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Abstract

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by the expansion of a CAG
trinucleotide repeat in the HTT gene encoding huntingtin. The disease has an insidious course, typically progressing
over 10-15 years until death. Currently there is no effective disease-modifying therapy. To better understand the HD
pathogenic process we have developed genetic HTT CAG knock-in mouse models that accurately recapitulate the
HD mutation in man. Here, we describe results of a broad, standardized phenotypic screen in 10-46 week old
heterozygous HdhQ1711 knock-in mice, probing a wide range of physiological systems. The results of this screen
revealed a number of behavioral abnormalities in HdhQ1771/+ mice that include hypoactivity, decreased anxiety,
motor learning and coordination deficits, and impaired olfactory discrimination. The screen also provided evidence
supporting subtle cardiovascular, lung, and plasma metabolite alterations. Importantly, our results reveal that a single
mutant HTT allele in the mouse is sufficient to elicit multiple phenotypic abnormalities, consistent with a dominant
disease process in patients. These data provide a starting point for further investigation of several organ systems in
HD, for the dissection of underlying pathogenic mechanisms and for the identification of reliable phenotypic endpoints
for therapeutic testing.
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Introduction

Huntington’s disease (HD) is a dominantly inherited
neurodegenerative disorder characterized by abnormal
voluntary and involuntary movements, cognitive impairment
and psychiatric disturbances. Onset typically occurs in mid-life,
relentlessly leading to death after ~10-15 years [1]. While the
brain is the primary site of pathology, with neurons in the
striatum and cortex being particularly vulnerable, multiple non-
neuronal abnormalities including weight loss and cardiac failure
occur in the disease [2].

HD is caused by an expansion >35 repeats of a polymorphic
CAG repeat tract within exon 1 of the HTT gene, elongating a
glutamine stretch at the amino-terminus of an ~350 kDa protein
called huntingtin [3]. Stringent genotype-phenotype analyses in
HD patients reveal that the length of the expanded CAG repeat
is the predominant factor determining the rate of the process
that leads to onset of motor symptoms. Further, onset age is
not influenced by either the normal CAG allele or by the
presence of a second mutant allele, indicating that the longer
expanded CAG allele determines motor onset in a fully
dominant manner [4]. These data are consistent with the
polyglutamine expansion conferring a novel property/properties
on huntingtin, and/or enhancing a normal huntingtin function(s)
such that the mechanism determining disease onset is
saturated by a single dose of the mutant protein [5,6].

A number of genetic rodent models have been developed to
investigate the pathogenesis of HD (see review by Heng et al.
[7]). We have developed lines of HTT CAG knock-in mice
(HdhQ20, HdhQ50, HdhQ92, HdhQ111) on various genetic
backgrounds, in which different CAG repeat lengths are
inserted into the mouse HTT homologue (Htt or Hdh) gene
[8-10], accurately recapitulating human HTT alleles. Our long-
term goal is to identify in knock-in mice CAG length-dependent
phenotypes that are most proximal to the HTT CAG expansion
mutation and that are caused by a single mutant HTT allele as
in the majority of HD patients, as these are the most likely to
provide relevant targets for therapeutic intervention.

To date, several phenotypes have been identified in these
mice, mostly in the HdhQ92 and HdhQ111 lines harboring the
longest repeat tracts. These include nuclear huntingtin
localization and inclusion phenotypes [10-12], somatic
instability [9,10], elevated endoplasmic reticulum (ER) stress
[13,14], altered cell signaling [15-17], impaired synaptic
plasticity [18], behavioral abnormalities [12,19-25] and late
stage brain pathology [12,26]. A number of these phenotypes
were observed in heterozygous mice, varied with CAG length
and displayed striatal selectivity, consistent with a dominant
CAG length-dependent mechanism that determines disease
onset in patients [11,14].

The complexity of the disease and its multisystemic
manifestations highlight the need for better, more global,
unbiased and standardized phenotyping. Here, as part of our
ongoing phenotyping effort, we report results from a broad,
standardized phenotypic screen in heterozygous HdhQ111
mice on a C57BL/6J genetic background, in collaboration with
the German Mouse Clinic (GMC) (www.mouseclinic.de). We
have thus identified a number of novel phenotypes in mice
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ranging from 10 to ~50 weeks of age that highlight neurological
deficits but also indicate deficiencies in a number of other
organ systems. The results of these analyses provide an
important starting point for further exploration of underlying
disease mechanisms and potential endpoints for testing of
genetic or pharmacological modifiers.

Materials and Methods

Mice

Mouse work was in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. This
study was reviewed and approved by the Massachusetts
General Hospital (MGH) Subcommittee of Research Animal
Care (SRAC), which serves as the Institutional Animal Care
and Use Committee (IACUC) for MGH. The study was also
reviewed and approved to be in accordance with German legal
guidelines and by authority of the Regierung von Oberbayern.

Mice used in this study were the HdhQ1777 line [9] on a
C57BL/6J genetic background [27]. Mouse genotyping and
CAG repeat length determination were performed as described
previously [28]. The mice used in the screen were
heterozygous HdhQ7111/+ mice and their wild-type Hdh+/+
litermates generated in crosses between male HdhQ7111/+
C57BL/6J and female wild-type C57BL/6J mice (Jackson labs).
All mice used in the screen were born within one week of each
other and were separated based on sex but not genotype. At
5-6 weeks of age mice were shipped to the GMC and allowed
to acclimatize to their new environment for four weeks before
testing began at 11 weeks of age. Three pipelines of mice were
sent to the GMC for phenotyping. Pipeline 1 comprised 20
HdhQ111/+ (10 males, CAG 117-129; 10 females, CAG
117-126) and 20 Hdh+/+ (10 males,10 females) mice. Pipeline
2 comprised 20 HdhQ1711/+ (10 males, CAG 113-129; 10
females, CAG 117-126) and 21 Hdh+/+ (11 males, 10 females)
mice and pipeline 3 comprised 20 HdhQ17111/+ (10 males, CAG
113-129; 10 females, CAG 117-126) and 20 Hdh+/+ (10 males,
10 females) mice. Follow-up studies were performed at MGH
using additional cohorts of HdhQ711 C57BL/6J mice. Cohort 1:
19 HdhQ111/+ (10 males, CAG 124-128; 9 females, CAG
124-129) and 20 Hdh+/+ (10 males, 10 females); cohort 2: 20
HdhQ111/+ (10 males, CAG 121-128; 10 females, CAG
120-128) and 20 Hdh+/+ (10 males, 10 females); cohort 3: 19
HdhQ111/+ (10 males, CAG 124-132; 9 females, CAG 123-129
CAGs) and 18 Hdh+/+ (9 males, 9 females).

Phenotyping

The GMC screen (www.mouseclinic.de) comprises
extensive, standardized phenotyping in the realms of
dysmorphology, cardiovascular health, energy metabolism,
clinical chemistry, eye, lung function, molecular phenotyping,
behavior, neurology, nociception, immunology, steroid
metabolism and pathology. The phenotypic tests that were part
of the GMC screen are summarized in Table S1, and
behavioral tests perfomed in MGH cohorts are summarized in
Table S2. Note that not all animals in each GMC pipeline were
tested in each paradigm; the specific numbers that relate to the
data are indicated in the figure legends. Phenotyping screens
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at the GMC were performed according to standardized
methods described in [29-31]. Detailed methods for the results
described in this manuscript are also provided in a Methods S1
file.

Statistical analyses

Data were generally analyzed either by 2-way ANOVA
(genotype, sex and genotype x sex interaction as variables) or
independently in males and females using 2-tailed unpaired
Student’s t-tests. Depending on the nature of the test, GMC
typically analyzes their screen data using one or other of these
statistical tests. Rotarod learning data that incorporated time as
a variable was also analyzed using linear mixed models that
included day of testing and a day x genotype interaction term.
Where we have observed a significant genotype effect in
ANOVA we have performed Sidak correction for multiple
comparisons (mutant versus wild-type for males and mutant
versus wild-type for females). We report nominal p values in
the text, unless specifically stated otherwise. Graphs are
annotated with asterisks to indicate the sex-stratified p values
using t-tests, or the sex-stratified p values following Sidak’s
multiple testing correction. Results throughout are displayed as
meanzstandard error (SEM). A p-value <0.05 was used as the
level of significance. This study is designed to be a hypothesis-
generating screen. We have therefore reported both results
with nominally significant p values, as well as those that do not
reach statistical significance but which may be of interest in the
context of other data presented here or elsewhere.

Results

Table 1 summarizes the phenotypes that are described
below in HdhQ111/+ mice.

General phenotypic observations

A whole body visual assessment of HdhQ771/+ mice and
their wild-type littermates, carried out at 10 weeks of age,
revealed no abnormalities in body appearance, craniofacial/
head morphology, limbs, digits, tail, eye, ears, teeth, vibrissae,
coat, hair follicles, skin pigmentation/condition, muscle
morphology, seizures, motor capabilities/coordination,
movement, eating/drinking behavior, respiratory system, or
reproductive/urinary system. Dual energy X-ray absorption
(DEXA) analyses at 16 weeks of age also revealed the
absence of any bone morphological abnormalities with the
exception of a slight increase in bone mineral density in
females and decrease in males (females: Hdh+/+ (N=10) 46+1
mg/cm?, HdhQ111/+ (N=10) 49+1 mg/cm? males: Hdh+/+
(N=10) 491 mg/lcm?, HdhQ111/+ (N=10) 461 mg/cm?
ANOVA sex x genotype interaction p<0.05). No hearing (10
weeks) or eye abnormalities (15, 17 weeks) were detected.
Macroscopic assessment and a broad histological examination
by hematoxylin and eosin staining at 19 weeks of age did not
reveal overt pathology in any tissue. Together these
observations support previous findings that huntingtin’s critical
role in development is not compromised by the CAG repeat
expansion [8], and are consistent with a single expanded CAG
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Table 1. Summary of HdhQ111/+ phenotypes.

Age (wk) Test Phenotype

Increased time in center; increased time
1 Open field (light) L
resting in center
Dark/light box
12 Rotarod

Cardiovascular

(Increased number of entries)
Increased motor learning

Increased heart rate

parameters
14-16 Social discrimination Impaired in males
aBone mineral density increased in females,
16 DEXA

decreased in males; (decreased fat content)

- . Decreased glucose in free-fed mice;
16-19 Clinical chemistry . :
(decreased cholesterol in free-fed mice)

18 Lung function Increased tidal volume
19 Cardiovascular alncreased heart weight/tibia length in
parameters females, decreased in males
24 Rotarod Decreased motor learning
b28-36 Olfaction Impaired olfactory discrimination
Increased time in center; decreased distance
. covered; decreased velocity; decreased
c40 Open field (dark) )
ambulatory time; ddecreased stereotypy;
ddecreased vertical time
Decreased stride length; decreased cruciate
46 Catwalk

step pattern
Vertical pole descent Increased time to turn and descend
Weight

Standard font indicates nominally significant p-values (p<0.05); italic font with

Decreased in females; (decreased in males)

parentheses indicates a trend with p-values >0.05. See text for details.

2 Significant genotype x sex interaction;

b Qlfactory discrimination deficit also observed in male mice at 24-27 weeks and
42-47 weeks and in female mice at 50-56 weeks.

¢ Open field testing in the dark in a separate cohort at 56-59 weeks showed same
phenotypes as cohort at 40 weeks with the exception that the 56-59 week mice did
not spend more time in the center of the field or show a difference in vertical
activity.

d Noted in periphery of open field only.

doi: 10.1371/journal.pone.0080923.t001

allele eliciting subtle gain of function phenotypes and an
insidious disease course.

Analyses of neurological dysfunction

To probe neurological dysfunction HdhQ1711/+ mice
underwent a series of behavioral and neurological tests (Table
S1). HdhQ111/+ mice did not show any abnormalities in grip
strength or in the modified SHIRPA test at 11 weeks (data not
shown). Analyses of acoustic startle and pre-pulse inhibition at
13 weeks indicated very minor, though not statistically
significant, reductions in acoustic startle response but no
alterations in pre-pulse inhibition (Figure S1). Behavioral
phenotypes identified are described in subsequent sections.
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Figure 1. HdhQ111/+ mice display reduced anxiety-like behavior in the open field. HdhQ7171/+ and wild-type littermates were
tested in the open field arena at 11 weeks of age during the light phase of the diurnal cycle. HdhQ111/+ mice were found to spend
more time in the center of the open field arena (A), and when in the center, spent more time resting (B). Y-axis in (A) shows the
percentage of time over the 20-minute testing period spent in the center, and in (B) the total time resting in the center in the 20-
minute testing period. N=20 HdhQ111/+ mice (10 males, 10 females) and N=21 Hdh+/+ mice (11 males, 10 females). Bars show

mean+SEM. ANOVA genotype effect p<0.05 for both (A) and (B).

doi: 10.1371/journal.pone.0080923.g001

HdhQ111/+ mice display abnormal behavioral
responses to a novel environment

Behavioral response to a novel environment was tested in
the open field arena in the light phase of the diurnal cycle at 11
weeks of age. HdhQ111/+ mice did not show any difference in
distance traveled, speed of travel or rearing activity (data not
shown), revealing the lack of significant alteration of
exploratory or locomotor activity in this paradigm. However,
HdhQ111/+ mice were found to spend more time in the center
of the open field than their wild-type littermates (ANOVA
genotype effect p<0.05) (Figure 1A) and tended to rest in the
center for longer periods (ANOVA genotype effect p<0.05)
(Figure 1B). As mice tend to be averse to open spaces, these
findings suggested that HdhQ7111/+ mice exhibited decreased
anxiety-like behavior. Repeated measures analyses did not
reveal any significant differences in habituation to the novel
environment over time for any measure (data not shown).

