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The development of animal models of Huntington disease (HD) has enabled studies that help define the
molecular aberrations underlying the disease. The BACHD and YAC128 transgenic mouse models of HD
harbor a full-length mutant huntingtin (mHTT) and recapitulate many of the behavioural and neuropathologic-
al features of the human condition. Here, we demonstrate that while BACHD and YAC128 animals exhibit simi-
lar deficits in motor learning and coordination, depressive-like symptoms, striatal volume loss and forebrain
weight loss, they show obvious differences in key features characteristic of HD. While YAC128 mice exhibit
significant and widespread accumulation of mHTT striatal aggregates, these mHTT aggregates are absent
in BACHD mice. Furthermore, the levels of several striatally enriched mRNA for genes, such as DARPP-32,
enkephalin, dopamine receptors D1 and D2 and cannabinoid receptor 1, are significantly decreased in
YAC128 but not BACHD mice. These findings may reflect sequence differences in the human mHTT trans-
genes harboured by the BACHD and YAC128 mice, including both single nucleotide polymorphisms as
well as differences in the nature of CAA interruptions of the CAG tract. Our findings highlight a similar profile
of HD-like behavioural and neuropathological deficits and illuminate differences that inform the use of
distinct endpoints in trials of therapeutic agents in the YAC128 and BACHD mice.

INTRODUCTION

The development of a therapeutic compound from preclinical
research into human clinical trials typically requires successful
demonstration of therapeutic benefit in animal models of the
disease. The discovery of the mutation in the Huntington
disease (HD) gene in 1993 (1) resulted in the establishment
of numerous animal models with a CAG expansion analogous
to the human disease. Although genetic models of HD have
been generated in lower invertebrates such as fruit flies and
nematodes, transgenic mice expressing the mutant HTT
gene, or a portion thereof, have been the most commonly
used models to investigate potential therapies for HD.

In an effort to unravel mechanisms leading to disease, the
ideal animal model of HD is likely to necessitate reproduction
of the mutation in the context of the complete human gene.
Various pathways dependent on sequences outside of the mu-
tation itself might be appropriately regulated in this animal
model, including post-translational modifications of HTT de-
pendent on sequence in the human gene. In addition, the full-
length human HTT gene along with sufficient upstream and
downstream regulatory sequences would ensure appropriate
cellular and temporal expression of the gene (2). The current
mouse models show varying degrees of similarity to the
human condition and each model has its advantages and
disadvantages. Transgenic mice expressing mutant huntingtin
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(mHTT) N-terminal fragments, such as the R6/2 model, exhibit
a number of HD-like phenotypes, including progressive motor
deficits, striatal and cortical atrophy, shortened lifespan,
reactive gliosis, mHTT aggregation and alterations in gene
expression (3–5). Although these relatively acute and
fast-progressing models have been used extensively for pre-
clinical testing of drug candidates, they have limited predictive
value for therapeutic success in patients with several com-
pounds, such as ramecemide, coenzyme Q10 and riluzole,
showing efficacy in these animal models but failing to
confer benefits in clinical trials (6–10). Knock-in mouse
models of HD have been established by replacing a portion
of the mouse Htt gene with a portion of the mutant human
copy that contains an expanded CAG region. These models,
although harbouring the mutation seen in the human disease,
demonstrate a very mild phenotype and protracted time
course to disease onset, making them less convenient for effi-
cacy testing in vivo. Other transgenic mouse models have been
generated to express longer fragments or the full-length human
mutant HTT gene. These include the yeast artificial chromo-
some (YAC) and bacterial artificial chromosome (BAC)
mouse models (11–13), which contain the human mutation
in the context of the complete human gene and show symp-
toms that closely parallel human HD such as progressive
motor and cognitive abnormalities, psychiatric-like distur-
bances and striatal neuronal loss.

Both the YAC128 and BACHD mice express the entire
human HTT gene containing 125 and 97 glutamine repeats,
respectively, under the control of endogenous HTT regulatory
machinery. These mice exhibit a predictable phenotype with
age-dependent motor deficits, neuronal synaptic dysfunction
and predominantly striatal atrophy and neurodegeneration.
Characterization of the natural history of YAC128 and
BACHD mice suggests that these are useful models for evalu-
ation of therapeutic strategies for HD as they exhibit readily
discernable and highly reproducible age-dependent distur-
bances in motor and cognitive function as well as selective
neuronal atrophy. Despite these similarities, the YAC128
and BACHD mice are genetically distinct models. Methodolo-
gies for mouse model characterization have not been standar-
dized and can vary greatly between laboratories. Here, we
performed a direct comparison of the YAC128 and BACHD
mouse models on the same background strain that were
housed and tested under identical conditions in the same la-
boratory. We sought to evaluate the biochemical, behavioural
and neuropathological profiles of both models and enrich our
understanding of their similarities and differences in order to
identify valuable endpoints that will allow for the efficient
design and implementation of therapeutic trials in the
YAC128 and BACHD mouse models.

RESULTS

Comparison of genomic sequence of the mHTT region
in BACHD and YAC128 mice

As variations in gene sequence can influence the function of its
protein product, we examined whether there are sequence dif-
ferences in the mHTT region and its genomic context embed-
ded in the BACHD and YAC128 mice that may contribute to

phenotypic differences between these lines. The genomic
insert containing the human mHTT gene in BACHD mice is
�240 kb in size compared with 308 kb in YAC128 mice
(Table 1). This difference in genomic insert size reflects the
inclusion of a larger genomic region upstream of the mHTT
gene in YAC128 (24 kb) compared with BACHD mice
(20 kb), as well as a larger genomic region downstream
of the HTT gene in YAC128 (116.8 kb) compared with
BACHD mice (50 kb) (Table 1). Single nucleotide poly-
morphisms (SNPs) spanning the entire mHTT region in both
BACHD and YAC128 mice were genotyped (14). Of the 85
SNPs genotyped in both the YAC128 and BACHD transgenes,
the alleles of 36 SNPs were found to differ between them.
These included three missense amino acid differences, one
allelic difference just upstream of the HTT 5′-UTR and one
in the 3′ untranslated region (Fig. 1).

