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Effects of Deletion of Mutant Huntingtin in
Steroidogenic Factor 1 Neurons on the Psychiatric and
Metabolic Phenotype in the BACHD Mouse Model of
Huntington Disease

Barbara Baldo*>, Rachel Y. Cheong®, Asa Petersén

Translational Neuroendocrine Research Unit, Department of Experimental Medical Science, Lund University, Lund, Sweden

Abstract

Psychiatric and metabolic features appear several years before motor disturbances in the neurodegenerative Huntington’s
disease (HD), caused by an expanded CAG repeat in the huntingtin (HTT) gene. Although the mechanisms leading to these
aspects are unknown, dysfunction in the hypothalamus, a brain region controlling emotion and metabolism, has been
suggested. A direct link between the expression of the disease causing protein, huntingtin (HTT), in the hypothalamus and
the development of metabolic and psychiatric-like features have been shown in the BACHD mouse model of HD. However,
precisely which circuitry in the hypothalamus is critical for these features is not known. We hypothesized that expression of
mutant HTT in the ventromedial hypothalamus, an area involved in the regulation of metabolism and emotion would be
important for the development of these non-motor aspects. Therefore, we inactivated mutant HTT in a specific neuronal
population of the ventromedial hypothalamus expressing the transcription factor steroidogenic factor 1 (SF1) in the BACHD
mouse using cross-breeding based on a Cre-loxP system. Effects on anxiety-like behavior were assessed using the elevated
plus maze and novelty-induced suppressed feeding test. Depressive-like behavior was assessed using the Porsolt forced
swim test. Effects on the metabolic phenotype were analyzed using measurements of body weight and body fat, as well as
serum insulin and leptin levels. Interestingly, the inactivation of mutant HTT in SF1-expressing neurons exerted a partial
positive effect on the depressive-like behavior in female BACHD mice at 4 months of age. In this cohort of mice, no anxiety-
like behavior was detected. The deletion of mutant HTT in SF1 neurons did not have any effect on the development of
metabolic features in BACHD mice. Taken together, our results indicate that mutant HTT regulates metabolic networks by
affecting hypothalamic circuitries that do not involve the SF1 neurons of the ventromedial hypothalamus.
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Introduction

disease.
Huntington’s disease (HD) is a devastating neurodegenerative

about the neural substrate of other non-motor aspects of the

disorder caused by an expanded CAG repeat in the huntingtin
(HTT) gene [1]. It is clinically diagnosed when an individual
presents with typical involuntary movements in combination with
a positive gene test. The disease then progresses over 15-25 years,
inevitably leading to death. It is now well recognized that
individuals with the mutant HT'T' gene often manifest psychiatric
and cognitive disturbances many years before the motor onset of
the disease [2,3]. Other non-motor features are also common
including metabolic dysfunction, changes in the circadian rhythm
as well as sleep disturbances [4]. The motor symptoms and the
cognitive changes have been associated with the pathology in the
basal ganglia as well in the cerebral cortex [5,6], but less is known
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The hypothalamus is a region in the brain involved in the
regulation of important functions such as emotion, metabolism
and circadian rhythm [7]. Neuropathological analyses have
revealed effects on different neuropeptide populations regulating
emotion and metabolism in human postmortem tissue from HD
patients [8-11]. Hypothalamic changes have indeed been shown
in clinical HD prior to motor dysfunction using magnetic
resonance imaging (MRI) and positron emission tomography
(PET) [12,13], suggesting that this region may be affected early in
the HD process. Interestingly, recent studies in experimental
models of HD have established a direct link between the
expression of mutant HTT in the hypothalamus and the
development of non-motor signs [14,15]. Expression of mutant
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HTT by the use of stereotactic injections of recombinant adeno-
associated viral (rAAV) vectors in the hypothalamus of wild-type
(WT) mice led to increased body weight as well as insulin and
leptin resistance. Another experiment used the BACHD mouse
model of HD expresses, which human full-length mutant HTT
with a floxed exonl with 97 CAG, allowing selective deletion of
mutant HT'T in the presence of Cre-recombinase (Cre; [16]). The
mouse model displays both depressive and anxiety-like behaviors
as well as a robust metabolic phenotype with leptin and insulin
resistance at an early age [14,17]. Interestingly, inactivation of
mutant HT'T in the hypothalamus of the BACHD mouse using
rAAV-Cre prevented the development of both the metabolic
phenotype as well as the depressive-like behavior [14,15]. These
studies were conducted by either expressing or inactivating mutant
HTT in around 30% of the neurons in the hypothalamus [14,15].
Additional experiments carried out by inactivating mutant HT'T
only in leptin receptor-expressing neurons in the hypothalamus of
BACHD mice did not have any effect on the phenotype [18].
Hence, the critical neuronal circuitry in the hypothalamus
responsible for the development of the non-motor features remains
to be determined.