As this was a very early time-point relative to the onset age
for other reported behavioral phenotypes in these mice we
were interested to test the reproducibility of this finding across
different laboratories/environments by testing cohorts of mice in
a similar open field paradigm in follow-up studies at MGH. Note
that the open field apparatus differed between the two
institutions (Materials and Methods). We were able to confirm
the open field phenotypes of increased time in the center in
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one cohort (MGH cohort 1, mean age 9.6 weeks: males Hdh
+/+ 280+20s vs. HdhQ111/+ 303x17s; females Hdh+/+
253+12s vs HdhQ111/+ 339+25s; ANOVA genotype effect
p<0.01), in female mice of a second cohort (MGH cohort 3,
mean age 10.8 weeks: males Hdh+/+ 278+14s vs. HdhQ111/+
199+13s; females Hdh+/+ 226+20s vs HdhQ111/+ 301+16s;
ANOVA genotype-sex interaction effect p<0.0005) but not in a
third cohort (MGH cohort 2, mean age 9.25 weeks: males Hdh
+/+ 277+19s vs. HdhQ111/+ 273+25s; females Hdh+/+
292+16s vs HdhQ111/+ 285+17s; ANOVA genotype effect
p=0.80). Taken together our results suggest that HdhQ71711/+
mice do indeed display open field phenotypes as early as
approximately 10 weeks of age that are robust enough to
withstand differences between mouse testing facilities/
apparatus. However, these phenotypes are not fully penetrant
at this age, and appear more pronounced in females than in
males.

An additional test of anxiety using a dark-light box at 11
weeks of age was performed on a separate cohort of mice at
the GMC (pipeline 3, see Table S1). In the dark-light box,
HdhQ111/+ mice showed a trend towards an increased number
of light box entries (males: Hdh+/+ 13.8+1.0, HdhQ111/+
15.7+1.4; females: Hdh+/+ 1.57+0.97, HdhQ111/+ 18.8+1.62;
ANOVA genotype effect p=0.08), indicating reduced anxiety
compared to wild-type mice and consistent with findings in the
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open field arena. Overall, the results suggest that young
HdhQ111/+ mice display behavior consistent with decreased
anxiety.

HdhQ111/+ mice are hypoactive in the dark phase

Given the above findings we were interested to use the open
field arena to examine mouse activity during the dark (active)
phase. We performed open field testing on a cohort of mice at
MGH (MGH cohort 1) at 40 weeks of age in the dark phase.
The results of this test are displayed in Figure 2. HdhQ111/+
mice spent more time in the center of the open field (Figure 2A:
ANOVA genotype effect p<0.02), covered less distance in the
open field arena (Figure 2B: ANOVA genotype effect p<0.005),
moved at a decreased velocity (Figure 2C: ANOVA genotype
effect p<0.001) and spent less ambulatory time (Figure 2D:
ANOVA genotype effect p<0.005) than their wild-type
littermates. All of these effects were seen in both the center
and periphery of the open field (data not shown separately for
center and periphery). Significantly reduced stereotypy time
(Figure 2E: ANOVA genotype effect p<0.001) and vertical time
Figure 2F: ANOVA genotype effect p<0.05) were also noted in
the periphery of the open field. These results suggest that by
40 weeks of age HdhQ111/+ mice are hypoactive and display a
measure of decreased anxiety that was already observed at
10-11 weeks of age. Open field analysis in the dark phase was
also carried out in an independent cohort of mice (MGH cohort
3) at 56-59 weeks of age (Table S3). The 56-59 week cohort
displayed many of the same phenotypes as the 40 week
cohort, notably reduced distance travelled, reduced velocity,
reduced ambulatory time and reduced stereotypy time in the
periphery. Time in the center of the open field was not
significantly different, though we note that the 56-59 week old
mice overall spent less time in the center than the 40 week
mice (Figure 2, Table S3). Overall, there was a high degree of
reproducibility between the 40- and 56-59- week cohorts, with
hypoactivity being a notable common feature.

Further longitudinal open field testing under both light and
dark paradigms will be needed to better assess the timeframe
within which these behavioral phenotypes become manifest
and their potentially progressive nature.

HdhQ111/+ mice exhibit motor learning and
coordination deficits

Tests of motor function in the GMC screen comprised the
accelerating rotarod, gait analysis and vertical pole descent.
Rotarod analysis was carried out at 12 weeks of age. As
assessed in a single day trial, HdhQ111/+ mice did not show
any altered latency to fall off the rotarod. However, in a three-
day trial paradigm to assess motor learning, HdhQ111/+ mice
showed increased latencies compared to Hdh+/+ mice (linear
mixed effects model, genotype effect p<0.05) (Figure 3A,C).
Learning over test days was somewhat increased in mutants
(Figure 3A,C,E) but missed statistical significance when
analyzed by including a genotype x day interaction term in the
model (linear mixed effects model, genotype x day p=0.097).
To explore this phenotype further, a cohort of mice was tested
in the same rotarod paradigm at MGH at 10 weeks of age and
again at 24 weeks of age. At 10 weeks of age HdhQ111/+ did
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not show significant genotype differences in latency to fall or
learning, consistent with the slightly younger age of the MGH
cohort compared to the GMC cohort (data not shown). At 24
weeks of age we did not find that mutant and wild-type mice
differed significantly in latency to fall (linear mixed effects
model, genotype effect p=0.83) (Figure 3B, D). However, we
found that many mice, both mutant and wild-type, showed a
worsened, rather than an improved performance, over the 3-
day trial (Figure 3B, D, F). Interestingly however, this effect
was more pronounced in HdhQ111/+ mice than in wild-type
controls (linear mixed effects model, genotype x day p=0.024).
Performing a 2-way ANOVA using “improvement” as the
dependent variable followed by a Sidak multiple correction test
indicated that the worsened performance on the rotarod of 24
week HdhQ111/+ mice was largely driven by an effect in the
males (Figure 3F) (ANOVA genotype effect p<0.05; corrected p
value in males =0.029). It appears that under this experimental
paradigm the 24-week old mice may not have had sufficient
time to train on the rotarod in order to improve their
performance. However, these conditions appear to have
inadvertently exposed a motor learning deficit in mutant mice.
Note that improvement (or worsening) in performance over 3
days was not influenced by mouse weight (data not shown).

Gait analysis in 46-week old mice revealed that HdhQ111/+
mice exhibited a reduced stride length, mainly seen in males
(ANOVA genotype effect p<0.05) (Figure 4A,B), and consistent
with a reduced stride length observed in CD1.HdhQ111 mice
[12]. In addition, analyses of the step pattern sequence
revealed that HdhQ7171/+ mice used the more advanced
cruciate step pattern less than the wild-type controls (ANOVA
genotype effect p<0.05) (Figure 4C,D). The same mice were
also tested at 46 weeks of age for their ability to descend a
vertical pole. HdhQ111/+ mice needed more time than the wild
type controls to turn around and to descend (ANOVA genotype
effect p<0.05) (Figure 4, E.F).

Together, these data indicate a biphasic response in
HdhQ111/+ mice, with evidence of improved motor learning at
an early age, followed by impaired motor learning and motor
performance as the mice age.

HdhQ111/+ mice show impaired social discrimination
Recognition memory, the ability to discriminate familiar and
unfamiliar stimuli, is impaired in HD [32]. To probe recognition
memory in HdhQ111/+ mice we employed a social
discrimination task that takes advantage of the innate drive to
investigate an unfamiliar compared to a familiar mouse. After
initial exposure to a test mouse the experimental subject
acquires the olfactory signature of that mouse. Following a
defined interval of time the experimental subject is reintroduced
to the test mouse together with an unfamiliar mouse. The
significantly longer time spent investigating the unfamiliar
mouse reflects recognition of the original test mouse. Mice
were tested at 14-16 weeks of age in this paradigm for their
ability to discriminate between a familiar and an unfamiliar
mouse. While wild-type males spent significantly more time
investigating an unfamiliar mouse than a familiar mouse, male
HdhQ111/+ mice failed to display this discriminatory ability
(Figure 5A). In contrast female HdhQ17171 mice did not exhibit
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Figure 2. HdhQ111/+ mice exhibit hypoactivity in the open field. HdhQ771/+ and wild-type littermates were tested in the open
field arena at 40 weeks of age during the dark phase of the diurnal cycle. Consistent with observations in younger mice, HdhQ111/+
mice spent more time in the center of the open field (A). HdhQ1711/+ mice also exhibited a decrease in distance traveled (B), velocity
(C) and in time spent in ambulatory motion (D) in the whole testing arena, indicating that they were hypoactive. (E) and (F) show
time spent in stereotypic movements or rearing, respectively, in the periphery of the open field. All measurements are over the 20-
minute testing period. N=19 HdhQ111/+ mice (10 males, 9 females) and 20 Hdh+/+ mice (10 males, 10 females). Bars show mean
+SEM. All tests showed a significant genotype p value in a 2-way ANOVA (see text for p values). Asterisks indicate adjusted p

values following multiple testing correction. * p<0.05; **p<0.01; ***p<0.001.

doi: 10.1371/journal.pone.0080923.g002

this deficit, but showed comparable discriminatory abilities to
their wild-type litermates (Figure 5B). The failure to
discriminate between familiar and unfamiliar mice suggests that
male HdhQ111/+ mice may have impaired recognition memory.

HdhQ111/+ mice are impaired in their ability to
discriminate odors

Premanifest HD mutation carriers exhibit olfactory deficits
[33-38]. However, olfaction has not previously been reported at
the functional level in a mouse model of HD. Given the early
detection of this deficit in HD mutation carriers, and the highly
developed sense of smell in the mouse, we took advantage of
olfactory tests that had been developed by the GMC in our
HdhQ111/+ screen [39]. These tests were performed between
28 and 36 weeks of age. Mice were trained to recognize one of
two odors (strawberry or apple) and then tested both for their
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sensitivity to recognize the odor on which they had been
trained following serial binary dilutions, and for their ability to
discriminate the odor on which they had been trained when
mixed with the alternative odor. Mutant mice showed no
difference in olfactory sensitivity (Figure 6A,B). However, both
male and female mutant mice displayed a clear deficit in their
ability to discriminate between binary mixtures of the two odors
(Figure 6C,D). Compared to male Hdh+/+ mice, male
HdhQ111/+ mice showed an impairment in their ability to
choose the correct odor when it comprised 53% (t-test p=0.04)
or 51% (t-test p=0.01) of the mixture. Female HdhQ1771/+ mice
appeared more severely impaired in this task; they showed a
significant difference compared to female Hdh+/+ mice in odor
discrimination at mixtures of 55% (t-test p=0.0001) and 51% (t-
test p=0.04). Further, even at 100% of the trained odor (ie. no
mixture), female mutants showed a difference compared to
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Figure 3. Performance on the accelerating rotarod. HdhQ1771/+ and wild-type littermates were tested at 12 weeks (A, C, E) and
24 weeks (B, D, F) on an accelerating rotarod over three consecutive days and latency to fall (seconds, s) was recorded on each
day (A-D). Improvement (E, F) was measured as the difference in latency to fall on day 3 compared to day 1, with positive values
indicating improvement and negative values indicating a worsening performance. 12 weeks: N=20 HdhQ17171/+ mice (10 males, 10
females and 21 Hdh+/+ mice (11 males, 10 females); 24 weeks: N= 20 HdhQ111/+ mice (10 males, 10 females) and 20 Hdh+/+
mice (10 males, 10 females). Bars show mean+SEM. * Adjusted p value (p<0.05) following multiple testing correction.

doi: 10.1371/journal.pone.0080923.g003

wild-type mice in their ability to make the correct choice (t-test
p=0.0002).