Amino acid sequence differences

Using PolyPhen, a tool which uses physical and comparative
considerations to predict the potential impact of an amino
acid substitution on protein structure and function (15), two
of the three identified missense differences were predicted to
be benign: Tyr-His at rs362331 in exon-50 and Val-Ile at
rs362272 in exon-61. One amino acid difference, however,
is predicted to affect huntingtin protein function. At this
SNP, rs34315806, which is located in exon 29 at amino acid
1262 of the HTT protein, BACHD harbours the G allele
coding for Thr, which occurs in this position in the human
and mouse reference sequences. The mHTT transgene in
YAC128 has an A allele at rs34315806 coding for Met. This
allele has a minor allele frequency of 0.067 in the Yoruban
African population but is not observed in Caucasian European,
Chinese or Japanese HapMap populations in dbSNP release
132 (16,17). We predict that this sequence difference,
because it occurs in close proximity to HEAT-repeat region
3 (18), could conceivably influence HTT protein function by

Table 1. Comparison of genomic features of constructs used to generate the
BACHD and YAC128 mice

BACHD YAC128 (line 53)

Original construct
Clone BAC RP11-866L6 YAC 353G6
Insert size �240 kb 308 kb
Length upstream of HTT gene �20 kb 24 kb
Length downstream of HTT gene �50 kb 116.8 kb

Transgene
CAG repeats 97 125
Chromosomal localization Not determined 3qB
LoxP sites 2 flanking exon 1 No
Copy number �5 �4
Lines phenotypically analysed 2 (BACHD and

BACHD-L)
3

SNPs
Total SNPs compared 85 85
Total SNPs different 36 36

Promoter 1 1
Exonic 7 (1 in 3′ UTR) 7 (1 in 3′ UTR)
Intronic 23 23
Downstream (3′) sequences 5 5
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influencing its binding with interactors. Consequently, it may
contribute to phenotypic differences between BACHD and
YAC128 mice, although additional studies would be needed
to investigate this possibility. None of the three missense-
coding differences between BACHD and YAC128 is close
to the two major clusters of post-translational modifications
in the HTT protein (Fig. 1B).

Putative regulatory differences

One SNP allele difference between the YAC128 and
BACHD mHTT transgenes at rs762855 (�1.6 kb upstream
of the HTT transcription start site) lies in a putative HTT
regulatory sequence (19). Regulatory analysis of variation
in enhancers (20) indicated that this SNP occurs in a con-
served non-coding sequence and the alleles present in
YAC128 and BACHD are predicted to differentially bind
to the transcription factors Dorsal-1, Hen-1, Myf, Snail and
Tal1beta-E47S. None of these has yet been specifically
linked to HTT regulation or HD, but it is possible that this
difference can result in spatial or temporal changes in HTT
gene expression by influencing binding of specific transcrip-
tion factors. Finally, SNP rs362306, which is different
between YAC128 and BACHD, is located in the HTT
3′UTR, and does not overlap with any conserved miRNA-
binding sites predicted by the TargetScan software for pre-
diction of microRNA targets (21). As such, it is unlikely
to contribute to any phenotypic differences between
BACHD and YAC128 mice.

Comparison of the CAG tract sequence in the mHTT
transgenes of BACHD and YAC128 mice

Genetic analyses of the human mHTT gene reveal that it
contains a nearly pure tract of CAG that is interrupted by a
penultimate CAA trinucleotide (22). To examine the similar-
ities and differences in the composition of CAG/CAA within
the CAG tracts in BACHD and YAC128 mice, the CAG
tracts of the mHTT transgenes in both mice were sequenced.

The CAG tract of BACHD mice was determined to com-
prise 97 repeats containing 48 CAG repeats and 49 CAA
repeats. A repeating sequence of ‘CAG CAG CAA CAG
CAA CAA’ covers the entire stretch of the CAG tract with
the exception of the first trinucleotide repeat which is repre-
sented by ‘CAA’ (Table 2). The CAG tract of YAC128
mice comprises 125 repeats containing 116 CAG repeats and
9 CAA repeats (Table 2). The nearly pure CAG tract in the
mHTT transgene of the YAC128 is interrupted by two ‘CAA
CAA CAA CAG CAA’ sequences at repeats 24–28 and
109–113, as well as a penultimate ‘CAA’ at repeat number
124 (Table 2). This configuration more closely resembles the
CAG tract of the human mHTT gene.

Htt mRNA and protein levels in BACHD
and YAC128 mice

To compare the level of Htt expression in BACHD and
YAC128 mice, we employed real-time quantitative reverse
transcription polymerase chain reaction (RT–PCR) and im-
munoblotting to measure mRNA and protein levels of

Figure 1. Comparison of genomic context of the HTT gene in BACHD and YAC128 mice and relationship of SNPs to HTT protein features. (A) The YAC128
and BACHD transgenes both contain the complete HTT gene, while YAC128 includes an additional 4 kb upstream and �67 kb downstream of HTT. HTT
coding exons are represented by vertical bars and 5′-UTR and 3′-UTR by open rectangles. Allelic differences at five SNPs could contribute to phenotypic differ-
ences between the YAC128 and BACHD mouse models: rs762855 is 1.6 kb upstream of the HTT transcription start site; rs34315806, rs362331 and rs362272 are
coding SNPs; rs362306 is in the 3′-untranslated region of HTT. (B) SNPs that result in missense coding differences between BACHD and YAC128 are shown in
the context of HTT protein features. PTM1 and PTM2 represent two major clusters of post-translational modifications including phosphorylation, ubiquitination,
sumoylation and acetylation sites and protease cleavage sites (reviewed in 18). Individual phosphorylation sites further downstream are marked with ‘P’ in open
circles. Amino acid (aa) locations of HEAT repeats 1 through 4 are marked below HTT.

Human Molecular Genetics, 2012, Vol. 21, No. 10 2221

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/10/2219/2900633 by guest on 24 April 2024



human (hu) and mouse (ms) Htt in striatal and cortical tissues
of 2-month-old animals. In BACHD mice, striatal levels of
huHtt mRNA are �1.36× the endogenous msHtt mRNA
levels, and are significantly higher in comparison
to YAC128 mice where the ratio of huHtt:msHtt mRNA is
�0.99× (Fig. 2A). Similarly, cortical levels of huHtt
mRNA are �1.30× those of endogenous msHtt mRNA in
BACHD mice compared with 1.09× in the YAC128 mice
(Fig. 2B). Consistent with the higher huHtt mRNA levels in
BACHD than in YAC128 mice, the levels of the huHtt
protein as assessed by monoclonal 2166 anti-htt antibody are
significantly higher in BACHD compared with YAC128

mice in both the striatum (Fig. 2C; huHtt:msHtt is �1.00×
for BACHD and 0.63× for YAC128) and the cortex
(Fig. 2D; huHtt:msHtt is �0.94× for BACHD and �0.56×
for YAC128). Similar results are observed with anti-htt
BKP1 antibody (data not shown).