The ventromedial hypothalamus (VMH) plays a crucial role in
the control of metabolism, energy expenditure and anxiety-like
behavior [19,20]. The neurons expressing steroidogenic factor 1
(SF1) represent a large part of the neurons in the VMH [21]. SF1
is a transcription factor belonging to the subfamily of transcription
factors known as nuclear receptor subfamily 5 and has a
fundamental role for VMH development [22—26]. Most impor-
tantly, SFl-expressing neurons contribute in the regulation of
energy homeostasis and body weight mainly through the leptin
circuitry [27-30]. Along with their key role in the regulation of
metabolism, SFl-expressing neurons have been proposed to
control the development of psychiatric-like behavior since SF1
controls the transcription of cannabinoid receptor 1 and SFI
knock-out mice present anxiety-like features [21,23,29]. There-
fore, we hypothesized that expression of mutant HT'T in the SF1-
expressing neuronal population of the VMH would be critical for
the development of the metabolic and emotional dysfunction in
BACHD mice. In order to answer this question, we crossed
BACHD mice with animals expressing Cre under the SFI
promoter and performed a battery of behavioral and metabolic
analysis at 4 months of age. Our results suggest that deletion of
mutant HTT in the VMH and specifically in the SF1-expressing
neurons is not sufficient for preventing the onset of metabolic and
psychiatric-like signs in BACHD mice.

Materials and Methods

Ethics statement
All the experimental procedures were approved by the Regional
Ethical Committee in Lund, Sweden (Permit number: M360-12).

Animals

BACHD mice, expressing human full-length HTT with 97
polyQ (FVB/N strain) and Tg(Nr5al-Cre)7Lowl/] mice express-
ing Cre under the SF1 promoter (SFI; mixed FVB/N and
C57BL6/] background) were obtained from Jacksons Laboratories
(Bar Harbor, Maine, USA) [27]. Heterozygous SF1 males were
crossed with FVB/N females obtained from Charles Rivers
Laboratories (Sulzfeld, Germany). SFI mice have no overt
phenotype. SF1 females from the F1 generation were further
crossed with BACHD males in order to obtain the generation used
for all the experiments in this study (See Figure S1). The genotype
of the offspring was determined from tail samples using PCR
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primers for Cre (5'-3"): forward GCGGTCTGGCAG-
TAAAAACTATC and reverse GTGAAACAGCATTGCTGT-
CACTT or for the BACHD transgene (5'-3'): forward
CCGCTCAGGTTCTGCTTTTA and reverse AGGTCGGTG-
CAGAGGCTCCTC. The mice obtained from the F1 generation
of the crossing BACHD-SF1 was tested for multiple behavioral
and metabolic readouts (see paragraphs below) at 4 months of age.
It is known that BACHD mice manifest psychiatric-like behaviors
as well as metabolic changes as early as at 2 months of age and this
phenotype is maintained until at least 12 months of age
[14,15,31,32]. The number of animals for each genotype and
sex was between 11 and 28 in all experimental groups. The
animals were culled at 4 months of age by decapitation for the
collection of fresh frozen tissue or an overdose of anesthesia with
sodium-pentobarbital (Apoteksbolaget) for perfusion with parafor-
maldehyde (PFA). All mice were housed in groups at a 12 h light/
dark cycle with ad libitum access to normal chow diet.

To verify the selective expression and activity of Cre in the
VMH, SF1 animals were crossed with B6.129X1-Gt(ROSA)26-
Sortm1(EYFP)Cos/] (ROSA-EYFP) and yellow fluorescent pro-
tein (EYFP) expression was evaluated by immunofluorescence (see
paragraph below). ROSA-EYFP animals present a loxP-flanked
STOP codon inserted before the EYFP gene, in the Gt(RO-
SA)26Sor locus, therefore expressing EYFP only in presence of
active Cre-recombinase (G57BL/6 strain; Jackson laboratories).