The olfactory discrimination test was repeated at MGH in
male mice of 24-27 weeks of age (MGH pipeline 1) and in a
separate group of male and female mice (MGH pipeline 3) at
older ages (males 42-47 weeks; females 50-56 weeks). At
24-27 weeks of age, male HdhQ17111/+ mice showed an
impairment in their ability to discriminate between the two
odors in the 70% (t-test p=0.007) and 53% (t-test p=0.03)
mixtures (Figure S2). As we had observed genotype
differences in odor recognition prior to the mixing steps (see
“100%” on graphs in Figure 6D and Figure S2) we explored
further a potential training deficit in HdhQ7711/+ mice in our
testing of the older MGH cohort by evaluating the number of
correct/incorrect choices during training (see Materials and
Methods for details of training steps) in addition to documenting
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the number of correct/incorrect choices upon mixing of the
odors (Figure 6E,F). Male HdhQ711/+ mice exhibited a
discrimination deficit at the 70% dilution step (t-test p=0.001)
(Figure 6E), while female HdhQ111/+ mice exhibited a training
deficit, apparent at training step 2 (t-test p=0.0095) and the
100% odor step (t-test p=0.0006) but did not show any
significant difference in subsequent odor discrimination (Figure
6F). The more pronounced training deficit in females is
consistent with the original GMC findings (compare “100%” in
graphs of Figure 6C and D). Notably, we did not observe any
genotype differences in training step 1, in which the mice are
trained to look for the chocolate reward, but only in subsequent
steps in which mice are trained to associate the conditioned
odor with the reward. This argues against a perceptual deficit in
the mutant mice but indicates a possible olfactory learning
deficit. It is not surprising that there are differences in the
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Figure 4. Motor deficits in aged HdhQ111/+ mice. HdhQ711/+ and Hdh+/+ mice at 46 weeks of age were tested on an
automated CatWalk system (A-D) and for their ability to descend a vertical pole (E,F). HdhQ111/+ mice showed reduced Right by
Left hindlimb stride length (A,B), a decreased cruciate step pattern frequency of pattern left front-right front-left hind-right hind (C,D)
and an increased time to descend a vertical pole (total duration being the time taken to turn at the top of the pole and descend to the
bottom). . For the CatWalk N=10 per sex and genotype; for the pole descent, males N=8 Hdh+/+, N=9 HdhQ111/+, females N=10
per genotype. Plotted are Tukey box-whisker graphs. All tests showed a significant genotype p value in a 2-way ANOVA. * Adjusted

p value (p<0.05) following multiple testing correction.
doi: 10.1371/journal.pone.0080923.g004

precise mixtures at which a deficit is seen in mutants in the
GMC and MGH studies as there are many factors that are
extremely difficult to control, even in the same facility, which
could influence the results. Differences may also be due in part
to an age-related decline in the ability of the wild-type mice to
discriminate odors (compare wild-type mice at 28-36 weeks in
Figures 6C and D that maintain % correct choice across
dilutions with wild-type mice at 42-47 weeks in Figure 6E and

PLOS ONE | www.plosone.org

at 50-56 weeks in Figure 6F that show a decline in % correct
choice across dilutions). These caveats notwithstanding, our
data indicate the presence of an olfactory impairment in
HdhQ111/+ mice that may at least in part result from an
olfactory learning deficit.

Olfactory memory was also tested in the GMC cohort by
testing the ability of the mice to recognize the odor on which
they had been trained after an interval of 16-17 weeks or 20-22
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Figure 5. Male HdhQ111/+ mice display a social recognition deficit. In the sample phase, an ovariectomized (OVX) female
mouse was introduced into a cage with a male (A) or female (B) experimental HdhQ1711/+ or Hdh+/+ mouse and time spent in
olfactory investigation was recorded for 4 minutes after which time the OVX female was removed. After two hours, in the test phase,
the experimental mouse was returned to the testing cage with both the familiar OVX mouse and a novel unfamiliar OVX female and
time spent in olfactory investigation with both the familiar and unfamiliar mouse recorded for 4 minutes. Males: N=10 per genotype;
females: N=10 per genotype. Bars show mean+SEM. * p<0.05; ** p<0.01 (2-tailed unpaired Student’s t-test comparing time spent

investigating familiar and unfamiliar mouse).
doi: 10.1371/journal.pone.0080923.g005

weeks following the end of the initial olfactory discrimination
test (Figure S3). While wild-type mice were still able to
recognize the correct odor after 20-22 weeks, female
HdhQ111/+ mice displayed a marked inability to do so after this
time interval (20 week females: chi squared test p=0.0016).
These findings support an olfactory learning and memory
deficit that is more pronounced in female than male
heterozygous mutant mice.

Metabolic assessment of HdhQ111/+ mice

With increasing indications that HD can be considered a
multisystemic disease we were interested in peripheral
phenotypes in HdhQ111 mice. There is considerable evidence
for an energy deficit in HD. Patients exhibit progressive weight
loss that appears to stem from an increased metabolic rate
[40,41]. Body weight was measured in three cohorts of mice at
five time points from 11-46 weeks of age. No genotype
differences in body weight were found in mice up to 19 weeks
of age (Table S4) although interestingly, there was a trend
towards a lower fat content in HdhQ17171/+ mice at 16 weeks of
age (males Hdh+/+ 10.68+2.00% vs. HdhQ111/+ 8.82+1.47%;
females Hdh+/+ 6.57+1.95% vs. HdhQ111/+ 4.51£1.53%). By
46 weeks of age mutant mice exhibited a slight weight
decrease compared to their wild-type littermates (Table S4: t-
test: males p=0.09; females p<0.05). Consistent with the
comparable weights between mutant and wild-type mice up to
19 weeks of age indirect calorimetry did not identify alterations
in measures relating to energy uptake and expenditure (mean
O, consumption rate, respiratory exchange ratio, heat

PLOS ONE | www.plosone.org

production, food consumption, rectal body temperature or
activity) at 13 weeks of age (data not shown). HD patients have
also been found to exhibit altered glucose homeostasis,
including a higher incidence of diabetes in some studies
[42-44]. We did not find evidence of glucose intolerance in
HdhQ111/+ mice as determined by an intraperitoneal glucose
tolerance test (IpGTT) at 14 weeks (Figure S4). We noted that
in the IpGTT blood peak glucose levels, particularly in female
HdhQ111/+ mice, were consistently very slightly lower than
those of wild-type mice, although this difference was not
statistically significant. (Figure S4). Consistent with this, an
independent cohort of female HdhQ1711/+ mice at 16-19 weeks
of age showed significantly (p<0.05) lower blood glucose levels
in a fed state (Figure 7, Table S5), though fasting glucose
levels were not altered (Table S5). Note that other blood
metabolites, proteins, enzyme activities and electrolytes,
measured at 16-19 weeks, were largely unaltered (Table S5).
Of interest, cholesterol levels showed a trend towards reduced
levels in free-fed HdhQ111/+ mice (Table S5) consistent with
altered cholesterol metabolism previously reported in patients
and mice [45]. Taken together, these results indicate that up to
approximately 19 weeks of age, a single mutant HTT allele
does not grossly disrupt homeostasis in the mice. However,
subtle alterations in young HdhQ711/+ mice, together with
weight loss in older mice, are suggestive of ongoing metabolic
disturbances that warrant further investigation.
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Figure 6. HdhQ111/+ mice exhibit an olfactory discrimination deficit. A B: olfactory sensitivity was determined by testing the
ability of the mice to recognize binary dilutions of the scent on which they had been trained. Plotted on the y-axis is the number of
binary dilutions at which a particular mouse is able to recognize the scent. C-F: olfactory discrimination test. Mice were trained on a
scent [S+] (either strawberry or apple) and then tested for their ability to recognize decreasing proportions of this scent in a binary
mixture. C,D: test carried out at the GMC on mice at 28-36 weeks of age. N=10 per sex and genotype. E,F: test carried out at MGH
on males at 42-47 weeks of age and females 50-56 weeks of age. Males Hdh+/+ N=9, HdhQ111/+ N=10; females Hdh+/+ N=9,
HdhQ111/+ N=9). Pre: pre-training; T1: training step 1; T2: training step 2 (see Materials and Methods). Error bars show SEM. *
p<0.05; ** p<0.01, ***p<0.005 in 2-tailed unpaired Student’s t-test comparing mutant and wild-type mice at each dilution.

doi: 10.1371/journal.pone.0080923.g006

Cardiovascular and lung abnormalities in HdhQ111/+ genotype interaction (ANOVA interaction effect p<0.05) for
mice suggest autonomic nervous system defects heart weight normalized to tibia length, with female mutants

Blood pressure parameters were determined at 12 weeks of exhibiting a slightly increased heart weight/tibia length and
age (GMC pipeline 1; see Table S1). No differences were male mutants exhibiting a slightly lower heart weight/tibia
found in systolic, diastolic or mean arterial pressure compared length compared to wild-type mice (Table S6). However, the
between HdhQ111/+ and Hdh+/+ mice (Table S6). However, effect is small, and together with the lack of any change in Nt
HdhQ111/+ mice were found to have an increased heart rate proANP we conclude that there are no obvious signs of heart
compared to Hdh+/+ mice (ANOVA genotype effect p<0.05; disease in these mice. Cardiac function was also assessed in a
Figure 8A, Table S6). Additional measures of heart disease further cohort of mice at 69 weeks of age. No structural
(heart weight, proatrial natriuretic peptide (Nt proANP)) were abnormalities, altered cardiac function or electrophysiological
made in a separate cohort of mice (GMC pipeline 2; see Table properties were detected using a combination of ECG under
S1) at 19 weeks of age (Table S6). There were no genotype anesthesia, ambulatory ECG and in vivo electrophysiology
differences in Nt proANP levels, however we identified a sex- (Table S7). Note that in this older cohort, the genotype-specific
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Figure 7. Free fed glucose levels in HdhQ111/+ and Hdh+/+ mice. Glucose levels were measured in free-fed mice at 16 weeks
of age (A) (N=10 for each sex and genotype) and again at 19 weeks (B) in the same cohort of mice (N=10 males for each genotype,

N=9 Hdh+/+ females and N=7 HdhQ111/+ females).

* p<0.05 (2-tailed unpaired Student’s t-test). Plotted are Tukey box-whisker graphs.

doi: 10.1371/journal.pone.0080923.g007

increase in heart rate was no longer apparent; rather, there
was a trend to a decreased heart rate in mutant mice (Table
S7). Taken together, these data indicate the lack of any major
cardiac defect in mice up to 69 weeks of age, but evidence for
an altered heart rate implicating an impact of the HTT mutation
on the autonomic nervous system (ANS).

Lung function was assessed at 18 weeks of age using whole
body plethysmography to determine spontaneous breathing
patterns at activity and rest. During activity, male HdhQ111/+
mice exhibited an 8% increase in tidal volume (TV) compared
to Hdh+/+ littermates (t-test male mutant versus wild-type
p<0.05; Figure 8B), accompanied by secondary increases in
inspiratory flow rates and minute volumes (the product of the
TV and respiratory rate) (Table S8). Males also showed a trend
towards increased TV at rest, but this did not reach statistical
significance, likely because of the small number of mice that
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actually showed resting behavior (Table S8). Higher TVs may
be associated with increased sympathetic nervous system
activation [46], consistent with the increased heart rate in
young mice; however increased tidal volume was only
observed in males, and other signs of increased sympathetic
activity such as an elevated respiratory rate were not apparent
(Table S8). Together, these data provide evidence of mild
cardiovascular and lung abnormalities present by 18-19 weeks
of age and suggest a potential impact of the HTT CAG
mutation on the autonomic nervous system.

Discussion
Here we present results of a phenotyping screen carried out

in the accurate genetic HdhQ111 knock-in mouse model of HD
with the aim of uncovering phenotypes elicited by a single
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Figure 8. Altered cardiovascular and lung parameters in HdhQ111/+ mice. A. Pulse was measured in 12 week mice (N=10 per
group). A significant genotype p value (p<0.05) was obtained in a 2-way ANOVA. B. Tidal volume was measured in an independent
cohort of 18 week mice (n=6 per group). Tidal volume and other lung function measures were analyzed independently in males and
females by 2-tailed unpaired student’s t-test. * p<0.05. Plotted are Tukey box-whisker graphs.

doi: 10.1371/journal.pone.0080923.g008

mutant HTT allele mimicking the genetic defect in the majority
of HD patients. This is the first attempt at a comprehensive
screen of an HD mouse model aimed at an extensive
characterization across multiple physiological systems. It is
important to note that in these standardized screens each
phenotypic test is carried out at a specific age(s). Therefore,
the screen does not reveal information on the progression of
any particular mutant phenotype over time or on its potentially
transient nature. Conversely, a negative result does not
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necessarily preclude a particular phenotype/physiological
system from the pathogenic process in HdhQ111 mice as the
screen may not have captured an appropriate time-window for
its detection. These factors notwithstanding, our phenotypic
screen revealed a number of interesting phenotypes in
heterozygous HdhQ17711 mice (Table 1); most of the deficits
were behavioral, however cardiovascular, lung, and plasma
metabolite abnormalities were also found. These findings affirm
a growing body of data that the HTT CAG mutation results in
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an altered cellular state, and that while the brain/certain brain
regions may be particularly susceptible to this altered state,
deficits are also manifest in other tissues. Peripheral
phenotypes are of considerable interest in HD as these can
provide insight into disease mechanism in readily accessible
tissues and have the potential to lead to biomarkers of disease
onset/progression.