Body weight and plasma IGF-1 levels in BACHD
and YAC128 mice

We previously reported that the body weight of the mice is
influenced by the levels of full-length Htt (23) and this corre-
lated with plasma insulin-like growth factor 1 (IGF-1) levels

Figure 2. HTT and Hdh mRNA and protein levels in striatal and cortical tissues from BACHD and YAC128 mice. Levels of HTT and Hdh mRNA and protein
products (huHTT and msHtt) in striatal and cortical tissues of 2-month-old BACHD and YAC128 mice were assessed using quantitative reverse transcription
polymerase chain reaction (RT–PCR) (A and B) and immunoblot (C and D). mRNA expression levels of HTT and Hdh genes were normalized to Actb (b-actin).
The data represent the ratio of HTT:Hdh mRNA in striatal (A) and cortical (B) tissue of BACHD and YAC128 mice (n ¼ 4 for BACHD and 5 for YAC128).
HuHTT and msHtt protein levels in striatal (C) and cortical (D) tissues of BACHD and YAC128 mice (n ¼ 2 for wild type (WT), 3 for BACHD and 3 for
YAC128). All data represent means+SEM. ∗P , 0.05, and ∗∗∗P , 0.001.

Table 2. Human HTT transgene CAG tract sequence in BACHD and YAC128 mice

BACHD YAC128

CAG tract length 97 repeats 125 repeats
Number of CAG trinucleotides 48 116
Number of CAA trinucleotides 49 9
Pattern ‘CAG CAG CAA CAG CAA CAA’ except at the following repeat number: Pure CAG except at the following repeat numbers:

1: CAA 24–28: CAA CAACAA CAG CAA
109–113: CAA CAACAA CAG CAA
124: CAA
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(24). As the levels of Htt are higher in BACHD than in
YAC128 mice, higher levels of plasma IGF-1 and increased
body weight in BACHD compared with YAC128 mice
might be expected. Measurement of plasma IGF-1 levels
showed that they are significantly higher in YAC128 com-
pared with wild type (WT) mice (Fig. 3A). Consistent with
the higher level of full-length Htt in BACHD mice, plasma
IGF-1 levels were significantly higher in BACHD mice com-
pared with WT and YAC128 mice (Fig. 3A). Body weight
measurements followed a pattern similar to that noted for
IGF-1 with body weights of YAC128 mice being significantly
higher than WT animals, and the body weights of BACHD
mice being the highest (Fig. 3B). As such, any phenotypic
measures influenced by body weight are likely to be more
affected in BACHD than in YAC128 mice.

Cognitive, motor and psychiatric phenotypes in BACHD
and YAC128 mice

Next, we employed rotarod training to examine motor learning in
WT, BACHD and YAC128 mice at 2 months of age. BACHD
mice showed significant deficits in motor learning compared
with WT animals as signified by a shorter latency to fall in
trials 1, 2 and 3 of the rotarod learning task (Fig. 4A). Similarly,
YAC128 mice exhibited a significantly shorter latency to fall in
trial 1 of the task compared with WT mice, and were not differ-
ent compared with BACHD mice (Fig. 4A).

To examine motor function, we evaluated BACHD,
YAC128 and WT mice in the accelerating rotarod task at 2,
4, 6, 8, 10 and 12 months of age. BACHD mice showed
significantly reduced performance at 4, 6 and 12 months of
age compared with WT animals (Fig. 4B). YAC128 mice
exhibited a similarly reduced performance on the accelerating
rotarod task at 4, 6, 10 and 12 months of age. There was
no significant difference in motor function between the
YAC128 and BACHD mice (Fig. 4B).

Mice were also subjected to the Porsolt forced swim test
(FST) of depression to examine the depressive-like phenotype.
Testing of BACHD mice at 12 months of age showed they
exhibited increased immobility, signifying a depressive-like
phenotype, compared with age-matched WT animals

(Fig. 4C). Consistent with our previous observations (25),
YAC128 mice showed increased immobility in the FST com-
pared with WT animals, and these changes were not statistic-
ally different from those noted in 12-month-old BACHD mice
(Fig. 4C).

To examine responses to acoustic startle and sensory-motor
gating, BACHD, YAC128 and WT mice were evaluated using
the pre-pulse inhibition (PPI) of startle test at 12 months of
age. BACHD mice exhibited a reduced startle response com-
pared with WT mice (Fig. 4D). BACHD mice did not
exhibit deficits in PPI of startle relative to WT animals at
most of the startle intensities tested. However, they showed
enhanced PPI of startle relative to WT at 8 dB above back-
ground intensity (Fig. 4E). YAC128 mice similarly showed
a decreased startle response compared with WT animals
(Fig. 4D). YAC128 mice exhibited significant deficits in PPI
to startle relative to WT at 16 dB above background intensity,
consistent with a previous report (26) (Fig. 4E). Furthermore,
the PPI responses of YAC128 mice were significantly lower
compared with BACHD mice at pre-pulse intensities of 8
and 16 dB above background (Fig. 4E).

Striatal transcriptional dysregulation was observed
in YAC128, but not in BACHD, mice

Transcriptional dysregulation is a well-established feature of
HD and deficits in the levels of a number of striatally enriched
genes including those coding DARPP-32, Enkephalin (Enk),
dopamine receptors D1 and D2 (D1R and D2R, respectively)
and cannabinoid receptor 1 (CB1) have been observed in
HD brains (27–32). To examine whether these transcriptional
changes are also present in the mouse models, striatal tissues
from 10-month-old BACHD and YAC128 mice were tested
for expression levels of DARPP-32, Enk, D1R, D2R and
CB1 using quantitative RT–PCR. Interestingly, striatal
expression levels of DARPP-32, Enk, D1R, D2R and CB1
were similar in BACHD and WT mice (Fig. 5A). In contrast,
YAC128 mice showed significantly decreased striatal levels of
DARPP-32, Enk, D1R, D2R and CB1 compared with WT
animals (Fig. 5B), which more closely resembles the
changes observed in brain tissue from HD patients.