PCR for Cre-recombinase excision validation

In order to verify the successful deletion of mutant HT'T exon 1
in BACHD-SF1 animals, we performed PCR analysis from
genomic DNA extracted from selected brain regions. 300 wm
thick slices of fresh frozen tissue from brains of animals belonging
to each of the four genotypes were cut using a cryostat. Selected
brain regions were rapidly collected using a puncher of 2 mm
diameter (Miltex). Genomic DNA was extracted from the tissue
with the DNeasy Blood and Tissue kit (Qiagen) according to
manufacturer’s instructions. 1 pul of DNA was the used for the
PCR reaction, which was performed using a PX2 Thermal Cycler
(Thermo Electron Corporation). The PCR products were run on a
1% agarose gel for 40 min, with SYBR Safe DNA gel stain
(Invitrogen). The primers were designed to detect the loxP flanked
HTT exon 1 of the BACHD mice. Forward primer 5'-
ATTCATTGCCCCGGTGCTGA-3" and reverse primer 5'-
AGCCCTCTTCCCTCTCAGACTAGAAGAGG-3'.

Metabolic Analyses

Body weight of the animals and content of body fat were
measured at 4 months of age. The body fat content was assessed
under isoflurane anesthesia using a whole body dual energy x-ray
absorptiometry (DEXA) scanner (Lunar PIXImus2, Lunar Cor-
poration, Madison, WI, USA). Percentage of body fat was then
calculated with the PIXImus2 2.10 software (Lunar Corporation,
Madison, WI, USA).

Whole blood was collected from the right ventricle during deep
anesthesia using an 18G syringe needle and kept at room
temperature for 30 min allowing the blood to clot. The blood
was then spun for 15 min at 2000 xg and the serum collected and
stored at —80°C until further analysis. Serum levels of leptin and
msulin were measured using ELISA kits (CrystalChem Inc.)
according to manufacturer’s instructions. Samples were diluted
according to need and measured in duplicates.

Behavioral Analyses

Animals belonging to the four genotypes were assessed for
general activity as well as anxiety- and depressive- like behavior at
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4 months of age. All behavioral tests were performed during the
light phase of the circadian rhythm according to procedures
described previously. All arenas were wiped with ethanol after
each trial.

Total activity was assessed with the Open field test (OF) using
the PAS-Open field system (San Diego Instruments) as previously
described [15]. The animals were placed in the center of the
activity box (40.6 x40.6 x38.1 cm) and their movements across the
arena were recorded for 1 hour and scored as infrared beam
crossings (16 x16 beams).

Elevated Plus Maze (EPM) and Novelty-induced suppressed
feeding test (NSFT) were used to assess anxiety-like behaviors
[15,33,34]. EPM was performed in using the Ethovision 3.1
Software system (Noldus Information Technology). The EPM
consisted of four 30 cm long and 6 cm wide arms (two open and
two closed) and it was elevated 50 cm above its base. The closed
arms were surrounded by 30 cm high walls. Each mouse was
placed in the center of the maze and its movements recorded for 5
minutes. The Ethovision software calculated the percentage of
time spent on the open or closed arms over this time interval.

NSFT was performed using an arena constituted by a plastic
box (90x90 cm), with about 40 cm high walls and containing a
light (approx. 800 lux) directed to the center of the arena, where
the food pellet was located. Prior to the trial, the animals were
food-deprived for 12 hours but they had ad libitum access to
water. The body weight was measured pre- and post-food
deprivation. Individual animals were placed in one corner of the
arena and the latency to approach and eat the food was measured
within a 5 min time frame. When the animal would start feeding it
would be removed from the arena and placed back into the home
cage. There they would be allowed to feed for 5 minutes from a
single food pellet with known weight. The latency to eat in the
home cage was measured and the food pellet weighed, to
determine the food consumption in 5 min.