Behavioral abnormalities in HdhQ111/+ mice

While behavioral phenotypes have been examined in a
number of knock-in HD mouse models to date [19-25,47-58]
many of these previous studies have concentrated on
phenotypes exhibited by homozygous mutant mice. Focusing
on the phenotypes previously identified in heterozygous knock-
in mice as the most relevant comparison to those in the present
study, there appears to be good overall agreement between
the models. In summary, heterozygous HdhQ175 mice
(C57BL/6J) exhibited decreased rearing, apparent at 16 and 32
weeks of age, hypoactivity from 20 weeks of age, a rotarod
deficit, apparent at 30 and 38 weeks of age and general
neurological abnormalites by 93 weeks of age [57].
Heterozygous HdhQ740 mice (C57BL/6), from which the
HdhQ175 mice were derived, showed decreased rearing at 12
weeks of age and a rotarod deficit at 48 weeks of age [55].
Heterozygous HdhQ200 mice (C57BL/6) exhibited a motor
defect on the balance beam at 50 weeks of age, gait
abnormalities at 60-80 weeks of age, altered grip strength at 80
weeks of age, by which time the mice were moribund [54]. A
similar pattern of heterozygous phenotypes was seen in the
HdhQ150 line from which HdhQ200 was derived, but at later
ages [48,51]. Thus, in general, hypoactivity and motor
coordination deficits appear relatively early, with gait
abnormalities and more general neurological abnormalities
apparent at later ages. Our observations in B6J.HdhQ111/+
mice are consistent with this general pattern. They also
highlight learning/memory deficits, and uncover both novel
behavioral phenotypes as well as some of the earliest
behavioral abnormalities identified to date in heterozygous
knock-in mice.

The earliest behavioral abnormality we detected was
increased time spent in the center of the open field arena,
suggestive of decreased anxiety. Consistent with this was a
trend towards decreased anxiety in the light/dark box. Both
decreased [59,60] and increased [19,52,61] anxiety have
previously been reported in various rodent HD models tested in
a number of different paradigms. Our data indicate that
decreased anxiety may be a very early response to a single
mutant HTT allele, which, as previously hypothesized [59], may
reflect the stimulation of repair mechanisms such as the
release  of anxiolytic  neurotrophic factors or a
hypercompensatory response. An early compensatory
response is also indicated by a slight increase in motor learning
on the rotarod in HdhQ111 mice, reminiscent of a transient
increase in motor performance or activity previously observed
in other HD rodent models [49,59].

A deficit in the social discrimination task in male HdhQ111
mice suggests that these mice have impaired social recognition
memory. Memory deficits, including recognition memory
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deficits occur early in HD [32,62-64] and HdhQ111/+ mice have
previously been shown to exhibit defects in long-term
recognition memory and spatial memory by 4 months and 8
months of age respectively [56]. Note that we do not have
evidence supporting a deficit in novel or familiar object
recognition (data not shown), indicating that the recognition
deficit uncovered in this screen is likely linked to the acquisition
of olfactory memories. Social recognition memory in mice
depends on two neuronal pathways for the acquisition and
processing of olfactory cues: in one pathway sensory
information from the olfactory epithelium is relayed through the
main olfactory bulb (MOB) to higher brain areas that include
the cortex and hippocampus. In the second pathway sensory
information from the vomeronasal organ is relayed through the
accessory olfactory bulb (AOB) to the amygdala, bed nucleus
of stria terminalis and hypothalamus [65]. As HdhQ7711 mice
also exhibited a deficit in their ability to distinguish two different
odors it is possible that impairment in the social discrimination
task reflects an olfaction deficit, rather than a memory deficit.
However, given that both males and females exhibited an
olfaction deficit with the phenotype appearing slightly more
severe in females (Figure 6), this is perhaps unlikely to explain
the male-specific defect in social discrimination. Furthermore,
while sensory information from the odors to which the mice are
exposed in the olfactory test are processed via the MOB
pathway, short-term memory, as assayed in the social
discrimination task described here, has a greater contribution
from the AOB pathway [66]. This suggests that the inability to
distinguish a novel and familiar mouse is likely to be due to a
defect in recognition memory that may reflect an underlying
deficit in the AOB pathway in HdhQ7177 mice.

HdhQ111 mice also exhibited markedly reduced odor
discrimination without any loss of odor sensitivity. Olfaction
deficits are well documented in HD as well as in several other
neurodegenerative diseases, and in HD occurs in premanifest
gene carriers 15-20 years prior to disease onset [33-38,67,68].
Interestingly, in some studies, HTT gene-positive individuals
manifested either a specific defect or a more pronounced
defect in odor discrimination relative to other olfactory
measures [35,36], paralleling our findings in the mice. The
absence of an alteration in smell sensitivity, together with a
deficit during the training period, indicate that impaired olfactory
learning, rather than impaired olfactory perception, might more
likely underlie the odor discrimination phenotype in HdhQ111
mice. Reduced olfactory memory in female mutants, together
with a more pronounced training deficit in female mutants
suggests that these phenotypes may result from common
underlying deficit(s).

The human caudate plays a role in odor discrimination [69],
suggesting that pathogenesis occurring in HD caudate may
contribute to this olfactory deficit. Of note, HdhQ7111 mice
exhibit a time-dependent accumulation of mutant huntingtin in
the nucleus in specific brain regions. The striatum is the first
region in which this is observed, closely followed by the
olfactory tubercle and piriform cortex [11] that receive direct
input from the main olfactory bulb [65,70]. While the underlying
cause and significance of nuclear huntingtin per se remains
unclear, it reflects an ongoing pathogenic process [12] and its
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relation to olfactory deficit in HdhQ7111 mice would be of
interest to understand.

Interestingly, some odor discrimination tasks and olfactory
learning are dependent on adult-born olfactory bulb
interneurons [71-73 ] that arise from a proliferative stem cell
population in the subventricular zone of the lateral ventricle
[74]. Therefore, the impaired olfactory discrimination in
HdhQ111 mice may reflect abnormal olfactory bulb
neurogenesis and/or a defect in the function of these adult-born
neurons. Altered neurogenesis has been found in several HD
mouse models including HdhQ7711 [36,61,75-80]. Odor
discrimination may also be impaired by perturbations to
olfactory sensory neurons [81]. Further experiments will be
needed to understand the cellular and molecular underpinnings
of the olfactory discrimination phenotype in HdhQ1771 mice.

Peripheral abnormalities in HdhQ111/+ mice

We identified a subtle but consistent decrease in free-fed
blood glucose in female HdhQ7111/+ mice. Our results
demonstrate that in mice up to 19 weeks of age, a single
mutant HTT allele does not induce diabetes or impaired
glucose tolerance as seen in some patients as well as in N-
terminal HTT fragment transgenic mice [42-44,82,83].
However, diabetes/glucose intolerance has not been seen in all
HD patient cohorts examined, and it has been argued that
these phenotypes may be more likely associated with more
severe disease [84]. Our results indicate that rather than being
glucose intolerant, young HdhQ711/+ mice exhibit signs of
mildly increased glucose tolerance.

Blood glucose levels are controlled by the opposing actions
of insulin that stimulates glucose uptake, glycolysis, glycogen
synthesis and inhibits gluconeogenesis and counterregulatory
hormones, principally glucagon, adrenaline, growth hormone
and glucocorticoids that promote gluconeogenesis and
glycogenolysis, mainly in the liver. Interestingly, a similar, albeit
more severe phenotype of reduced blood glucose in a fed but
not in a fasting state was seen in mice carrying a liver-specific
deletion of the gene encoding the stimulatory G protein a
subunit, thereby inhibiting glucagon signaling in the liver [85].
These mice exhibited increased glucose tolerance and insulin
sensitivity in the fed state, but were able to maintain normal
glucose levels in the fasting state despite impaired glucagon
signaling, likely due to excess glycogen stores, increased
signaling by other counterregulatory hormones or sympathetic
nervous system activity. These mice also exhibited a reduced
fat content of which a trend was observed in HdhQ111/+ mice.
Therefore, we speculate that in HdhQ111/+ mice a mild defect
in gluoconegenesis induces a state of glucose tolerance in the
fed state that can be compensated under fasting conditions
where counterregulatory mechanisms dominate. Of interest,
decreased gluconeogenesis has been proposed to account for
the inability of HD patients to increase their blood glucose
levels following exercise [86].

While the effects observed in young HdhQ111/+ mice are
small, weight loss apparent by 46 weeks of age supports the
occurrence of slowly-progressing underlying metabolic
disturbances. Of note, the weight loss in HdhQ111/+ mice was
more prominent in females, an effect also observed in two
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other lines of heterozygous knock-in mice (onset weight loss:
HdhQ175/+ females 15 weeks, males 28 weeks [57];
HdhQ200/+ 50 weeks, males maintained their weight up to 80
weeks [54]). It is unclear at this point whether this is related to
the greater tendency towards decreased glucose in female
than male HdhQ111/+ mice (Figure 7). Taken together,
however, our data hint that liver metabolism may be altered in
HdhQ111/+ mice. That the HTT CAG mutation impacts the liver
is indicated by late stage liver pathology in HD patients [87],
the presence of nuclear inclusions in hepatocytes in HD mouse
models [88,89] altered liver circadian function in vivo [90], and
more recently, direct evidence for reduced liver function in both
presymptomatic and symptomatic HD patients [91]. It is also
worth noting that the liver, together with the striatum, exhibits
the highest levels of somatic HTT CAG expansion in HdhQ111
mice, predicted to accelerate CAG length-dependent
phenotypes in this tissue [27]. Our results, together with
previous observations indicating altered metabolism in HD
knock-in mice [6,92-95], indicate that further investigation of the
metabolic state of both the liver and other tissues would be of
great interest.

We observed a small effect of the HdhQ717 mutation on
bone mineral density, with a decrease in mutant females and
an increase in mutant males. Decreased bone mineral density
has been observed in premanifest HTT mutation carriers [96]
and in the R6/2 HD transgenic mouse model [97] as well as in
other neurodegenerative diseases [98]. With the exception of
testosterone, the levels of which were unchanged in the mice in
this study (data not shown), factors that influence bone mineral
density, such as glucocortocoids, leptin, vitamin D were not
measured in this screen. Further studies will be needed to
understand the mechanisms underlying the putative bone
remodeling in HdhQ111 mice, including the possible role of the
CNS [99].

Cardiovascular and lung phenotypes suggest altered ANS
function, being most consistent with increased sympathetic
activity at young ages. There is considerable evidence for ANS
dysfunction in both manifest and premanifest HD individuals
[41,100-105]. In HD individuals cardiovascular autonomic tests
including blood pressure response to sustained hand-grip,
orthostatic blood pressure test, heart rate and heart rate
variability at rest and in response to maneuvers or stressors
revealed deficits in both the sympathetic and parasympathetic
branches of the ANS [41,100-105]. Our results support findings
of altered cardiovascular parameters in other HD mouse
models [106-108]; notably an increased heart rate was
exhibited by both R6/1 and BACHD models [107,108]. Cardiac
phenotypes are of interest as early-onset cardiac disease is the
second leading cause of death in HD patients [109,110]. To our
knowledge, there has been no previous report of altered lung
function in HD. ANS deficits in HD are hypothesized to
originate in the central autonomic network, consistent with
cortical and hypothalamic pathology in the disease
[41,104,111-113]. It is worth noting that blood glucose levels
are also under the control of the ANS; thus an alternative
hypothesis to explain the slightly depressed glucose levels
seen in HAhQ111 mice may be subtle alterations in centrally-
mediated glucose sensing [114]. Our results prompt further
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studies to assess ANS dysfunction and underlying mechanisms
in HdhQ111 mice.

Conclusions

We have identified a number of phenotypes between 10 and
~50 weeks of age in HdhQ7711 mice, an accurate genetic
model of HD. Significantly, phenotypes were elicited by a single
full-length mutant HTT allele, as occurs in the majority of HD
patients. It is of interest that many of the phenotypes observed
were either sex-specific or more pronounced in one sex than
another. Sexually dimorphic effects of mutant huntingtin have
been previously observed in mice [61,115,116], and
understanding the basis for this would likely provide insight into
disease pathways. An ongoing goal of studies in HdhQ7111
mice is to identify reproducible early disease-relevant
phenotypes for testing of genetic and pharmacological
modifiers. Early phenotypes in accurate genetic knock-in mice
are predicted to be subtle, as indicated by many of the
phenotypes in the present study. While subtle phenotypes
would not necessarily preclude their use as endpoints in
modifier testing, further testing across multiple cohorts and at
multiple ages to identify the most robust phenotypes would be
of value. Importantly, assessment of these and other
phenotypes in Hdh CAG allelic series in which mice differ in
CAG repeat length will be important in prioritizing those
phenotypes that are most relevant to the CAG length-
dependent pathogenic process in patients. Future studies will
also be aimed at a deeper understanding of the phenotypes
uncovered in this screen at the cellular and molecular level,
with the aim of revealing potential novel therapeutic targets. .

Supporting Information

Figure S1. Acoustic startle response and prepulse
inhibition in HdhQ111/+ and wild-type mice. Acoustic startle
response (ASR) (top graph) and prepulse inhibition (PPI)
(bottom graph) were measured at 13 weeks of age. ASR was
measured at background noise (NS) and sound pressure
intensities of 70-120 dB. Note that there were small decreases
in ASR response in male and female HdhQ1771/+ mice, but
these did not reach statistical significance. Sensorimotor gating
was measured by PPl at a startle intensity of 110 dB and
prepulse intensities of 67, 69, 73 and 81 dB. “Global” is the
mean PPI value of all 4 prepulse intensities. N=20 HdhQ111/+
mice (10 males, 10 females) and N=21 Hdh+/+ mice (11 males,
10 females). Data points and bars represent mean+SEM.

