, using



Table 2. Summary of HD-like phenotypes of Hu97/18 and BACHD mice

Phenotype Onset (months) References
Hu97/18 BACHD

Body weight 4 3 (33)
Rotarod learning 28 2? 24)
Rotarod 4 4 (33)
Climbing 28 6° (34)
Spontaneous activity 2% 1? 41)
Open-field exploration 3 6 34)
Elevated plus maze 6 3% (36)
Forced swim 12°¢ 12°¢ (33)
Spatial learning 6 6" 34)
Object recognition 9 6" 34)
Forebrain weight P=0.0712°% 12* (33)
Striatal volume 12°¢ 12°¢ (24)
Cortical volume 12° 12° 24)
Corpus callosum no change 12° ND

DARPP-32 staining P=0.0912% no change 7° (34)

ND, not determined. Age of onset (months) of HD-like behavioral and
neuropathological phenotypes of full-length human BACHD-derived muHTT
transgenic HD mouse models. BACHD mice are compared with WT
littermates, and Hu97/18 mice are compared with Hul8/18 littermates.
“Earliest evaluated time point.

SuperScript III (Invitrogen) according to the manufacturer’s
instructions, to generate cDNA for qRT—PCR. Exon spanning
Rpll13a primers were designed using Primer3 software.
Sequences were confirmed with in silico PCR and tested using
SYBR Green Power master mix (Applied Biosystems, USA)
and the ABI Prism 7500 Sequence Detection System.
Mouse Rpll3a (5-GGAGGAGAAACGGAAGGAAAAG and
5'-CCGTAACCTCAAGATCTGCTTCTT) were purchased
from integrated device technology. Human mutant and wtHTT
gRT-PCR was done with TagMan Universal PCR Master
Mix (Roche) and ABI Tagman assay [C_2231945_10; Context
Sequence (VIC/FAM) TGTGACCCACGCCTGCTCCCTC
ATC(C/T) ACTGTGTGCACTTCATCCTGGAGGC]. Gene ex-
pression was calculated using the delta—delta Ct method. An
N of four animals per genotype and three replicates per animal
was used.

For the quantitation of the total HTT or muHTT protein by
FRET, 10 pg of the total protein from cortical brain lysates
was mixed with 0.2 ng/pl terbium (FRET donor)-labeled
BKP1 anti-HTT antibody (38) and 2 ng/ml of D2 (FRET
acceptor)-labeled either 2166, an anti-HTT antibody (Chemi-
con) to detect total HTT, or MW, an anti-expanded CAG
antibody (39) to detect muHTT, in a white 384-well plate.
After excitation at 340 nm, FRET was measured as the ratio
of 655nm (D2)/615nm (TB) emission. An N of four
animals per genotype and three replicates per animal was used.

For the quantitation of wt and muHTT protein by immuno-
blotting, 40 pg of total protein were denatured in LDS sample
buffer (Invitrogen) with 100 mm dithiothreitol and heated to
70°C for 10 min. Samples were resolved on 10% low-bis
acrylamide gels (23). Proteins were transferred to 0.45 pm
nitrocellulose. Membranes were blocked with 5% milk in
PBS, and then blotted for HTT (MAB2166, Millipore) and
calnexin (Sigma C4731) loading control. Proteins were
detected with IR dye 800CW goat anti-mouse (Rockland
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610-131-007) and AlexaFluor 680 goat anti-rabbit (Molecular
Probes A21076)-labeled secondary antibodies and the LiCor
Odyssey Infrared Imaging system. Mutant and wtHTT inten-
sities were normalized to calnexin loading control and then
to the average level of wtHTT from wt mice on the same
membrane. Three mice/genotype and two replicate gels were
evaluated.

Behavior testing

All behavior experiments were carried out under white light-
ing in the animal’s dark phase by an experimenter blind to

genotype.

Rotarod

Two-month-old mice were trained over 3 consecutive days on
the rotarod (Ugo Basille) at a fixed speed of 18 revolutions per
minute (RPM). Mice received 3 x 120 s training trials per day
with a 1 h inter-trial interval (ITI). Mice that fell from the rod
were immediately replaced for the duration of the trial. The
latency to the first fall and number of falls for each training
trial were recorded. The average of the three trials for each
mouse was scored. For longitudinal rotarod testing at
2-month intervals from 2 to 12 months of age, an accelerating
program from 5 to 40 RPM over 300s was used. Mice
received three trials with a 1 h ITI and the latency to the
first fall was recorded. The average of the three testing trials
was scored.

Climbing

Mice were placed at the bottom end of a closed-top wire mesh
cylinder (10 x 15 cm) on the tabletop and recorded with a
video camera for 5 min. The latency to begin climbing (all
four feet off the desk top) and the total time spent in climbing
during the 5 min trial were scored. Mice were tested longitu-
dinally at 2-month intervals from 2 to 12 months of age.

Spontaneous activity

Mice were placed in a 27 x 27 x 20.3 cm spontaneous activ-
ity box (Med Associates) for 30 min. Activity, ambulation,
jumping, stereotypy and resting were scored by infrared
beam breaks. Mice were tested longitudinally at 2-month
intervals from 2 to 12 months of age.