The Porsolt Forced Swim Test (FST) was used to assess
depressive-like behavior. Each mouse was placed in a 17 cm wide
and 18 cm high glass cylinder filled with 10-12 cm of water at
25°C.. The mice were filmed for 6 min with a digital video camera
and then dried with a towel. The total time spent immobile during
the last 4 min of the trial was calculated manually. Immobility was
defined by an absence of swimming movements (movements of
two or more paws). Slow movements of a single paw aimed to keep
the head above the water surface were included in the time of
immobility, as described by Porsolt [35]. The mice were scored
blinded by the same rater.

Immunofluorescence and confocal imaging

In order to verify the presence of functional Cre activity, we
crossed ROSA-EYFP mice with SF1 and visualized EYFP
expression in the VMH. The cull of the mice was performed by
transcardial perfusion with 4% PFA after deep anesthesia with
sodium-pentobarbital (Apoteksbolaget). After 24 h post-fixation in
4% PFA, the brains were transferred to a 25% sucrose solution for
cryopreservation and cut in 30 um thick slices on a freezing
microtome. Free floating slices were then processed with
immunofluorescence for EYFP expression. After 1 h blocking
with 5% normal donkey serum (NDS) in 0.25% Triton-X in KPBS
(KPBS-T), the sections were incubated overnight in primary
antibody chicken anti-GFP (Abcam, 1:100000) in 5% NDS in
KPBS-T at room temperature. The sections were washed 3 times
in KPBS-T and then incubated with DyLight 488-conjugated
AffiniPure donkey anti-chicken (Jackson ImmunoResearch Labo-
ratories, Inc., 1:200) for 2 h at room temperature. After a final
washing in KPBS the sections were mounted on gelatin-coated
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glass slides (Thermo Scientific) and cover-slipped with PVA-
DABCO. The glasses were kept at 4°C in the dark till the
acquisition of the images. GIP expression was visualized using a
Nikon inverted confocal microscope with a 488 nm laser (Coherent
Sapphire). Z-stacks images were acquired using a 4X (NA 0.13)
objective and NIS Elements (Nikon) software.

Statistical Analyses

The data are presented as mean+SEM. Statistical analyses were
performed using Prism 6. Statistical difference was considered at
p<<0.05. Normal distribution of the data was first verified using the
Kolmogorov—Smirnov test. When normally distributed, the data
were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey post hoc test. When not normally distributed,
the data were analyzed using Kruskal-Wallis one-way analysis of
variance followed by Dunn’s post hoc test. Power analysis was
performed using the program PS: Power and Sample Size
Calculation version 3.0, 2009 (http://biostat.mc.vanderbilt.edu/
wiki/Main/PowerSampleSize). Further details on statistical anal-
yses are available in Statistical Results S1.

Results

No effect of inactivation of mutant HTT in SF1-expressing
neurons on the metabolic phenotype of BACHD mice

To examine the role of SFl-expressing neurons in the
development of metabolic and psychiatric impairments in HD,
female SF1 mice were crossed with male BACHD mice to
generate mice with a conditional deletion of mutant HT'T' from
SF1-expressing neurons (Figure S1). We first verified the selective
expression of Cre in SF1 neurons by crossing SF1 mice with
ROSA-EYFP mice and assessed the degree of EYFP expression
using immunofluorescence. We confirmed that EYFP-expressing
neurons were localized in the VMH (Figure 1A). In addition, the
region specificity of Cre recombination resulting in the excision of
exon 1 of mutant HT'T' in BACHD-SF1 mice was validated with
PCR analysis. Brain tissue from BACHD-SF1, BACHD, SF1 and
WT mice showed the presence of the unrecombined mutant HT'T
allele (1050 bp) in the BACHD-SF1 and BACHD samples while
the recombined mutant HT'T allele (600 bp) was only detected in
VMH brain samples from the BACHD-SF1 mice (Figure 1B).

The assessment of body weight at 4 months of age showed that
female BACHD-SF1 and BACHD mice were significantly
different to the two female control groups and that there was no
difference between BACHD-SF1 and BACHD mice (Figure 2A).
Male BACHD-SF1 and BACHD mice were also significantly
different to their WT littermates and there was no difference
between male BACHD-SF1 and BACHD mice (Figure 2B).
Similarly to previously published data using BACHD mice with
FVB/N background, in the current study the body weight gain in
BACHD mice was detectable already at 2 months of age in both
males and females (data not shown) [14]. Hence, the inactivation
of mutant HT'T in SF-1 neurons in the BACHD mice does not
have an effect on body weight. The percentage body fat as
measured by DEXA showed a corresponding increase in body fat
in both female BACHD-SF1 and BACHD mice compared to the
control groups, whereas there was no difference in body fat
percentage in the male groups (Figure 2C and 2D).