(TIF)

Figure S2. An olfactory deficit in HdhQ711/+ mice in an
additional cohort of males. Mice were trained on a scent [S+]
(either strawberry or apple) and then tested for their ability to
recognize decreasing proportions of this scent in a binary
mixture. Test carried out at MGH on males at 24-27 weeks of
age. N=10 per genotype.) Error bars show SEM. * p<0.05; **
p<0.01 in 2-tailed unpaired Student’s t-test comparing mutant
and wild-type mice at each dilution.
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(TIF)

Figure S3. Test of olfactory memory. Mice that had
undergone the olfactory discrimination test (GMC pipeline 3)
were re-tested for their ability to recognize the odorant on
which they had been initially trained [S+] after an interval of
either 16-17 weeks (A, C; mice trained to recognize strawberry)
or 20-22 weeks (B, D; mice trained to recognize apple)
following the end of the initial testing period. The bar graphs
show the percentage of mice that correctly recognized [S+]
after an interval of either 16-17 weeks of 20-22 weeks. Each
graph represents data from 5 Hdh+/+ mice (white bars) and 5
HdhQ111/+ mice (grey bars). Note that there is no intrinsic
difference between the apple and the strawberry odor in
learning acquisition during initial training (data not shown).
However, it is unknown whether there are odor-specific
differences that relate to long-term olfactory memory, and
therefore unclear whether apple-trained mice might also exhibit
a memory deficit at 16-17 weeks of age. Note that these data
are obtained from a single trial per mouse for 5 mice of each
sex and genotype. Therefore, although all 5 tested Hdh+/+
females made the correct choice at 20 weeks, while all
HdhQ111/+ females made the incorrect choice, this should not
be interpreted as active avoidance of the “correct” odor in the
HdhQ111/+ mice, but rather consistent with a possible
difference in olfactory memory in the two genotypes that would
need to be followed up with further experiments with additional
mice and averaging several trials per mouse.

(TIF)

Figure S4. Intraperitoneal glucose tolerance test. An
intraperitoneal glucose tolerance test (IpGTT) was performed
at 14 weeks of age. Following fasting for 16 to 18 hours
overnight mice were injected intraperitoneally with 2 g of
glucose/kg body weight using a 20% glucose solution. Blood
glucose was measured 15, 30, 60, 90 and 120 minutes after
glucose injection. N=10 per group. Plotted are mean values
+SEM.

(TIF)

Table S1. Tests performed in GMC pipelines of mice.
(DOCX)

Table S2. Behavioral tests in MGH mouse cohorts.
(DOCX)

Table S3. Open field testing in the dark phase in
HdhQ111/+ and Hdh+/+ mice at 56-59 weeks of age.
(DOCX)

Table S4. Body weight measurements in HdhQ111/+
versus wild-type mice.
(DOCX)

Table S5. Clinical chemistry parameters in fed and fasted
HdhQ111/+ versus wild-type mice.
(DOCX)
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Table S6. Cardiovascular parameters in HdhQ111/+ versus
wild-type mice at 12 and 19 weeks.
(DOCX)

Table S7. Cardiovascular parameters in HdhQ111/+ versus
wild-type mice at 69 weeks.
(DOCX)

Table S8. Lung function parameters in HdhQ111/+ versus
wild-type mice.
(DOCX)

methods S1. (DOCX)

References

. Harper PS (1999) Huntington's disease: a clinical, genetic and

molecular model for polyglutamine repeat disorders. Philos Trans R
Soc Lond B Biol Sci 354: 957-961. doi:10.1098/rstb.1999.0446.
PubMed: 10434293.

. van der Burg JM, Bjorkqvist M, Brundin P (2009) Beyond the brain:

widespread pathology in Huntington's disease. Lancet Neurol 8:
765-774. doi:10.1016/S1474-4422(09)70178-4. PubMed: 19608102.

. Huntington's disease collaborative research group (1993) A novel gene

containing a trinucleotide repeat that is expanded and unstable on
Huntington's disease chromosomes. Cell 72: 971-983

. Lee JM, Ramos EM, Lee JH, Gillis T, Mysore JS et al. (2012) CAG

repeat expansion in Huntington disease determines age at onset in a
fully dominant fashion. Neurology 78: 690-695. doi:10.1212/WNL.
0b013e318249f683. PubMed: 22323755.

. Seong IS, Woda JM, Song JJ, Lloret A, Abeyrathne PD et al. (2010)

Huntingtin facilitates polycomb repressive complex 2. Hum Mol Genet
19: 573-583. doi:10.1093/hmg/ddp524. PubMed: 19933700.

. Jacobsen JC, Gregory GC, Woda JM, Thompson MN, Coser KR et al.

(2011) HD CAG-correlated gene expression changes support a simple
dominant gain of function. Hum Mol Genet 20: 2846-2860. doi:
10.1093/hmg/ddr195. PubMed: 21536587.

. Heng MY, Detloff PJ, Albin RL (2008) Rodent genetic models of

Huntington disease. Neurobiol Dis 32:

2008.06.005. PubMed: 18638556.

1-9.  doi:10.1016/j.nbd.

. White JK, Auerbach W, Duyao MP, Vonsattel JP, Gusella JF et al.

(1997) Huntingtin is required for neurogenesis and is not impaired by
the Huntington's disease CAG expansion. Nat Genet 17: 404-410. doi:
10.1038/ng1297-404. PubMed: 9398841.

. Wheeler VC, Auerbach W, White JK, Srinidhi J, Auerbach A et al.

(1999) Length-dependent gametic CAG repeat instability in the
Huntington's disease knock-in mouse. Hum Mol Genet 8: 115-122. doi:
10.1093/hmg/8.1.115. PubMed: 9887339.

. Lloret A, Dragileva E, Teed A, Espinola J, Fossale E et al. (2006)

Genetic background modifies nuclear mutant huntingtin accumulation
and HD CAG repeat instability in Huntington's disease knock-in mice.
Hum Mol Genet 15: 2015-2024. doi:10.1093/hmg/ddi125. PubMed:
16687439.

. Wheeler VC, White JK, Gutekunst CA, Vrbanac V, Weaver M et al.

(2000) Long glutamine tracts cause nuclear localization of a novel form
of huntingtin in medium spiny striatal neurons in HdhQ92 and HdhQ111
knock-in mice. Hum Mol Genet 9: 503-513. doi:10.1093/hmg/9.4.503.
PubMed: 10699173.

. Wheeler VC, Gutekunst CA, Vrbanac V, Lebel LA, Schilling G et al.

(2002) Early phenotypes that presage late-onset neurodegenerative
disease allow testing of modifiers in Hdh CAG knock-in mice. Hum Mol
Genet 11: 633-640. doi:10.1093/hmg/11.6.633. PubMed: 11912178.

. Fossale E, Wheeler VC, Vrbanac V, Lebel LA, Teed A et al. (2002)

Identification of a presymptomatic molecular phenotype in Hdh CAG
knock-in- mice. Hum Mol Genet 11: 2233-2241. doi:10.1093/hmg/
11.19.2233. PubMed: 12217951.

. Carnemolla A, Fossale E, Agostoni E, Michelazzi S, Calligaris R et al.

(2009) Rrs1 is involved in endoplasmic reticulum stress response in
Huntington disease. J Biol Chem 284: 18167-18173. doi:10.1074/
jbc.M109.018325. PubMed: 19433866.

. Gines S, Seong IS, Fossale E, Ivanova E, Trettel F et al. (2003)

Specific progressive cAMP reduction implicates energy deficit in

PLOS ONE | www.plosone.org

16

Huntington's Disease Mouse Model Phenotype Screen

Acknowledgements

We thank Dr. Frauke Neff for expert pathological analysis at
the GMC and Dr. Mark Albers for helpful discussion.

Author Contributions

Conceived and designed the experiments: SMH MS M.
Kovalenko L. Glasl M. Klingenspor TK HS EW WW HW JS
MEM SC VG-D HF MHA VCW. Performed the experiments:
MS M. Kovalenko L. Garrett L. Glasl EL JG AG WH LB BR JR
AS TG HW. Analyzed the data: SH MS M. Kovalenko L. Garrett
L. Glasl AG WH LB BR JR AS TG HW J-ML VCW. Wrote the
manuscript: SH M. Kovalenko VCW.

20.

21.

22.

23.

24.

25.

26.

27.

28.

presymptomatic Huntington's disease knock-in mice. Hum Mol Genet
12: 497-508. doi:10.1093/hmg/ddg046. PubMed: 12588797.

. Ginés S, Bosch M, Marco S, Gavalda N, Diaz-Hernandez M et al.

(2006) Reduced expression of the TrkB receptor in Huntington's
disease mouse models and in human brain. Eur J Neurosci 23:
649-658. doi:10.1111/j.1460-9568.2006.04590.x. PubMed: 16487146.

. Ribeiro FM, Paquet M, Ferreira LT, Cregan T, Swan P et al. (2010)

Metabotropic glutamate receptor-mediated cell signaling pathways are
altered in a mouse model of Huntington's disease. J Neurosci 30:
316-324. doi:10.1523/JNEUROSCI.4974-09.2010. PubMed: 20053912.

. Lynch G, Kramar EA, Rex CS, Jia Y, Chappas D et al. (2007) Brain-

derived neurotrophic factor restores synaptic plasticity in a knock-in
mouse model of Huntington's disease. J Neurosci 27: 4424-4434. doi:
10.1523/UNEUROSCI.5113-06.2007. PubMed: 17442827.

. Menalled L, ElI-Khodor BF, Patry M, Suarez-Farifias M, Orenstein SJ et

al. (2009) Systematic behavioral evaluation of Huntington's disease
transgenic and knock-in mouse models. Neurobiol Dis, 35: 319-36.
PubMed: 19464370.

Trueman RC, Brooks SP, Jones L, Dunnett SB (2007) The operant
serial implicit learning task reveals early onset motor learning deficits in
the Hdh knock-in mouse model of Huntington's disease. Eur J Neurosci
25:  551-558.  doi:10.1111/j.1460-9568.2007.05307.x. ~ PubMed:
17284197.

Trueman RC, Brooks SP, Jones L, Dunnett SB (2008) Time course of
choice reaction time deficits in the Hdh(Q92) knock-in mouse model of
Huntington's disease in the operant serial implicit learning task (SILT).
Behav Brain Res 189: 317-324. doi:10.1016/j.bbr.2008.01.020.
PubMed: 18367261.

Trueman RC, Brooks SP, Jones L, Dunnett SB (2009) Rule learning,
visuospatial function and motor performance in the Hdh(Q92) knock-in
mouse model of Huntington's disease. Behav Brain Res 203: 215-222.
doi:10.1016/j.bbr.2009.05.006. PubMed: 19445966.

Trueman RC, Jones L, Dunnett SB, Brooks SP (2012) Early onset
deficits on the delayed alternation task in the Hdh(Q92) knock-in mouse
model of Huntington's disease. Brain. Res Bull 88: 156-162. doi:
10.1016/j.brainresbull.2011.03.012.

Trueman RC, Dunnett SB, Jones L, Brooks SP (2012) Five choice
serial reaction time performance in the HdhQ92 mouse model of
Huntington's disease. Brain. Res Bull 88: 163-170. doi:10.1016/
j.brainresbull.2011.10.019.

Brooks S, Higgs G, Jones L, Dunnett SB (2012) Longitudinal analysis
of the behavioural phenotype in HdhQ92 Huntington's disease knock-in
mice. Brain. Res Bull 88: 148-155. doi:10.1016/j.brainresbull.
2010.05.003.

Bayram-Weston Z, Jones L, Dunnett SB, Brooks SP (2012) Light and
electron microscopic characterization of the evolution of cellular
pathology in HdhQ92 Huntington's disease knock-in mice. Brain. Res
Bull 88: 171-181. doi:10.1016/j.brainresbull.2011.03.013.

Lee JM, Pinto RM, Gillis T, St Claire JC, Wheeler VC (2011)
Quantification of Age-Dependent Somatic CAG Repeat Instability in
Hdh CAG Knock-In Mice Reveals Different Expansion Dynamics in
Striatum and Liver. PLOS ONE 6: €23647. doi:10.1371/journal.pone.
0023647. PubMed: 21897851.