Figure 3. Increased plasma insulin-like growth factor 1 (IGF-1) levels and body weight in BACHD and YAC128 mice. (A) Plasma IGF-1 levels were measured
in WT, BACHD and YAC128 mice at 2 months of age and were significantly higher in BACHD (P , 0.001) and YAC128 (P , 0.05) compared with WT mice.
Plasma IGF-1 were also significantly higher in BACHD compared with YAC128 mice (P , 0.05) (n ¼ 24 for WT, 12 for BACHD and 10 for YAC128). (B)
Body weights of WT, BACHD and YAC128 mice were measured at 2, 3, 4, 5, 8 and 11 months of age. The body weights of BACHD mice were significantly
higher than WT animals at 3, 4, 5, 8 and 11 months of age. The body weights of YAC128 were significantly higher than WT mice at 4, 5, 8 and 11 months of age,
and significantly lower than BACHD mice at 11 months of age (n ¼ 19–23 for WT, 13–15 for BACHD and 14–16 for YAC128). All data represent means+
SEM. ∗P , 0.05, ∗∗P , 0.01 and ∗∗∗P , 0.001 compared with WT; #P , 0.05, and ##P , 0.01 compared with BACHD.
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To examine whether the changes in striatal transcripts were
paralleled by changes in protein levels, we measured the levels
of the DARPP-32 protein in striatal tissues from BACHD and

YAC128 mice at 10 months of age. Consistent with the
DARPP-32 mRNA levels, we observed no difference in the
levels of the striatal DARPP-32 protein between BACHD
and WT mice (Fig. 5C), whereas the levels of the striatal
DARPP-32 protein were significantly reduced in YAC128
compared with WT mice (Fig. 5D).

Deficits in brain weight and striatal volume
in 12-month-old BACHD and YAC128 mice

The forebrain weight, cerebellar weight and striatal volume of
the HD mouse models were determined as measures of neuro-
pathology. Both BACHD and YAC128 mice exhibit signifi-
cantly lower forebrain weight compared with WT animals
(Fig. 6A). In contrast, the cerebellar weight of BACHD and
YAC128 animals was similar to that of WT animals
(Fig. 6B). Also, both BACHD and YAC128 mice showed
significantly decreased striatal volume compared with WT
animals (Fig. 6C). No difference in forebrain weight, cerebel-
lar weight or striatal volume was observed between BACHD
and YAC128 mice (Fig. 6A–C).

Striatal S830-positive aggregates in YAC128, but not
in BACHD, mice

Appearance of mHTT aggregates and inclusion bodies is a
hallmark of HD neuropathology. Using the S830 antibody
previously shown to recognize mHTT aggregates (33,34),
immunohistochemistry was performed on striatal sections
from 12-month-old BACHD, YAC128 and WT mice. No
S830-positive aggregates were detected in striatal sections of
BACHD and WT mice (Fig. 7). In contrast, both S830-positive
diffuse staining and distinct inclusions were observed through-
out the striatum in YAC128 mice (Fig. 7). That no aggregates
were detected in the BACHD mice by the S830 antibody does
not rule out the possibility that aggregates may be detectable
using different antibody or immunohistochemical procedures
than the ones employed in this study. The presence of striatal
mHTT aggregates in YAC128 HD mice parallels the
observations in HD patients.

DISCUSSION

Studies employing the full-length BACHD and YAC128
mouse models of HD have suggested that the nature and
natural history of the phenotypic abnormalities in these two
models are similar (12,13). Given that the experimental proto-
cols, equipment, housing conditions and background strains
employed by different laboratories were varied which may
impact the phenotypic features, we sought to determine by
direct comparison in the same laboratory the biochemical be-
havioural and neuropathological characteristics of BACHD
and YAC128 HD mouse models on the same background
strain using a select set of behavioural tests, biochemical,
and neuroanatomical measures. The findings from this com-
parison showed that although BACHD and YAC128 animals
exhibit similar deficits in motor learning and coordination,
depressive-like symptoms, striatal volume loss and forebrain
weight loss, they differ markedly in key features characteristic

Figure 4. Behavioural abnormalities in BACHD and YAC128 mice. BACHD
and YAC128 mice were assessed for motor learning, motor coordination,
depressive-like symptoms, startle response and PPI of startle response. (A)
Motor learning in BACHD and YAC128 mice was assessed using the
rotarod task at 2 months of age. Mice were given three 120 s trials per day
at a fixed-speed of 18 rpm for three consecutive days, and their latency to
fall was recorded. BACHD and YAC128 mice exhibited significant deficits
in motor learning compared with WT mice (∗P , 0.05, ∗∗P , 0.01, ∗∗∗P ,
0.001 compared with WT; #P , 0.05 compared with BACHD; n ¼ 23 for
WT, 15 for YAC128 and 16 for BACHD). (B) Motor coordination of
BACHD and YAC128 mice was assessed using the accelerating rotarod task
at 2, 4, 6, 8, 10 and 12 months of age. BACHD and YAC128 mice exhibited
significant deficits in motor coordination compared with WT mice (∗P , 0.05,
∗∗P , 0.01, ∗∗∗P , 0.001 compared with WT; n ¼ 16–23 for WT, 13–16 for
BACHD and 13–15 for YAC128). (C) The Porsolt FST was used to assess
depressive-like symptoms. Both BACHD and YAC128 mice exhibited
depressive-like symptoms as signified by increased immobility compared
with WT mice (∗P , 0.05, ∗∗P , 0.01 compared with WT; n ¼ 12 for WT,
6 for BACHD and 9 for YAC128). (D) The startle response of BACHD and
YAC128 mice to a 120 dB noise burst was measured using an SR-Lab
System apparatus. Both BACHD and YAC128 mice exhibited significantly
reduced startle response compared with WT mice (∗P , 0.05, ∗∗∗P , 0.001
compared with WT; n ¼ 19 for WT, 13 for BACHD and 14 for YAC128).
(E) The PPI to startle response of BACHD and YAC128 mice was assessed
at different startle intensities. The PPI to startle of YAC128 mice was signifi-
cantly reduced compared with WT at 16 dB above background, and compared
with BACHD mice at 8 and 16 dB above background (∗P , 0.05 compared
with WT; #P , 0.05, ##P , 0.01 compared with BACHD; &P , 0.05 com-
pared with respective response at 2 dB above background; n ¼ 19 for WT,
14 for BACHD and 13 for YAC128).
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Figure 5. Transcriptional dysregulation in YAC128, but not in BACHD, mice. To examine transcriptional dysregulation in BACHD and YAC128 mice, expres-
sion levels of striatal DARPP-32, Enk, D1R, D2R and CB1 were measured using quantitative RT–PCR at 10 months of age. (A) Striatal levels of DARPP-32,
Enk, D1R, D2R and CB1 mRNA were similar between BACHD and WT mice (n ¼ 6–7 for WT, and 6 for BACHD). (B) In YAC128 mice, striatal levels of
DARPP-32, Enk, D1R, D2R and CB1 mRNA were all significantly decreased compared with WT mice (n ¼ 8 for WT, and 6 for YAC128). (C) Assessment of
protein levels of striatal DARPP-32 by immunoblot analysis revealed no difference between BACHD and WT mice at 10 months of age (n ¼ 7 for WT, and 7 for
BACHD). (D) Striatal protein levels of DARPP-32 were significantly decreased in YAC128 compared with WT mice at 10 months of age (n ¼ 11 for WT, and
12 for YAC128). All data represent means+SEM. ∗P , 0.05, and ∗∗P , 0.01 compared with WT.