To determine if the endocrine abnormalities previously reported
in the BACHD mice would be affected by inactivation of mutant
HTT in SF1 neurons, serum levels of the pancreatic hormone,
insulin and the adipocyte hormone, leptin were measured. In
females, insulin levels in BACHD-SF1 and BACHD mice were
significantly elevated compared to WT and SFI controls
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Figure 1. Validation of Cre-excision in SF1-expressing neurons in the VMH. A. SF1 mice were crossed with ROSA-EYFP mice and the
expression in SF1 neurons was validated using GFP immunofluorescence. GFP immunoreactive cells were primarily clustered in the VMH. Scale bar
represents 500 um. B. Gel showing Cre recombination as validated by PCR of several brain regions from BACHD-SF1, BACHD, SF1 and WT mice. The
presence of the unrecombined mutant HTT allele (1050 bp) was detected in all the BACHD-SF1 and BACHD samples while the recombined mutant
HTT allele (600 bp) was only detected in VMH brain samples from the BACHD-SF1 mice.

doi:10.1371/journal.pone.0107691.g001

(Figure 3A). In males, BACHD mice had significantly higher
serum insulin levels compared to SF1 controls while insulin levels
were not different between BACHD-SF1 and any other groups
(Figure 3B). Leptin levels in both female and male mice were
significantly higher in BACHD and BACHD-SF1 groups com-
pared to WT and SF1 controls (Figure 3C and 3D). Taken
together, the data indicate that inactivation of mutant HT'T in SF1
neurons of the VMH has no effect on the metabolic phenotype as
assessed by measurements of body weight, body fat and serum
insulin and leptin levels in BACHD mice.

Effects of inactivation of mutant HTT in SF1-expressing
neurons on the development of anxiety-like behavior in
the BACHD mice

We were then interested examining the effect of
mactivation of mutant HTT in SF1 neurons for the develop-
ment of anxiety-like behavior in the BACHD mouse model.
BACHD mice have previously been reported to display anxiety-
like behavior already at 2 months of age as assessed using the
EPM [15]. However, in this experimental setup, we found no
difference in the percentage of time spent on the open arms
during the 5 min test period between the different genotypes
across both sexes (Figure 4A and B). As anxiety-like behavior
has been found previously in 2 month old BACHD mice, a
post-hoc power calculation based on the data in the present
study was made in order to determine the number of additional
animals that would be required to show an increased anxiety-

in
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like behavior in the BACHD mice compared to WT mice. This
calculation showed that 149 BACHD and 245 WT mice would
be required in order to detect a true difference with a
probability of 80% (power 0.8). Hence, the lack of anxiety-
like behavior in the BACHD mice in this cohort is unlikely to
be due to a low number of animals in the different groups.

We also used the NSFT to assess the effect on anxiety-like
behavior. We found that female BACHD-SF1 mice had a
decreased latency to eat in the novel environment compared to
WT mice but there were no differences between BACHD and
BACHD-SFI mice (Figure 5A). In males, there were no
differences in the latency to eat in the novel environment
across the different genotypes (Figure 5B). As expected, the
latency to eat in the home environment was similar across the
different genotypes in both females and males (Figure 5C and
D). Taken together, in this cohort of mice, we found no effect
of the BACHD genotype on anxiety-like behavior and a
potential effect of inactivation of mutant HT'T in SF1 neurons
is therefore difficult to determine.