Dragileva E, Hendricks A, Teed A, Gillis T, Lopez ET et al. (2009)
Intergenerational and striatal CAG repeat instability in Huntington's

November 2013 | Volume 8 | Issue 11 | e80923


http://dx.doi.org/10.1098/rstb.1999.0446
http://www.ncbi.nlm.nih.gov/pubmed/10434293
http://dx.doi.org/10.1016/S1474-4422(09)70178-4
http://www.ncbi.nlm.nih.gov/pubmed/19608102
http://dx.doi.org/10.1212/WNL.0b013e318249f683
http://dx.doi.org/10.1212/WNL.0b013e318249f683
http://www.ncbi.nlm.nih.gov/pubmed/22323755
http://dx.doi.org/10.1093/hmg/ddp524
http://www.ncbi.nlm.nih.gov/pubmed/19933700
http://dx.doi.org/10.1093/hmg/ddr195
http://www.ncbi.nlm.nih.gov/pubmed/21536587
http://dx.doi.org/10.1016/j.nbd.2008.06.005
http://dx.doi.org/10.1016/j.nbd.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18638556
http://dx.doi.org/10.1038/ng1297-404
http://www.ncbi.nlm.nih.gov/pubmed/9398841
http://dx.doi.org/10.1093/hmg/8.1.115
http://www.ncbi.nlm.nih.gov/pubmed/9887339
http://dx.doi.org/10.1093/hmg/ddl125
http://www.ncbi.nlm.nih.gov/pubmed/16687439
http://dx.doi.org/10.1093/hmg/9.4.503
http://www.ncbi.nlm.nih.gov/pubmed/10699173
http://dx.doi.org/10.1093/hmg/11.6.633
http://www.ncbi.nlm.nih.gov/pubmed/11912178
http://dx.doi.org/10.1093/hmg/11.19.2233
http://dx.doi.org/10.1093/hmg/11.19.2233
http://www.ncbi.nlm.nih.gov/pubmed/12217951
http://dx.doi.org/10.1074/jbc.M109.018325
http://dx.doi.org/10.1074/jbc.M109.018325
http://www.ncbi.nlm.nih.gov/pubmed/19433866
http://dx.doi.org/10.1093/hmg/ddg046
http://www.ncbi.nlm.nih.gov/pubmed/12588797
http://dx.doi.org/10.1111/j.1460-9568.2006.04590.x
http://www.ncbi.nlm.nih.gov/pubmed/16487146
http://dx.doi.org/10.1523/JNEUROSCI.4974-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20053912
http://dx.doi.org/10.1523/JNEUROSCI.5113-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17442827
http://www.ncbi.nlm.nih.gov/pubmed/19464370
http://dx.doi.org/10.1111/j.1460-9568.2007.05307.x
http://www.ncbi.nlm.nih.gov/pubmed/17284197
http://dx.doi.org/10.1016/j.bbr.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18367261
http://dx.doi.org/10.1016/j.bbr.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19445966
http://dx.doi.org/10.1016/j.brainresbull.2011.03.012
http://dx.doi.org/10.1016/j.brainresbull.2011.10.019
http://dx.doi.org/10.1016/j.brainresbull.2011.10.019
http://dx.doi.org/10.1016/j.brainresbull.2010.05.003
http://dx.doi.org/10.1016/j.brainresbull.2010.05.003
http://dx.doi.org/10.1016/j.brainresbull.2011.03.013
http://dx.doi.org/10.1371/journal.pone.0023647
http://dx.doi.org/10.1371/journal.pone.0023647
http://www.ncbi.nlm.nih.gov/pubmed/21897851

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

disease knock-in mice involve different DNA repair genes. Neurobiol
Dis 33: 37-47. doi:10.1016/j.nbd.2008.09.014. PubMed: 18930147.
Gailus-Durner V, Fuchs H, Becker L, Bolle I, Brieimeier M et al. (2005)
Introducing the German Mouse Clinic: open access platform for
standardized phenotyping. Nat Methods 2: 403-404. doi:10.1038/
nmeth0605-403. PubMed: 15908916.

Gailus-Durner V, Fuchs H, Adler T, Aguilar Pimentel A, Becker L et al.
(2009) Systemic first-line phenotyping. Methods Mol Biol 530: 463-509.
doi:10.1007/978-1-59745-471-1_25. PubMed: 19266331.

Fuchs H, Gailus-Durner V, Adler T, Aguilar-Pimentel JA, Becker L et al.
(2011) Mouse phenotyping. Methods 53: 120-135. doi:10.1016/j.ymeth.
2010.08.006. PubMed: 20708688.

Montoya A, Pelletier M, Menear M, Duplessis E, Richer F et al. (2006)
Episodic memory impairment in Huntington's disease: a meta-analysis.
Neuropsychologia 44: 1984-1994. doi:10.1016/j.neuropsychologia.
2006.01.015. PubMed: 16797615.

Bylsma FW, Moberg PJ, Doty RL, Brandt J (1997) Odor identification in
Huntington's disease patients and asymptomatic gene carriers. J
Neuropsychiatry Clin Neurosci 9: 598-600. PubMed: 9447504.
Hamilton JM, Murphy C, Paulsen JS (1999) Odor detection, learning,
and memory in Huntington's disease. J Int Neuropsychol Soc 5:
609-615. PubMed: 10645703.

Larsson M, Lundin A, Robins Wahlin TB (2006) Olfactory functions in
asymptomatic carriers of the Huntington disease mutation. J Clin Exp
Neuropsychol 28: 1373-1380. doi:10.1080/13803390500473746.
PubMed: 17050264.

Lazic SE, Goodman AO, Grote HE, Blakemore C, Morton AJ et al.
(2007) Olfactory abnormalities in Huntington's disease: decreased
plasticity in the primary olfactory cortex of R6/1 transgenic mice and
reduced olfactory discrimination in patients. Brain Res 1151: 219-226.
doi:10.1016/j.brainres.2007.03.018. PubMed: 17400200.

Barrios FA, Gonzalez L, Favila R, Alonso ME, Salgado PM et al. (2007)
Olfaction and neurodegeneration in HD. Neuroreport 18: 73-76. doi:
10.1097/WNR.0b013e3280102302. PubMed: 17259864.

Paulsen JS, Langbehn DR, Stout JC, Aylward E, Ross CA et al. (2008)
Detection of Huntington's disease decades before diagnosis: the
Predict-HD study. J Neurol Neurosurg Psychiatry 79: 874-880. doi:
10.1136/jnnp.2007.128728. PubMed: 18096682.

Holter SM, Glasl L (2011) High throughput mouse phenotyping. In: SB
DunnettE Lane. Neuromethods. Humana Press. pp. 109-133.

Aziz NA, van der Burg JM, Landwehrmeyer GB, Brundin P, Stijnen T et
al. (2008) Weight loss in Huntington disease increases with higher CAG
repeat number. Neurology 71: 1506-1513. doi:10.1212/01.wnl.
0000334276.09729.0e. PubMed: 18981372.

Aziz NA, Anguelova GV, Marinus J, van Dijk JG, Roos RA (2010)
Autonomic symptoms in patients and pre-manifest mutation carriers of
Huntington's disease. Eur J Neurol 17: 1068-1074. doi:10.1111/j.
1468-1331.2010.02973.x. PubMed: 20192977.

Podolsky S, Leopold NA (1977) Abnormal glucose tolerance and
arginine tolerance tests in Huntington's disease. Gerontology 23:
55-63. doi:10.1159/000212174. PubMed: 136379.

Farrer LA (1985) Diabetes mellitus in Huntington disease. Clin Genet
27:62-67. PubMed: 3156696.

Lali¢ NM, Mari¢ J, Svetel M, Joti¢ A, Stefanova E et al. (2008) Glucose
homeostasis in Huntington disease: abnormalities in insulin sensitivity
and early-phase insulin secretion. Arch Neurol 65: 476-480. doi:
10.1001/archneur.65.4.476. PubMed: 18413469.

Valenza M, Cattaneo E (2011) Emerging roles for cholesterol in
Huntington's disease. Trends Neurosci 34: 474-486. doi:10.1016/j.tins.
2011.06.005. PubMed: 21774998.

Kc P, Dick TE (2010) Modulation of cardiorespiratory function mediated
by the paraventricular nucleus. Respiratory physiology & neurobiology
174: 55-64

Shelbourne PF, Killeen N, Hevner RF, Johnston HM, Tecott L et al.
(1999) A Huntington's disease CAG expansion at the murine Hdh locus
is unstable and associated with behavioural abnormalities in mice. Hum
Mol Genet 8: 763-774. doi:10.1093/hmg/8.5.763. PubMed: 10196365.
Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS et
al. (2001) Neurological abnormalities in a knock-in mouse model of
Huntington's disease. Hum Mol Genet 10: 137-144. doi:10.1093/hmg/
10.2.137. PubMed: 11152661.

Menalled LB, Sison JD, Dragatsis I, Zeitlin S, Chesselet MF (2003)
Time course of early motor and neuropathological anomalies in a
knock-in mouse model of Huntington's disease with 140 CAG repeats.
J Comp Neurol 465: 11-26. doi:10.1002/cne.10776. PubMed:
12926013.

Brooks SP, Betteridge H, Trueman RC, Jones L, Dunnett SB (2006)
Selective extra-dimensional set shifting deficit in a knock-in mouse

PLOS ONE | www.plosone.org

17

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Huntington's Disease Mouse Model Phenotype Screen

model of Huntington's disease. Brain. Res Bull 69: 452-457. doi:
10.1016/j.brainresbull.2006.02.011.

Heng MY, Tallaksen-Greene SJ, Detloff PJ, Albin RL (2007)
Longitudinal evaluation of the Hdh(CAG)150 knock-in murine model of
Huntington's disease. J Neurosci 27: 8989-8998. doi:10.1523/
JNEUROSCI.1830-07.2007. PubMed: 17715336.

Hickey MA, Kosmalska A, Enayati J, Cohen R, Zeitlin S et al. (2008)
Extensive early motor and non-motor behavioral deficits are followed by
striatal neuronal loss in knock-in Huntington's disease mice.
Neuroscience 157: 280-295. doi:10.1016/j.neuroscience.2008.08.041.
PubMed: 18805465.

Brooks S, Higgs G, Jones L, Dunnett SB (2010) Longitudinal analysis
of the behavioural phenotype in Hdh(Q92) Huntington's disease knock-
in mice. Brain. Res Bull.

Heng MY, Detloff PJ, Paulson HL, Albin RL (2010) Early alterations of
autophagy in Huntington disease-like mice. Autophagy 6: 1206-1208.
doi:10.4161/auto.6.8.13617. PubMed: 20935460.

Rising AC, Xu J, Carlson A, Napoli VV, Denovan-Wright EM et al.
(2011) Longitudinal behavioral, cross-sectional transcriptional and
histopathological characterization of a knock-in mouse model of
Huntington's disease with 140 CAG repeats. Exp Neurol 228: 173-182.
doi:10.1016/j.expneurol.2010.12.017. PubMed: 21192926.

Giralt A, Puigdellivol M, Carretén O, Paoletti P, Valero J et al. (2012)
Long-term memory deficits in Huntington's disease are associated with
reduced CBP histone acetylase activity. Hum Mol Genet 21:
1203-1216. doi:10.1093/hmg/ddr552. PubMed: 22116937.

Menalled LB, Kudwa AE, Miller S, Fitzpatrick J, Watson-Johnson J et
al. (2012) Comprehensive Behavioral and Molecular Characterization
of a New Knock-In Mouse Model of Huntington's Disease: zQ175.
PLOS ONE 7: e49838. doi:10.1371/journal.pone.0049838. PubMed:
23284626.

Brooks S, Higgs G, Jones L, Dunnett SB (2012) Longitudinal analysis
of the behavioural phenotype in Hdh(CAG)150 Huntington's disease
knock-in mice. Brain. Res Bull 88: 182-188. doi:10.1016/j.brainresbull.
2010.05.004.

Nguyen HP, Kobbe P, Rahne H, Worpel T, Jager B et al. (2006)
Behavioral abnormalities precede neuropathological markers in rats
transgenic for Huntington's disease. Hum Mol Genet 15: 3177-3194.
doi:10.1093/hmg/ddI394. PubMed: 16984963.

File SE, Mahal A, Mangiarini L, Bates GP (1998) Striking changes in
anxiety in Huntington's disease transgenic mice. Brain Res 805:
234-240. doi:10.1016/S0006-8993(98)00736-7. PubMed: 9733972.
Orvoen S, Pla P, Gardier AM, Saudou F, David DJ (2012) Huntington's
disease knock-in male mice show specific anxiety-like behaviour and
altered neuronal maturation. Neurosci Lett 507: 127-132. doi:10.1016/
j.neulet.2011.11.063. PubMed: 22178857.

Lawrence AD, Sahakian BJ, Hodges JR, Rosser AE, Lange KW et al.
(1996) Executive and mnemonic functions in early Huntington's
disease. Brain 119 ( 5): 1633-1645. doi:10.1093/brain/119.5.1633.
PubMed: 8931586.

Ho AK, Sahakian BJ, Brown RG, Barker RA, Hodges JR et al. (2003)
Profile of cognitive progression in early Huntington's disease.
Neurology 61: 1702-1706. Available online at: doi:10.1212/01.WNL.
0000098878.47789.BD. PubMed: 14694033.

Lemiere J, Decruyenaere M, Evers-Kiebooms G, Vandenbussche E,
Dom R (2004) Cognitive changes in patients with Huntington's disease
(HD) and asymptomatic carriers of the HD mutation--a longitudinal
follow-up study. J Neurol 251: 935-942. PubMed: 15316797.