Figure 6. Deficits in brain weight and striatal volume in YAC128 and BACHD mice. Forebrain weight, cerebellar weight and striatal volume were evaluated in
12-month-old mice as measures of neuropathology. (A) Both BACHD and YAC128 mice exhibited significant deficits in forebrain weight compared with WT
animals (n ¼ 14 for WT, 13 for BACHD and 13 for YAC128). (B) Cerebellar weight in BACHD and YAC128 mice was similar to that of WT mice (n ¼ 16 for
WT, 13 for BACHD and 12 for YAC128). (C) Both BACHD and YAC128 mice showed significantly decreased striatal volume compared with WT mice (n ¼ 14
for WT, 13 for BACHD and 13 for YAC128). All data represent means+SEM. ∗∗P , 0.01 compared with WT.
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of HD including deficits in the levels of certain striatally
enriched transcripts and in the accumulation of S830-positive
mHTT aggregates (Table 3).

The body weights of BACHD and YAC128 mice have pre-
viously been reported to be higher than those of WT animals
(23,24). We now demonstrate that compared with that of
YAC128 mice, the body weight of BACHD mice is signifi-
cantly higher. Levels of full-length Htt and plasma IGF-1
have been shown to influence body weight in transgenic
animals, with increased levels of full-length Htt being asso-
ciated with increased plasma IGF-1 levels and higher body
weights (23,24). Our finding that body weight and plasma

IGF-1 levels of BACHD mice are significantly higher com-
pared with YAC128 mice is, therefore, consistent with the sig-
nificantly higher levels of full-length Htt observed in BACHD
compared with YAC128 mice. The increased body weight of
BACHD mice compared with YAC128 mice is also in agree-
ment with previously published findings (35). These findings
also indicate that any potential confounds of the increased
body weight observed in these transgenic mice are likely to
be of greater impact in the BACHD than in the YAC128 mice.

BACHD and YAC128 animals exhibited similar aberrations
in behaviour. Both lines showed deficits in the rotarod test of
motor learning compared with WT mice, with a trend towards

Table 3. Comparison of characteristic of the BACHD and YAC128 mouse models of HD and human patients

BACHD mice YAC128 mice HD patient

Genetics
Number of exons 67 67 67
CAG/CAA tract composition 49% CAGs, 49% CAA Nearly pure CAG tract with penultimate

CAA (93% CAG, 7% CAA)
Nearly pure CAG tract with

penultimate CAA
Behaviour

Cognitive function Deficits in motor learning Deficits in motor learning and sensory
motor gating

Cognitive deficits

Motor coordination Decreased performance in
accelerating rotarod

Decreased performance in accelerating
rotarod

Motor deficits

Psychiatric status Depressive-like phenotype in FST Depressive-like phenotype in FST Psychiatric disturbances
Biochemical/metabolic

Plasma IGF-1 levels Increased Increased ?
Body weight Increased Increased Decreased
Transcriptional dysregulation No change Decreased levels of DARPP-32, Enk,

D1R, D2R, CB1 transcripts
Decreased levels of DARPP-32,

Enk, D1R, D2R, CB1 transcripts
Neuropathology

Forebrain weight Decreased Decreased Decreased
Striatal volume Decreased Decreased Decreased
mHTT aggregates Not detected Present Present

Figure 7. Absence of S830-positive aggregates in striatal tissues of WT and BACHD mice. The presence of striatal mHTT aggregates and inclusion bodies in
12-month-old BACHD and YAC128 mice was examined by immunohistochemistry using the S830 antibody. No S830-positive aggregates were detected in
striatal sections of BACHD and WT mice. In contrast, both S830-positive diffuse staining and distinct inclusions were observed throughout the striatum in
YAC128 mice.
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worsened performance in the BACHD mice compared with
YAC128 animals. BACHD and YAC128 mice also showed
similar motor dysfunction in the accelerating rotarod task, an
aberrant startle response and depressive-like phenotypes signi-
fied by increased immobility in the FST of depression. The
increased immobility observed in the BACHD and YAC128
mice is not due to age-dependent motor deficits as we have
previously demonstrated that the ability of the mice to swim
is not affected by the motor dysfunction they develop [(25);
Pouladi et al., unpublished data]. Thus, both mouse models
are equally useful for studies aiming to investigate and/or
modulate these motor and behavioural aspects of the disease.

Although several studies have shown clear deficits in motor
coordination in YAC128 mice as assessed by the rotarod task
(12,25,36,37), a recent study in which the behavioural pheno-
types of BACHD and YAC128 were evaluated demonstrated
deficits in rotarod performance in BACHD but not in
YAC128 mice (35). This is in contrast to our finding of com-
parable deficits in rotarod performance in YAC128 and
BACHD relative to WT mice. Similarly, the study reported
the startle response of BACHD mice to be reduced compared
with WT, whereas no deficits in startle response were observed
in YAC128 mice (35). These discrepancies may be due to
differences in the apparatus, the test procedure or the testing
regimens employed. It may also represent an outlier effect
as the study reported the rotarod performance of WT mice
in the YAC128 cohort to be considerably lower than that of
WT mice in the BACHD cohort (35).

BACHD and YAC128 mice also displayed other notable
differences. Whereas YAC128 mice exhibited a significant
decrease in PPI of startle response compared with WT mice,
BACHD mice exhibited a significant increase in PPI of
startle response compared with WT mice. PPI of startle
response is a measure of sensorimotor gating, the striatally
dependent inhibition of involuntary movements. This function
is impaired in patients with HD who exhibit decreased PPI of
startle response (38). The decrease in YAC128 and increase in
BACHD mice of PPI of startle response is consistent with pre-
vious reports (26,35), although one study observed no deficits
in PPI of startle response in YAC128 mice (35). This discrep-
ancy may be due to differences in the experimental protocol
employed.