Effects of inactivation of mutant HTT in SF1-expressing
neurons on the development of depressive-like behavior
in the BACHD mice

To assess the effect on depressive-like behavior in this study,
mice were subjected to the FST. Consistent with previous

reports of increased immobility in BACHD mice as an
indication of depressive-like behavior [15,32,36], BACHD
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Figure 2. Increased body weight and body fat in 4 months old BACHD and BACHD-SF1 mice. A, B. Body weight were measured in (A)
females and (B) males of each genotype. In females, the body weight of BACHD and BACHD-SF1 mice were significantly higher than WT and SF1
control mice. In males, the body weight of BACHD mice were significantly higher than WT and SF1 controls while the body weight of BACHD-SF1
mice were significantly higher than WT mice but not SF1 controls. C, D. The percentage of body fat, as determined by whole body dual energy x-ray
absorptiometry (DEXA), revealed a corresponding increased body fat percentage in (C) female BACHD and BACHD-SF1 mice when compared to their
WT and SF1 control counterparts but not in (D) males. Data presented as mean = SEM (A-C, * p<<0.05, one-way ANOVA with Tukey's multiple
comparisons post-hoc test, D, Kruskal-Wallis non-parametric ANOVA with Dunn’s multiple comparisons post-hoc test), n=11-28/genotype/sex in

each group. Detailed statistical analyses are outlined in Figure 2 of Statistical Results S1.

doi:10.1371/journal.pone.0107691.9002

females exhibited a significant increase in the percentage of time
spent immobile compared to WT and SF1 control littermates
(Figure 6A; one-way ANOVA followed by post-hoc Tukey,
p=0.0004 BACHD vs WT, p=0.014 BACHD vs SF1). There
were no significant differences between BACHD-SF1 and
BACHD mice, indicating that SF1 neurons alone are not
sufficient for contributing to the depressive-like phenotype (one-
way ANOVA, post-hoc Tukey, p=0.11 BACHD vs BACHD-
SF1). However, there were also no significant differences
between BACHD-SF1 and the control groups. We therefore
performed a power calculation to determine the additional
number of animals required to prove a potential rescue of the
depressive-like behavior and found that 27 BACHD and 27
BACHD-SF1 mice would be required to find a true difference
between the two BACHD groups with a probability of 80%
(power 0.8). In the present design, 17 female BACHD and 17
BACHD-SF1 mice were included. No differences were detected
in the percentage of time spent immobile between the genotypes
in males (Figure 6B). Our data suggests that inactivation of
mutant HT'T in SF1 neurons may have a partial effect on the
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development of depressive-like behavior in female BACHD
mice.

No change in motor activity in mice after conditional
deletion of mutant HTT from SF1-expressing neurons in
BACHD mice

General locomotor activity was measured with the OF test. No
significant differences were detected in the number of line
crossings between BACHD-SF1, BACHD, SF1 and WT controls
in both sexes, indicating an absence of motor dysfunction at this
age in all groups (Figure 7A and B).

Discussion

Non-motor symptoms and signs are common in neurodegen-
erative. HD. As they sometimes manifest before the motor
dysfunction, their underlying biological mechanisms may be part
of early steps in the pathogenesis of the disease. Identification of
the neural substrates responsible for these aspects of the disease
may therefore be important in the search for novel targets in the
development of potential disease modifying treatments. The
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Figure 3. Alterations in serum insulin and leptin levels. A, B. Circulating insulin concentration was measured in blood samples from all
genotypes at 4 months of age by ELISA. Serum insulin levels were significantly higher in BACHD and BACHD-SF1 females compared WT and SF1
controls while in males, only the BACHD group had significantly enhanced insulin concentration compared to SF1 controls. C, D. Serum leptin
concentration as measured by ELISA was significantly higher in BACHD and BACHD-SF1 mice compared to WT and SF1 controls in both males and
females. Data presented as mean = SEM (A-B, * p<<0.05, Kruskal-Wallis non-parametric ANOVA with Dunn'’s multiple comparisons post-hoc test, C-D,
* p<<0.05, one-way ANOVA with Tukey multiple comparisons post-hoc test), n=11-28/genotype/sex in each group. Detailed statistical analyses are
outlined in Figure 3 of Statistical Results S1.