Brennan PA, Keverne EB (1997) Neural mechanisms of mammalian
olfactory learning. Prog Neurobiol 51: 457-481. doi:10.1016/
S0301-0082(96)00069-X. PubMed: 9106902.

Noack J, Richter K, Laube G, Haghgoo HA, Veh RW et al. (2010)
Different importance of the volatile and non-volatile fractions of an
olfactory signature for individual social recognition in rats versus mice
and short-term versus long-term memory. Neurobiol Learn Mem, 94:
568-75. PubMed: 20888419.

Albers MW, Tabert MH, Devanand DP (2006) Olfactory dysfunction as
a predictor of neurodegenerative disease. Curr Neurol Neurosci Rep 6:
379-386. doi:10.1007/s11910-996-0018-7. PubMed: 16928347.

Doty RL (2012) Olfactory dysfunction in Parkinson disease. Nat. Rev
Neurol 8: 329-339. doi:10.1038/nrneurol.2012.80.

Savic |, Gulyas B, Larsson M, Roland P (2000) Olfactory functions are
mediated by parallel and hierarchical processing. Neuron 26: 735-745.
doi:10.1016/S0896-6273(00)81209-X. PubMed: 10896168.

Wesson DW, Wilson DA (2011) Sniffing out the contributions of the
olfactory tubercle to the sense of smell: Hedonics, sensory integration,
and more? Neurosci Biobehav Rev, 35: 655-68. PubMed: 20800615.
Gheusi G, Cremer H, McLean H, Chazal G, Vincent JD et al. (2000)
Importance of newly generated neurons in the adult olfactory bulb for

November 2013 | Volume 8 | Issue 11 | e80923


http://dx.doi.org/10.1016/j.nbd.2008.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18930147
http://dx.doi.org/10.1038/nmeth0605-403
http://dx.doi.org/10.1038/nmeth0605-403
http://www.ncbi.nlm.nih.gov/pubmed/15908916
http://dx.doi.org/10.1007/978-1-59745-471-1_25
http://www.ncbi.nlm.nih.gov/pubmed/19266331
http://dx.doi.org/10.1016/j.ymeth.2010.08.006
http://dx.doi.org/10.1016/j.ymeth.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20708688
http://dx.doi.org/10.1016/j.neuropsychologia.2006.01.015
http://dx.doi.org/10.1016/j.neuropsychologia.2006.01.015
http://www.ncbi.nlm.nih.gov/pubmed/16797615
http://www.ncbi.nlm.nih.gov/pubmed/9447504
http://www.ncbi.nlm.nih.gov/pubmed/10645703
http://dx.doi.org/10.1080/13803390500473746
http://www.ncbi.nlm.nih.gov/pubmed/17050264
http://dx.doi.org/10.1016/j.brainres.2007.03.018
http://www.ncbi.nlm.nih.gov/pubmed/17400200
http://dx.doi.org/10.1097/WNR.0b013e3280102302
http://www.ncbi.nlm.nih.gov/pubmed/17259864
http://dx.doi.org/10.1136/jnnp.2007.128728
http://www.ncbi.nlm.nih.gov/pubmed/18096682
http://dx.doi.org/10.1212/01.wnl.0000334276.09729.0e
http://dx.doi.org/10.1212/01.wnl.0000334276.09729.0e
http://www.ncbi.nlm.nih.gov/pubmed/18981372
http://dx.doi.org/10.1111/j.1468-1331.2010.02973.x
http://dx.doi.org/10.1111/j.1468-1331.2010.02973.x
http://www.ncbi.nlm.nih.gov/pubmed/20192977
http://dx.doi.org/10.1159/000212174
http://www.ncbi.nlm.nih.gov/pubmed/136379
http://www.ncbi.nlm.nih.gov/pubmed/3156696
http://dx.doi.org/10.1001/archneur.65.4.476
http://www.ncbi.nlm.nih.gov/pubmed/18413469
http://dx.doi.org/10.1016/j.tins.2011.06.005
http://dx.doi.org/10.1016/j.tins.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21774998
http://dx.doi.org/10.1093/hmg/8.5.763
http://www.ncbi.nlm.nih.gov/pubmed/10196365
http://dx.doi.org/10.1093/hmg/10.2.137
http://dx.doi.org/10.1093/hmg/10.2.137
http://www.ncbi.nlm.nih.gov/pubmed/11152661
http://dx.doi.org/10.1002/cne.10776
http://www.ncbi.nlm.nih.gov/pubmed/12926013
http://dx.doi.org/10.1016/j.brainresbull.2006.02.011
http://dx.doi.org/10.1523/JNEUROSCI.1830-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.1830-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17715336
http://dx.doi.org/10.1016/j.neuroscience.2008.08.041
http://www.ncbi.nlm.nih.gov/pubmed/18805465
http://dx.doi.org/10.4161/auto.6.8.13617
http://www.ncbi.nlm.nih.gov/pubmed/20935460
http://dx.doi.org/10.1016/j.expneurol.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21192926
http://dx.doi.org/10.1093/hmg/ddr552
http://www.ncbi.nlm.nih.gov/pubmed/22116937
http://dx.doi.org/10.1371/journal.pone.0049838
http://www.ncbi.nlm.nih.gov/pubmed/23284626
http://dx.doi.org/10.1016/j.brainresbull.2010.05.004
http://dx.doi.org/10.1016/j.brainresbull.2010.05.004
http://dx.doi.org/10.1093/hmg/ddl394
http://www.ncbi.nlm.nih.gov/pubmed/16984963
http://dx.doi.org/10.1016/S0006-8993(98)00736-7
http://www.ncbi.nlm.nih.gov/pubmed/9733972
http://dx.doi.org/10.1016/j.neulet.2011.11.063
http://dx.doi.org/10.1016/j.neulet.2011.11.063
http://www.ncbi.nlm.nih.gov/pubmed/22178857
http://dx.doi.org/10.1093/brain/119.5.1633
http://www.ncbi.nlm.nih.gov/pubmed/8931586
http://doi:10.1212/01.wnl.0000098878.47789.bd
http://doi:10.1212/01.wnl.0000098878.47789.bd
http://www.ncbi.nlm.nih.gov/pubmed/14694033
http://www.ncbi.nlm.nih.gov/pubmed/15316797
http://dx.doi.org/10.1016/S0301-0082(96)00069-X
http://dx.doi.org/10.1016/S0301-0082(96)00069-X
http://www.ncbi.nlm.nih.gov/pubmed/9106902
http://www.ncbi.nlm.nih.gov/pubmed/20888419
http://dx.doi.org/10.1007/s11910-996-0018-7
http://www.ncbi.nlm.nih.gov/pubmed/16928347
http://dx.doi.org/10.1038/nrneurol.2012.80
http://dx.doi.org/10.1016/S0896-6273(00)81209-X
http://www.ncbi.nlm.nih.gov/pubmed/10896168
http://www.ncbi.nlm.nih.gov/pubmed/20800615

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

odor discrimination. Proc Natl Acad Sci U S A 97: 1823-1828. doi:
10.1073/pnas.97.4.1823. PubMed: 10677540.

Mandairon N, Sacquet J, Garcia S, Ravel N, Jourdan F et al. (2006)
Neurogenic correlates of an olfactory discrimination task in the adult
olfactory bulb. Eur J Neurosci 24: 3578-3588. doi:10.1111/].
1460-9568.2006.05235.x. PubMed: 17229106.

Alonso M, Lepousez G, Sebastien W, Bardy C, Gabellec MM et al.
(2012) Activation of adult-born neurons facilitates learning and memory.
Nat Neurosci 15: 897-904. doi:10.1038/nn.3108. PubMed: 22581183.
Gage FH (2000) Mammalian neural stem cells. Science 287:
1433-1438. doi:10.1126/science.287.5457.1433. PubMed: 10688783.
Molero AE, Gokhan S, Gonzalez S, Feig JL, Alexandre LC et al. (2009)
Impairment of developmental stem cell-mediated striatal neurogenesis
and pluripotency genes in a knock-in model of Huntington's disease.
Proc Natl Acad Sci U S A 106: 21900-21905. doi:10.1073/pnas.
0912171106. PubMed: 19955426.

Lorincz MT, Zawistowski VA (2009) Expanded CAG repeats in the
murine Huntington's disease gene increases neuronal differentiation of
embryonic and neural stem cells. Mol Cell Neurosci 40: 1-13. doi:
10.1016/j.mcn.2008.06.004. PubMed: 18625318.

Lazic SE, Grote H, Armstrong RJ, Blakemore C, Hannan AJ et al.
(2004) Decreased hippocampal cell proliferation in R6/1 Huntington's
mice. Neuroreport 15: 811-813. doi:
10.1097/00001756-200404090-00014. PubMed: 15073520.

Lazic SE, Grote HE, Blakemore C, Hannan AJ, van Dellen A et al.
(2006) Neurogenesis in the R6/1 transgenic mouse model of
Huntington's disease: effects of environmental enrichment. Eur J
Neurosci  23: 1829-1838. doi:10.1111/j.1460-9568.2006.04715.x.
PubMed: 16623840.

Gil JM, Mohapel P, Aratjo IM, Popovic N, Li JY et al. (2005) Reduced
hippocampal neurogenesis in R6/2 transgenic Huntington's disease
mice. Neurobiol Dis 20: 744-751. doi:10.1016/j.nbd.2005.05.006.
PubMed: 15951191.

Simpson JM, Gil-Mohapel J, Pouladi MA, Ghilan M, Xie Y et al. (2011)
Altered adult hippocampal neurogenesis in the YAC128 transgenic
mouse model of Huntington disease. Neurobiol Dis, 41: 249-60.
PubMed: 20875859.

Fleischmann A, Shykind BM, Sosulski DL, Franks KM, Glinka ME et al.
(2008) Mice with a "monoclonal nose": perturbations in an olfactory
map impair odor discrimination. Neuron 60: 1068-1081. doi:10.1016/
j.-neuron.2008.10.046. PubMed: 19109912.

Hurlbert MS, Zhou W, Wasmeier C, Kaddis FG, Hutton JC et al. (1999)
Mice transgenic for an expanded CAG repeat in the Huntington's
disease gene develop diabetes. Diabetes 48: 649-651. doi:10.2337/
diabetes.48.3.649. PubMed: 10078572.

Josefsen K, Nielsen MD, Jgrgensen KH, Bock T, Ngrremglle A et al.
(2008) Impaired glucose tolerance in the R6/1 transgenic mouse model
of Huntington's disease. J Neuroendocrinol 20: 165-172. PubMed:
18034868.

Boesgaard TW, Nielsen TT, Josefsen K, Hansen T, Jgrgensen T et al.
(2009) Huntington's disease does not appear to increase the risk of
diabetes mellitus. J Neuroendocrinol 21: 770-776. doi:10.1111/j.
1365-2826.2009.01898.x. PubMed: 19602103.

Chen M, Gavrilova O, Zhao WQ, Nguyen A, Lorenzo J et al. (2005)
Increased glucose tolerance and reduced adiposity in the absence of
fasting hypoglycemia in mice with liver-specific Gs alpha deficiency. J
Clin Invest 115: 3217-3227. doi:10.1172/JCI24196. PubMed:
16239968.

Josefsen K, Nielsen SM, Campos A, Seifert T, Hasholt L et al. (2010)
Reduced gluconeogenesis and lactate clearance in Huntington's
disease. Neurobiol Dis 40: 656-662. doi:10.1016/j.nbd.2010.08.009.
PubMed: 20727971.

Bolt JM, Lewis GP (1973) Huntington's chorea. A study of liver function
and histology. Q J Med 42: 151-174.

Sathasivam K, Hobbs C, Turmaine M, Mangiarini L, Mahal A et al.
(1999) Formation of polyglutamine inclusions in non-CNS tissue. Hum
Mol Genet 8: 813-822. doi:10.1093/hmg/8.5.813. PubMed: 10196370.
Moffitt H, McPhail GD, Woodman B, Hobbs C, Bates GP (2009)
Formation of polyglutamine inclusions in a wide range of non-CNS
tissues in the HdhQ150 knock-in mouse model of Huntington's disease.
PLOS ONE 4: e8025. doi:10.1371/journal.pone.0008025. PubMed:
19956633.

Maywood ES, Fraenkel E, McAllister CJ, Wood N, Reddy AB et al.
(2010) Disruption of peripheral circadian timekeeping in a mouse model
of Huntington's disease and its restoration by temporally scheduled
feeding. J Neurosci 30: 10199-10204. doi:10.1523/JNEUROSCI.
1694-10.2010. PubMed: 20668203.

Stiwe SH, Goetze O, Lukas C, Klotz P, Hoffmann R et al. (2013)
Hepatic mitochondrial dysfunction in manifest and premanifest

PLOS ONE | www.plosone.org

18

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Huntington's Disease Mouse Model Phenotype Screen

Huntington disease. Neurology 80: 743-746. doi:10.1212/WNL.
0b013e318282514e. PubMed: 23390182.

Seong IS, Ivanova E, Lee JM, Choo YS, Fossale E et al. (2005) HD
CAG repeat implicates a dominant property of huntingtin in
mitochondrial energy metabolism. Hum Mol Genet 14: 2871-2880. doi:
10.1093/hmg/ddi319. PubMed: 16115812.