The altered startle and PPI of startle responses observed in
BACHD and YAC128 mice could conceivably reflect hearing
impairment. However, this possibility is not supported by the
findings which demonstrate while both BACHD and YAC128
mice show decreased startle response compared with WT
animals, BACHD mice exhibit increased PPI while YAC128
mice showed decreased PPI compared with WT mice. This
disconnect between changes in the startle response and the
PPI suggests that the decrease in PPI is unlikely to reflect
hearing impairment, and more likely reflects impaired sensori-
motor gating in these animals. Additional evidence indicative
of functioning hearing abilities in the BACHD and YAC128
mice is the increased PPI observed with increasing pre-pulse
intensities. The PPI response in YAC128 mice when subjected
to a pre-pulse intensity of 16 dB above background is signifi-
cantly higher compared with their PPI response when the
animals are subjected to a pre-pulse intensity of 2 dB above
background. A similar increase in PPI is observed in

BACHD mice with increasing pre-pulse intensity (8 dB
above background versus 2 dB above background). These
findings suggest a functioning yet altered PPI response and
sensorimotor gating in BACHD and YAC128 mice.

Furthermore, the performance of YAC128 and BACHD
mice in the test of PPI of startle response paralleled the
pattern of expression of striatal DARPP-32 in these mice.
DARPP-32 has been shown to play a role in mediating PPI
of startle response, as animals deficient in DARPP-32 expres-
sion exhibit deficits in this test (39). Striatal DARPP-32 levels
were reduced in YAC128 but not BACHD mice compared
with WT. The deficits in DARPP-32 observed in YAC128
mice are consistent with our previous findings demonstrating
decreases in DARPP-32 mRNA and protein levels (36,40–
42), and may contribute to the deficits in PPI of startle re-
sponse in YAC128 mice not seen in BACHD mice. In addition
to the deficits in DARPP-32 noted in YAC128 animals, striatal
levels of mRNA transcripts encoding Enk, D1R, D2R and
CB1 were similarly reduced in 10-month-old YAC128 com-
pared with WT mice. No such deficits in mRNA transcripts
of DARPP-32, Enk, D1R, D2R or CB1 were observed in stri-
atal tissue from BACHD compared with WT mice. The lack of
change in the mRNA levels of these striatally enriched genes
in BACHD mice is in sharp contrast to findings from human
HD brains, where, similar to the YAC128 mice, decreases in
the levels of DARPP-32, Enk, D1R, D2R and CB1 are
observed (27–32). Furthermore, the findings suggest that tran-
scriptional changes do not necessarily represent good surro-
gate measures for reversal of HD-associated phenotypic
deficits, such as motor dysfunction, depressive-like phenotype
and neuronal atrophy in all models of HD as indeed these
phenotypic deficits are present in BACHD mice despite
absence of transcriptional changes in these genes. Moreover,
BACHD and YAC128 mice have similar motor performance
and striatal atrophy phenotypes, while only YAC128 show
transcriptional changes, such as decreases in DARPP-32
levels. This suggests that the mechanism underlying the
motor and cognitive dysfunction in BACHD mice is unlikely
to relate to decreased DARPP-32. Furthermore, given the
similarities in the phenotypic deficits in BACHD and
YAC128 mice, it is also possible that the motor and cognitive
dysfunction in YAC128 mice is unrelated to the reported
transcriptional changes.

Furthermore, similar to findings in brains of HD patients,
YAC128 mice displayed widespread striatal aggregates, as
assessed by S830-positive staining at 12 months of age,
consistent with previous studies demonstrating age-dependent
accumulation of mHTT aggregates in striatal and cortical
regions of YAC128 mice (12,43). This finding is in sharp con-
trast to the BACHD mice where no S830-positive aggregates
were detected at 12 months of age. Formation of mHTT aggre-
gates has been shown to be influenced by mHTT levels, with
increasing levels of mHTT being associated with increasing
aggregation and inclusion body formation (44). The lack of
S830-positive aggregates in BACHD mice is, therefore, un-
likely to be the result of reduced mHTT levels as indeed
higher levels of mHTT are observed in BACHD compared
with YAC128 mice. These findings support the notion that
aggregates detected by this antibody may not represent the
toxic species that underlie the pathology of the disease.
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Thus, despite the absence of S830-positive mHTT aggregates
in BACHD mice, the profile of motor, cognitive and
depressive-like deficits and neuropathology was mostly
similar to that of YAC128 where widespread S830-positive
mHTT aggregates were detected.

However, it should be noted that although no aggregates
were detected in the BACHD mice using the S830 antibody,
this does not rule out the possibility that aggregates may be de-
tectable using different antibody or immunohistochemical pro-
cedures than the ones employed in this study. Indeed, a recent
study reports that using the 3B5H10 antibody, mHTT-
containing neuropil aggregates were detected in brain sections
of BACHD mice following aggressive antigen retrieval in-
volving formic acid (45).

It is not clear what may underlie the differences in the
pattern of transcriptional changes and mHTT aggregation
between BACHD and YAC128 mice. One possibility may
be that these differences are due to differences in the mHTT
proteins expressed in the BACHD versus YAC128 mice.
Indeed, of 36 SNP alleles that differed between the BACHD
and YAC128 HTT transgenes, 3 are predicted to result in mis-
sense amino acid differences, 1 of which is predicted to affect
the physical properties and/or the function of mHTT. It is also
conceivable that in addition to these three SNP alleles, other
sequence differences influencing the physical properties or
the function of the mHTT proteins in the BACHD and
YAC128 mice may exist as reflected in differences of 5′ and
3′ lengths. Further studies are needed to investigate the pos-
sible impact of these SNP allelic differences on mHTT func-
tion and disease phenotype.

An additional factor that may contribute to the phenotypic
differences between BACHD and YAC128 mice is the
length of the CAG repeat tract in the HTT gene. CAG repeat
length has been shown to influence the age of disease onset
(46–48). As BACHD and YAC128 mice express mutant
HTT constructs with different CAG repeat lengths (97 for
BACHD versus 125 for YAC128 mice), this difference may
contribute to their phenotypic differences. However, levels
of mutant HTT have also been shown to contribute to rate
of progression and disease severity (44,49). In light of the dif-
ferences in levels of mutant HTT expressed by BACHD and
YAC128 mice, the relative contribution of CAG repeat
length versus mutant HTT dose to the phenotypic differences
between the models may be difficult to determine.