doi:10.1371/journal.pone.0107691.9003
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Figure 4. Analysis of anxiety-like behavior in BACHD-SF1 mice. Anxiety-like behavior was assessed using the elevated plus maze test and the
percentage time spent on the open arms was recorded for (A) females and (B) males. There were no differences in the percentage time spent on the
open arms in BACHD and BACHD-SF1 mice of both sexes compared to WT and SF1 controls. Data presented as mean * SEM (A, Kruskal-Wallis non-
parametric ANOVA with Dunn’s multiple comparisons post-hoc test, p>0.05 WT vs BACHD, WT vs BACHD-SF1, p>0.999 WT vs SF1, SF1 vs BACHD,
SF1 vs BACHD-SF1, BACHD vs BACHD-SF1, B, one-way ANOVA with Tukey multiple comparisons post-hoc test), n=11-28/genotype/sex in each
group. Detailed statistical analyses are outlined in Figure 4 of Statistical Results S1.

doi:10.1371/journal.pone.0107691.g004
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Figure 5. Latency to feed during the novelty-induced suppressed feeding test (NSFT). During the NSFT, the latency to feed in a novel
environment as well as in the home cage was assessed. A, B. In females, BACHD-SF1 mice recorded a decreased latency to eat in the novel
environment compared to WT controls but there were no differences in the male group across the genotypes. C, D. There were no differences in the
latency to feed in the home environment in both sexes across the genotypes. Data presented as mean = SEM (* p<0.05, Kruskal-Wallis non-
parametric ANOVA with Dunn’s multiple comparisons test), n=11-28/genotype/sex in each group. Detailed statistical analyses are outlined in
Figure 5 of Statistical Results S1.

doi:10.1371/journal.pone.0107691.g005
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Figure 6. Evaluation of the depressive-like behaviors in BACHD-SF1 mice. Depressive-like behaviors were assessed using the forced swim
test (FST) whereby the percentage of time spent immobile was recorded. A. In females, the percentage of time spent immobile was significantly
higher in BACHD mice compared to the control groups whereas the result for BACHD-SF1 mice was not significant to any groups, suggesting a partial
positive effect of inactivation of mutant HTT in SF1 neurons on this behavior. B. There were no differences in the percentage of time spent immobile
across all genotypes in males. Data presented as mean = SEM (¥ p<<0.05, one-way ANOVA with Tukey multiple comparisons post-hoc test), n=11-28/
genotype/sex in each group. Detailed statistical analyses are outlined in Figure 6 of Statistical Results S1.

doi:10.1371/journal.pone.0107691.g006
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Figure 7. Assessment of motor activity in BACHD-SF1 mice. Motor activity was assessed using the open field test at 4 months of age. Mice
were placed in the open field chamber for 1 hour and the total number of line crossings and line crossings in the center were recorded. There were
no differences in the number of line crossings (A, B) and in the number of line crossings in the center (C, D) made by BACHD and BACHD-SF1 mice of
both sexes compared to their respective WT comparisons. Data presented as mean * SEM (Kruskal-Wallis non-parametric ANOVA with Dunn’s
multiple comparisons test), n=11-28/genotype/sex in each group. Detailed statistical analyses are outlined in Figure 7 of Statistical Results S1.

doi:10.1371/journal.pone.0107691.g007

hypothalamus is an area of the brain involved in the regulation of
emotion, metabolism and sleep, functions that are part of non-
motor spectra of HD [4]. Imaging studies based on PET and MRI
have indeed implicated that the hypothalamus is affected early on
in HD gene carriers [12,13]. Recent studies using experimental
models of HD have established a link between expression of
mutant HTT in the hypothalamus and the development of
metabolic dysfunction as well as depressive-like behavior [14,15].
In the present study, we were interested in further dissecting out
which specific hypothalamic nuclei/circuitry would be responsible
for this effect. We therefore inactivated mutant HT'T in SF1-
expressing neurons in the VMH, which has been implicated in the
regulation of metabolism and emotion [30,37,38]. However,
deletion of mutant HT'T from these neurons only had a partial
positive effect on the depressive-like behavior in female BACHD
mice and did not influence other behavioral or metabolic
parameters. Hence, dysfunction of neural circuitries involving
the VMH is unlikely to be important for the development of the
non-motor phenotype in BACHD mice.