Fossale E, Seong IS, Coser KR, Shioda T, Kohane IS et al. (2011)
Differential effects of the Huntington's disease CAG mutation in
striatum and cerebellum are quantitative not qualitative. Hum Mol
Genet 20: 4258-4267. doi:10.1093/hmg/ddr355. PubMed: 21840924.
Mochel F, Durant B, Meng X, O'Callaghan J, Yu H et al. (2012) Early
alterations of brain cellular energy homeostasis in Huntington disease
models. J Biol Chem 287: 1361-1370. doi:10.1074/jbc.M111.309849.
PubMed: 22123819.

Tkac |, Henry PG, Zacharoff L, Wedel M, Gong W et al. (2012)
Homeostatic adaptations in brain energy metabolism in mouse models
of Huntington disease. J Cereb Blood Flow Metab 32: 1977-1988. doi:
10.1038/jcbfm.2012.104. PubMed: 22805874.

Goodman AO, Barker RA (2011) Body composition in premanifest
Huntington's disease reveals lower bone density compared to controls.
PLoS Curr 3: RRN1214

Bjorkqvist M, Petersén A, Bacos K, Isaacs J, Norlén P et al. (2006)
Progressive alterations in the hypothalamic-pituitary-adrenal axis in the
R6/2 transgenic mouse model of Huntington's disease. Hum Mol Genet
15: 1713-1721. doi:10.1093/hmg/ddI094. PubMed: 16613897.
Loskutova N, Honea RA, Vidoni ED, Brooks WM, Burns JM (2009)
Bone density and brain atrophy in early. Journal of Alzheimer'S
Disease - J Alzheimers Dis 18: 777-785.

Loskutova N, Honea RA, Brooks WM, Burns JM (2010) Reduced limbic
and hypothalamic volumes correlate with bone density in early. Journal
of Alzheimer'S Disease - J Alzheimers Dis 20: 313-322.

Sharma KR, Romano JG, Ayyar DR, Rotta FT, Facca A et al. (1999)
Sympathetic skin response and heart rate variability in patients with
Huntington disease. Arch Neurol 56: 1248-1252. doi:10.1001/archneur.
56.10.1248. PubMed: 10520941.

Andrich J, Schmitz T, Saft C, Postert T, Kraus P et al. (2002)
Autonomic nervous system function in Huntington's disease. J Neurol
Neurosurg Psychiatry 72: 726-731. doi:10.1136/jnnp.72.6.726.
PubMed: 12023413.

Kobal J, Meglic B, Mesec A, Peterlin B (2004) Early sympathetic
hyperactivity in Huntington's disease. Eur J Neurol 11: 842-848. doi:
10.1111/j.1468-1331.2004.00894.x. PubMed: 15667417.

Béar KJ, Boettger MK, Andrich J, Epplen JT, Fischer F et al. (2008)
Cardiovagal modulation upon postural change is altered in Huntington's
disease. Eur J Neurol 15: 869-871. doi:10.1111/j.
1468-1331.2008.02173.x. PubMed: 18484985.

Kobal J, Melik Z, Cankar K, Bajrovic FF, Meglic B et al. (2010)
Autonomic dysfunction in presymptomatic and early symptomatic
Huntington's disease. Acta Neurol Scand 121: 392-399. PubMed:
20047567.

Melik Z, Kobal J, Cankar K, Strucl M (2012) Microcirculation response
to local cooling in patients with Huntington's disease. J Neurol 259:
921-928. doi:10.1007/s00415-011-6279-3. PubMed: 22012332.

Mihm MJ, Amann DM, Schanbacher BL, Altschuld RA, Bauer JA et al.
(2007) Cardiac dysfunction in the R6/2 mouse model of Huntington's
disease. Neurobiol Dis 25: 297-308. doi:10.1016/j.nbd.2006.09.016.
PubMed: 17126554.

Schroeder AM, Loh DH, Jordan MC, Roos KP, Colwell CS (2011)
Baroreceptor reflex dysfunction in the BACHD mouse model of
Huntington's disease. PLoS Curr 3: RRN1266

Kiriazis H, Jennings NL, Davern P, Lambert G, Su Y et al. (2012)
Neurocardiac dysregulation and neurogenic arrhythmias in a transgenic
mouse model of Huntington's disease. J Physiol 590: 5845-5860. doi:
10.1113/jphysiol.2012.238113. PubMed: 22890713.

Chiu E, Alexander L (1982) Causes of death in Huntington's disease.
Med J Aust 1: 153. PubMed: 6210834.

Lanska DJ, Lavine L, Lanska MJ, Schoenberg BS (1988) Huntington's
disease mortality in the United States. Neurology 38: 769-772. doi:
10.1212/WNL.38.5.769. PubMed: 2966305.

Benarroch EE (1993) The central autonomic network: functional
organization, dysfunction, and perspective. Mayo Clin Proc 68:
988-1001. doi:10.1016/S0025-6196(12)62272-1. PubMed: 8412366.
Rosas HD, Hevelone ND, Zaleta AK, Greve DN, Salat DH et al. (2005)
Regional cortical thinning in preclinical Huntington disease and its
relationship to cognition. Neurology 65: 745-747. doi:10.1212/01.wnl.
0000174432.87383.87. PubMed: 16157910.

Aziz NA, Swaab DF, Pijl H, Roos RA (2007) Hypothalamic dysfunction
and neuroendocrine and metabolic alterations in Huntington's disease:

November 2013 | Volume 8 | Issue 11 | e80923


http://dx.doi.org/10.1073/pnas.97.4.1823
http://www.ncbi.nlm.nih.gov/pubmed/10677540
http://dx.doi.org/10.1111/j.1460-9568.2006.05235.x
http://dx.doi.org/10.1111/j.1460-9568.2006.05235.x
http://www.ncbi.nlm.nih.gov/pubmed/17229106
http://dx.doi.org/10.1038/nn.3108
http://www.ncbi.nlm.nih.gov/pubmed/22581183
http://dx.doi.org/10.1126/science.287.5457.1433
http://www.ncbi.nlm.nih.gov/pubmed/10688783
http://dx.doi.org/10.1073/pnas.0912171106
http://dx.doi.org/10.1073/pnas.0912171106
http://www.ncbi.nlm.nih.gov/pubmed/19955426
http://dx.doi.org/10.1016/j.mcn.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18625318
http://dx.doi.org/10.1097/00001756-200404090-00014
http://www.ncbi.nlm.nih.gov/pubmed/15073520
http://dx.doi.org/10.1111/j.1460-9568.2006.04715.x
http://www.ncbi.nlm.nih.gov/pubmed/16623840
http://dx.doi.org/10.1016/j.nbd.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15951191
http://www.ncbi.nlm.nih.gov/pubmed/20875859
http://dx.doi.org/10.1016/j.neuron.2008.10.046
http://dx.doi.org/10.1016/j.neuron.2008.10.046
http://www.ncbi.nlm.nih.gov/pubmed/19109912
http://dx.doi.org/10.2337/diabetes.48.3.649
http://dx.doi.org/10.2337/diabetes.48.3.649
http://www.ncbi.nlm.nih.gov/pubmed/10078572
http://www.ncbi.nlm.nih.gov/pubmed/18034868
http://dx.doi.org/10.1111/j.1365-2826.2009.01898.x
http://dx.doi.org/10.1111/j.1365-2826.2009.01898.x
http://www.ncbi.nlm.nih.gov/pubmed/19602103
http://dx.doi.org/10.1172/JCI24196
http://www.ncbi.nlm.nih.gov/pubmed/16239968
http://dx.doi.org/10.1016/j.nbd.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20727971
http://dx.doi.org/10.1093/hmg/8.5.813
http://www.ncbi.nlm.nih.gov/pubmed/10196370
http://dx.doi.org/10.1371/journal.pone.0008025
http://www.ncbi.nlm.nih.gov/pubmed/19956633
http://dx.doi.org/10.1523/JNEUROSCI.1694-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1694-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20668203
http://dx.doi.org/10.1212/WNL.0b013e318282514e
http://dx.doi.org/10.1212/WNL.0b013e318282514e
http://www.ncbi.nlm.nih.gov/pubmed/23390182
http://dx.doi.org/10.1093/hmg/ddi319
http://www.ncbi.nlm.nih.gov/pubmed/16115812
http://dx.doi.org/10.1093/hmg/ddr355
http://www.ncbi.nlm.nih.gov/pubmed/21840924
http://dx.doi.org/10.1074/jbc.M111.309849
http://www.ncbi.nlm.nih.gov/pubmed/22123819
http://dx.doi.org/10.1038/jcbfm.2012.104
http://www.ncbi.nlm.nih.gov/pubmed/22805874
http://dx.doi.org/10.1093/hmg/ddl094
http://www.ncbi.nlm.nih.gov/pubmed/16613897
http://dx.doi.org/10.1001/archneur.56.10.1248
http://dx.doi.org/10.1001/archneur.56.10.1248
http://www.ncbi.nlm.nih.gov/pubmed/10520941
http://dx.doi.org/10.1136/jnnp.72.6.726
http://www.ncbi.nlm.nih.gov/pubmed/12023413
http://dx.doi.org/10.1111/j.1468-1331.2004.00894.x
http://www.ncbi.nlm.nih.gov/pubmed/15667417
http://dx.doi.org/10.1111/j.1468-1331.2008.02173.x
http://dx.doi.org/10.1111/j.1468-1331.2008.02173.x
http://www.ncbi.nlm.nih.gov/pubmed/18484985
http://www.ncbi.nlm.nih.gov/pubmed/20047567
http://dx.doi.org/10.1007/s00415-011-6279-3
http://www.ncbi.nlm.nih.gov/pubmed/22012332
http://dx.doi.org/10.1016/j.nbd.2006.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17126554
http://dx.doi.org/10.1113/jphysiol.2012.238113
http://www.ncbi.nlm.nih.gov/pubmed/22890713
http://www.ncbi.nlm.nih.gov/pubmed/6210834
http://dx.doi.org/10.1212/WNL.38.5.769
http://www.ncbi.nlm.nih.gov/pubmed/2966305
http://dx.doi.org/10.1016/S0025-6196(12)62272-1
http://www.ncbi.nlm.nih.gov/pubmed/8412366
http://dx.doi.org/10.1212/01.wnl.0000174432.87383.87
http://dx.doi.org/10.1212/01.wnl.0000174432.87383.87
http://www.ncbi.nlm.nih.gov/pubmed/16157910

Huntington's Disease Mouse Model Phenotype Screen

clinical consequences and therapeutic implications. Rev Neurosci 18: knock-in mouse model of Huntington's disease. Behav Brain Res 178:
223-251. PubMed: 18019608. 90-97. doi:10.1016/j.bbr.2006.12.004. PubMed: 17239451.

114. Thorens B (2011) Brain glucose sensing and neural regulation of 116. Renoir T, Zajac MS, Du X, Pang TY, Leang L et al. (2011) Sexually
insulin and glucagon secretion. Diabetes Obes Metab 13 Suppl 1: dimorphic serotonergic dysfunction in a mouse model of Huntington's
82-88. doi:10.1111/j.1463-1326.2011.01453.x. PubMed: 21824260. disease and depression. PLOS ONE. 6(7): e22133. doi:10.1371/

115. Dorner JL, Miller BR, Barton SJ, Brock TJ, Rebec GV (2007) Sex journal.pone.0022133. PubMed: 21760962.

differences in behavior and striatal ascorbate release in the 140 CAG

PLOS ONE | www.plosone.org 19 November 2013 | Volume 8 | Issue 11 | e80923


http://www.ncbi.nlm.nih.gov/pubmed/18019608
http://dx.doi.org/10.1111/j.1463-1326.2011.01453.x
http://www.ncbi.nlm.nih.gov/pubmed/21824260
http://dx.doi.org/10.1016/j.bbr.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17239451
http://dx.doi.org/10.1371/journal.pone.0022133
http://dx.doi.org/10.1371/journal.pone.0022133
http://www.ncbi.nlm.nih.gov/pubmed/21760962

	A Broad Phenotypic Screen Identifies Novel Phenotypes Driven by a Single Mutant Allele in Huntington’s Disease CAG Knock-In Mice
	Introduction
	Materials and Methods
	Mice
	Phenotyping
	Statistical analyses

	Results
	General phenotypic observations
	Analyses of neurological dysfunction
	HdhQ111/+ mice display abnormal behavioral responses to a novel environment
	HdhQ111/+ mice are hypoactive in the dark phase
	HdhQ111/+ mice exhibit motor learning and coordination deficits
	HdhQ111/+ mice show impaired social discrimination
	HdhQ111/+ mice are impaired in their ability to discriminate odors
	Metabolic assessment of HdhQ111/+ mice
	Cardiovascular and lung abnormalities in HdhQ111/+ mice suggest autonomic nervous system defects

	Discussion
	Behavioral abnormalities in HdhQ111/+ mice
	Peripheral abnormalities in HdhQ111/+ mice

	Conclusions
	Supporting Information
	Acknowledgements
	Author Contributions
	References