Another factor that may underlie the phenotypic differences
between the BACHD and YAC128 mice may relate to the
nature of CAG tracts contained in their respective human
HTT transgenes. Whereas 51% of the CAG tract of the trans-
gene in BACHD mice is composed of CAA trinucleotide
repeats (49 CAAs out of 97 CAG/CAA repeats), the CAG
tract in YAC128 mice is nearly pure with CAA trinucleotide
repeats constituting only �7% (9 CAAs out of 125 CAG/
CAA repeats). One postulated mechanism by which CAG
repeat expansion may lead to neurodegeneration involves
RNA transcripts containing expanded CAG tracts forming sec-
ondary structures and mediating toxic effects such as misregu-
lation of alternative splicing processes (50,51). The nature of
the CAA interruptions in the CAG tract has been shown to
heavily influence the secondary structures formed by these
expanded CAG tract RNA transcripts, with pure tracts

forming slippery hairpins and CAA-interrupted tracts
forming branched hairpin structures (52). Thus, the notable
differences in the nature of the CAA interruptions of the
CAG tracts between BACHD and YAC128 mice may contrib-
ute to their differences in the profile of transcriptional dysregu-
lation and the presence of aggregates, possibly by influencing
secondary pathways. However, further studies would be
needed to investigate this possibility. These findings also
suggest that differences in the sequence of the CAG tract
and the nature of the CAA interruptions do not represent
major contributors to the behavioural deficits and striatal
atrophy observed in the BACHD and YAC128 HD mice.

In summary, our study demonstrates that while BACHD and
YAC128 animals exhibit similar deficits in motor learning and
coordination, depressive-like symptoms and striatal atrophy,
they show differences in key features characteristic of HD, in-
cluding the profile of transcriptional dysregulation as well as
the presence of S830-positive mHTT aggregates. These find-
ings illuminate key differences between the models that may
serve to guide the selection of distinct useable endpoints in
trials of therapeutic agents in the YAC128 and BACHD mice.

MATERIALS AND METHODS

Animals

Male and female YAC128 and BACHD mice expressing
expanded human huntingtin with 125 and 97 CAG repeats, re-
spectively, and WT littermates maintained on the FVB/N
strain (Charles River, Wilmington, MA, USA) were used
(12,13). Mice were housed with littermates of mixed geno-
type. Animals were maintained under a 12 h L:12 h D light
cycle (lights on at 2300) in a clean facility and given free
access to food and water. Experimenters were blind to the
genotype of the mice. Experiments were performed with the
approval of the animal care committee at the University of
British Columbia.

Rotarod test of motor learning and motor coordination

Training and baseline testing for motor function tasks was
carried at 2 months of age. Testing took place during the
dark cycle and was carried out every 2 months between 2
and 12 months of age. Motor learning, and motor co-
ordination and balance were assessed using accelerating
rotarod tasks (UGO Basile, Comerio, Italy). For training,
mice were given three 120 s trials per day at a fixed-speed
of 18 rpm for three consecutive days. During the testing
phase, the rotarod accelerated from 5 to 40 rpm over 5 min;
the maximum score was 300 s. Rotarod scores are the
average of three trials spaced 2 h apart.

Porsolt FST of depression

The Porsolt FST was performed as described previously (25).
Briefly, mice were placed in individual cylinders (25 cm tall ×
19 cm wide) filled with room temperature water (23–258C) 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 cylin-
ders. The sessions were examined blind and the last 4 min
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of the test session was scored using a time-sampling technique
to rate the predominant behaviour over 5 s intervals. The fol-
lowing behaviours were measured and recorded at the end of
every 5 s: swimming/climbing and immobility. Increased im-
mobility is interpreted as measure of depressive state (53).

Test of PPI

The PPI test of sensorimotor gating was performed using four
SR-Lab Systems (San Diego Instruments) as described previ-
ously (26). Before testing, the sensitivity of the startle cham-
bers was calibrated using a vibrating standardization unit at
700 V (San Diego Instruments). Mice were then placed into
each startle chamber and given a 5 min acclimatization
period with background noise alone (65 dB). Each mouse
was presented with six trials (block 1) of a 40 ms, 120 dB
noise burst (pulse alone). Subsequently, the mice experienced
eight blocks of 6 trials (48 trials total), each block consisting
of the following trial types: (1) no stimulus (background
noise only); (2) a 40 ms, 120 dB noise burst alone; or (3–6)
a 40 ms, 120 dB noise burst preceded 100 ms by a 20 ms pre-
pulse (2, 4, 8 and 16 dB above background noise). The order
of trials within each block of six trials was
pseudo-randomized, and four of the eight blocks contained
one extra pulse-alone trial. The mice then received another
six trials (block 10) of 40 ms, 120 dB noise burst (pulse alo-
ne).The inter-trial interval was randomized throughout the
entire session and ranged between 8 and 23 s. Each animal en-
closure was wiped clean with ethanol between test subjects.
PPI was calculated from the average of six trials per pre-pulse
as follows: PPI ¼ [(pulse-alone startle)-(prepulse + pulse
startle)]/pulse-alone startle.

Real-time quantitative RT–PCR

HTT and Hdh measurements. Total RNA was extracted from
the mouse cortex or striatum with RNeasy Mini Kit or
RNeasy Micro Kit (Qiagen) and treated with Amplification
Grade DNaesI (Invitrogen). First-strand cDNA was prepared
from 1 mg (cortex) or 180 ng (striatum) of total RNA using
SuperScriptIII First-Strand Synthesis System (Invitrogen).
cDNA generated from 2 ng of input RNA was used in a
final volume of 10 ml with Power SYBR Green PCR Master
Mix (ABI). Comparative Ct assay was performed using ABI
7500 Fast Real-Time PCR System under default condition.
The relative amount of mRNA in each well was calculated
as the ratio between the target mRNA and a normalization
factor calculated from the endogenous levels of the Actb
(b-actin) reference gene. HTT and mouse Actb primers were
as described (44). Hdh primers were: 5′ TGCTACACCTGAC
AGCGAGTCT 3′ and 5′ ATCCCTTGCGGATCCTATCA 3′.