Elevated plus maze

To assess anxiety during elevated plus maze exploration, mice
aged 3, 6 or 9 months were placed in the center of an elevated
plus maze with 30 x 10 cm arms, 20 cm high walls on the two
closed arms and 50 cm legs. Exploration of the maze was
recorded during a 5 min trial by a ceiling-mounted video
camera and scored by Ethovision XT 7 animal tracking soft-
ware (Noldus). Distance traveled and average velocity were
assessed as a measure of exploratory activity. Entries into
and time spent in the open arms, in addition to head dips off
the edge of the open arms, were scored as a measure of
anxiety. Each mouse was tested at a single time point and mul-
tiple cohorts were evaluated to provide data from different
ages.
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Porsolt forced swim test

A modified Porsolt forced swim test was performed as described
previously (40). Briefly, 12-month-old mice were placed in
individual cylinders (25 cm tall x 19 cm wide) filled with
room temperature water (23—25°C) to a depth of 15 cm for a
period of 6 min. The test sessions were recorded by a video
camera placed directly above the cylinders. Time spent in
swimming versus floating (immobile) in the last 5 min of the
trial was scored as a measure of depressive behavior.

Open-field exploration and object learning

To assess anxiety during open-field exploration, mice aged 3,
6 or 9 months were placed in the lower left corner of a 50 x
50 cm open grey acrylic box with 20 cm tall sides in a room
brightly lit by fluorescent ceiling lights. Open-field activity
was recorded for 10 min by a ceiling-mounted video camera
and scored by Ethovision XT 7. Distance traveled and
average velocity were assessed as a measure of exploratory ac-
tivity. Entries into and time spent in the center of the field
were scored as a measure of anxiety. Mice were then
removed from the apparatus for a 5 min ITI during which
two different novel objects were placed in the upper two
corners of the box, far enough from the sides so as to not
impede movement around the outer edge (~7 cm). Mice
were reintroduced to the box in the lower left corner and
recorded for 5min by a ceiling-mounted video camera,
during which the number of investigations of the novel
objects was scored by Ethovision XT 7. Mice were then
removed from the box for a 5 min ITI, and the object at the
top right corner of the box was moved to the lower right
corner of the box. To assess preference for a known object
in a novel location, mice were reintroduced to the box and
recorded for 5 min. The percentage of the investigations, or
nose pokes, to the target object (the one in the new location)
was computed. To assess preference for a novel object, the ex-
periment was repeated on the subsequent day with the excep-
tion that, instead of repositioning the object in the top right
corner, the object was replaced by a different, unfamiliar
object in the same location. The percentage of the investiga-
tions of the target object (the unfamiliar one) was computed.
Each mouse was tested at a single time point and multiple
cohorts were used to evaluate longitudinal performance.

Neuropathology

Mice were injected with 2.5% IP avertin and intracardially
perfused with phosphate-buffered saline (PBS) followed by
ice-cold 4% paraformaldehyde (PFA) in PBS. The brains
were removed and post-fixed in 4% PFA at 4°C for 24 h,
and then cryopreserved in 30% sucrose. They were then
frozen on dry ice, mounted with Tissue-TEK O.C.T. com-
pound (Sakura) and cut by cryostat (Microm HM 500 M)
into 25 wm free-floating coronal sections. Sections were
stored in PBS with 0.08% sodium azide at 4°C until immuno-
histochemical processing.

Stereological volumetric assessments

A series of 25 pm coronal sections spaced 200 pm apart span-
ning the striatum were stained with the NeuN antibody
(1:1000; Millipore) overnight at room temperature, followed

by incubation with biotinylated anti-mouse antibody (1:1000;
Vector Laboratories) for 2 h at room temperature. The ABC
Elite kit (Vector) was used to amplify signal, which was
detected with diaminobenzidine (DAB; Thermo Scientific).
Striatal, cortical and corpus callosum volumes were deter-
mined by tracing the perimeter of the desired structure in
serial sections using Stereolnvestigator software (Microbright-
field) and volumes determined using the Cavalieri principle.

DARPP-32 staining intensity

Free-floating sections were incubated in primary mouse anti-
DARPP32, #C24-6a (gift from Dr Paul Greengard and
Dr Hugh Hemming; 1:20 000) overnight at room temperature.
Sections incubated without primary antibody served as con-
trols. Sections were washed and incubated with horseradish
peroxidase-conjugated secondary antibody (1:500, Jackson
ImmunoResearch Laboratories) for 2 h at room temperature.
Staining was visualized using DAB. Sections were photo-
graphed using a Zeiss Axioplan 2microscope and Coolsnap
HQ Digital CCD camera (Photometrics). The amount of
DARPP32 was determined using MetaMorph software
version 6.3 (Universal Imaging Corporation). Labeling was
identified using constant threshold levels for all images and
analyzed using ‘integrated morphometry’. Relative levels of
staining were calculated as the sum of the integrated optical
density for each image divided by the area of the region
selected then multiplied by the sampling interval (8) and
section thickness (25 wm). No staining was observed in a
negative control without primary antibody.

Statistical analysis

Data are expressed as the mean + SEM. Pairwise comparisons
between genotypes at individual time points were assessed
with a Student’s #-test or one-way ANOVA. Longitudinal
and multi-time point comparisons were assessed with
two-way ANOVA for genotype and age except for object
learning assays for which each time point was analyzed inde-
pendently by two-way ANOVA for trial and genotype. Bon-
ferroni post hoc analysis was used to assess genotype or trial
differences for specific ages or genotypes, respectively. Differ-
ences were considered statistically significant when P < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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