DARPP-32, enkephalin, D1R, D2R and CB1 measurements.
Brain tissue samples from S2 were used. Total RNA was
extracted using Ambion MagMAX-96 RNA isolation kit
(Applied Biosystems). The RNA was reverse-transcribed and
amplified using TaqManw One-Step RT–PCR Master Mix Kit
(Applied Biosystems) according to the manufacture’s instruc-
tions. Quantitative RT–PCR reactions were conducted and ana-
lysed on an ABI PRISMw 7500 Real Time PCR System

(Applied Biosystems). Expression levels for mRNA were nor-
malized to hypoxanthine guanine phosphoribosyl transferase 1
(Hprt1) mRNA levels. Standard curves were created using
10-fold serial dilutions mouse brain cDNA. Each sample was
run in duplicate. The relative amount of mRNA in each well
was calculated as the ratio between the target mRNA and a nor-
malization factor calculated from the endogenous levels of the
Hprt1 reference gene. The following primer probe sets
(Applied Biosystems) were used: DARPP-32 (Ppp1r1b),
Mm00454892_m1; mouse Hprt, Mm00446968_m1; Dopamine
Receptor 1(D1; Drd1a), Mm01353211_m1; Dopamine Recep-
tor 2 (D2; Drd2), Mm00438545_m1; Cannabanoid Receptor 1
(CB1), Mm00432621_s1; Enkephalin (enk; Penk),
Mm01212875_m1.

Immunoblotting and protein analysis

Htt protein immunoblots. The mouse cortex or striatum protein
lysates were prepared as previously described (12). Protein
concentration was determined by BioRad Bradford Assay
and 25 mg was run on 3–8% NuPAGE Tris-Acetate gels (Invi-
trogen) and transferred to Immobilon-PVDF-FL membranes.
Immunoblots for huntingtin were conducted using mAb2166
(Chemicon, Temecula, CA, USA) and Calnexin (Sigma) anti-
bodies. Calnexin was used as loading control.

DARPP-32 protein immunoblots. Tissues were homogenized
in T-PER lysis buffer (Pierce, Rockford, IL, USA) containing
a cocktail of protease inhibitors (Completew; Roche,
Germany). After centrifugation, lysates (20 mg/lane) were
resolved on a 4–12% SDS–PAGE and transferred to nitrocel-
lulose membrane. Membranes were probed with rabbit
anti-DARPP-32 (1:100) polyclonal antibody (Cell Signaling
Technology, Beverly, MA, USA) and an anti-b-tubulin
(1:1000) polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). b-Tubulin was used as a loading
control.

All immunoblots followed standard procedures and used
infrared-labelled secondary antibodies. Protein bands were
visualized and quantified using Odyssey software (LI-COR
Biosciences).

CAG tract sequencing

A 1.3 kb fragment of HTT containing the CAG tract was amp-
lified using human-specific primers from genomic DNA
extracted from YAC128 or BACHD mouse tail clip. The
amplicon was purified using Qiaquick PCR Purification Kit
(Qiagen) and submitted for sequencing. The sequence analysis
was performed by ABI Prism 3130xl Genetic Analyzer
(Applied Biosystem) using the following primers: 5′-ATT
ACAGTCTCACCACGCCC-3′ and 5′-GACAAGGGAAGAC
CCAAGTG-3′.

Plasma IGF-1 measurements

To obtain plasma, 2-month-old mice were bled from the sa-
phenous vein with ethylenediaminetetraacetic acid-coated ca-
pillary tubes (Sarstedt, Germany). Blood was centrifuged for
10 min at 3500 rpm and plasma was transferred to an
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eppendorf tube and stored at –80 C until analysis. Plasma
IGF-1 levels were measured using Quantikine Mouse IGF-1
ELISA assay (R&D Systems) as per the manufacturer’s
instructions.

Brain sample preparation

Mice were injected with heparin followed by terminal anaes-
thesia with intraperitoneally injected 2.5% avertin. The
animals were perfused with phosphate-buffered saline (PBS)
followed by ice-cold 4% paraformaldehyde in PBS. Brains
were removed and left in 4% paraformaldehyde for 24 h,
and then stored in PBS. After weighing, the brains were trans-
ferred to a 30% sucrose solution containing 0.08% sodium
azide in PBS. They were then frozen on dry ice, mounted
with Tissue-TEK O.C.T. compound (Sakura, Torrance, CA,
USA) and sliced coronally into 25 mm sections on a cryostat
(Microm HM 500M, Richard-Allan Scientific, Kalamazoo,
MI, USA). The sections are collected and stored in PBS
with 0.08% sodium azide at 48.

Immunohistochemistry and stereological measurements

A series of 25 mm thick coronal sections spaced 200 mm apart
spanning the striatum were stained with NeuN antibody
(1:100; Chemicon) overnight at room temperature, followed
by incubation with biotinylated anti-mouse antibody (1:200;
Vector Laboratories, Burlingame, CA, USA). The signal was
amplified with an ABC Elite kit (Vector) and detected with
diaminobenzidine (Pierce). Striatal volumes were determined
from a series of mounted sections using StereoInvestigator
software (Microbrightfield, Williston, VT, USA) by tracing
the perimeter of the striatum in serial sections spanning the
striatum. For S830 staining, tissue was treated with 10%
methanol/1% H2O2 for 10 min followed by 3 × 5 min PBS
washes. Tissue was blocked in Tris–buffered saline (TBS;
50 mM Tris–HCl, 0.15 M NaCl, pH 7.6, 0.15 M NaCl)/0.1%
Triton X-100/5% donkey serum (TBS-TDS) for 1.5 h. After
a wash in PBS, sections were incubated with sheep polyclonal
S830 antibody (1:2000; generous gift from Dr G. Bates, UK)
in TBS-TDS at 48 overnight. Sections incubated without
primary antibody served as controls. Following a wash in
PBS, sections were incubated with biotinylated donkey anti-
sheep secondary antibody (1:500, Jackson ImmunoResearch
Labs, West Grove, PA, USA) for 2 h in TBS-TDS. Following
a wash in PBS, sections were incubated in Vectastain Elite
ABC reagent (Vector Labs Inc., Burlingame, CA, USA) for
0.5 h. Staining was visualized using 3,3′-diaminobenzidine
in 50 mM Tris-imidazole buffer (pH 7.6). After being
mounted on slides, sections were dehydrated through a
graded series of ethanol solutions (70, 85, 90, 100% for
2 min each). Slides were then treated with Citrisolv (Fisher,
Tustin, CA, USA) for 2 min, followed by xylene for 10 min
and cover slipped with Cytoseal 60 (Richard-Allan Scientific).
Sections were photographed using a Zeiss Axioplan 2 micro-
scope and Coolsnap HQ Digital CCD camera (Photometrics,
Tucson, AZ, USA). Digital images were colour balanced
using Adobe Photoshop 7.0 (Adobe Systems, San Jose,
CA, USA).

Statistical analysis

Data are expressed as means+SEM. Pair-wise comparisons
between genotypes/treatments at individual time points were
assessed with a Student’s t-test. Differences were considered
statistically significant when P , 0.05.
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