Although several models have been developed to study
psychiatric disturbances in clinical HD, modelling the full
spectrum of symptoms remains a challenge. Several HD mouse
models have shown psychiatric abnormalities with the different
behavioral tests, thus recapitulating some of the aspects of clinical
HD [39,40]. The BACHD model has previously been shown to
display depressive-like behavior in the FST as early as 2 months of
age and independent of sex [15]. In this cohort of mice, we
replicated this finding only in female BACHD mice. Clear sex
differences in the psychiatric-like behavior in BACHD mice have
not been reported previously but in other HD mouse models such
as the R6/1 model, depressive-like behavior has been reported
only in female mice [34,41,42]. One possible explanation for this
discrepancy and a potential caveat of the study is that the mice
used were on a mixed FVB/N and C57BL6/] background and it
1s well known that strain differences can have major effects on the
phenotype in mice [43-45]. It is therefore possible that the
depressive-like phenotype in BACHD mice is stronger in female
compared to male mice, as it appears more resistant to this
potential strain effect. Interestingly, although the FST result in
female BACHD-SF1 mice was not different to BACHD mice, it
was also no longer different to the result in the control groups,
suggesting a partial positive effect of conditional deletion of mutant
HTT from SFl-expressing neurons. We therefore performed a

PLOS ONE | www.plosone.org

power calculation to determine how many additional mice in each
group would have been necessary to see a significant difference
between BACHD and BACHD-SF1 mice. We find that an
additional 10 animals in the BACHD and BACHD-SF1 groups
respectively would be required to prove that mutant HTT
expression in SF1 neurons is necessary for the depressive-like
phenotype with a probability of 80%. Although SF1 neurons and
the wider VMH have been implicated in anxiety-like but not
depressive-like behaviors [46], this finding suggests that the
expression of mutant HT'T in SF1 neurons may play a role for
the development of the depressive-like phenotype. This is not
surprising since the neurons of the VMH project to brain regions
and other parts of the limbic system involved with anxiety and
affective behaviors [47]. In addition, a recent clinical study from
patients with SF1 (Nrdal) gene mutations show psychiatric
symptoms including excessive anxiety and/or depression [48],
suggesting that SF1 and the VMH may have roles in both anxiety-
and depressive-like behaviors. Nevertheless, we acknowledge that
the power calculation is a mathematical estimation and further
studies are warranted to determine if mutant HT'T expression in
SF1 neurons is important for the depressive-like behavior.
SF1-neurons in the VMH have been shown to regulate anxiety-
like behaviors as well as genes mediating anxiety [23,46]. Studies
with central nervous system-specific SF1 knockout mice displayed
an altered expression of genes implicated in anxiety-behavior in
the VMH including BDNF, Crhr2, and Ucn 3 [23]. We have
demonstrated previously that the BACHD mouse model of HD on
the FVB/N strain exhibit anxiety-like behavior already at 2
months of age using the EPM [15]. However, in the present study,
we found no evidence for an anxiety-like phenotype in BACHD or
BACHD-SF1 mice as assessed using both the EPM and NSFT.
Power analysis of the results from the EPM revealed that a very
large sample size would be required to substantiate an anxiety-like
phenotype in BACHD mice in this cohort, mostly due to a large
individual variation within the group. One possible explanation for
this discrepancy is again that the mice used were on mixed FVB/N
and C57BL6/] background. Several studies including our own
have reported anxiety-like behaviors on transgenic models
expressing the full-length mutant HT'T on the FBV/N strain
[15,36]. Phenotypic abnormalities have been associated with strain
differences of the YAC128 mice [43], but precisely how these
strain differences on a mixed background affect the development
of the anxiety-like behaviors in BACHD mice remains unknown.
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The VMH has long been regarded to be one of the critical
hypothalamic nuclei responsible for the control of energy
homeostasis [20,27,37]. Early lesion studies into the VMH
described hyperphagic obesity and revealed the importance of
this hypothalamic nucleus in regulating food and energy balance
[49-51]. There is compelling evidence from studies using various
full-length mutant HT'T transgenic models such as BACHD and
YAC128 demonstrating increased body weight and body fat which
is thought to correspond to the increased leptin levels [16,31,52].
Several mechanisms underlying this phenotype have been
proposed. Overexpression of the HTT protein independent of
the mutation has been suggested as one possibility [52]. However,
our previous work have demonstrated that inactivation of mutant
HTT in hypothalamic neurons alone prevented the development
of the metabolic phenotype of BACHD mice [14]. In undertaking
the present study, we sought to determine if the conditional
deletion of mutant HTT in SFl-expressing neurons during
embryonic development might rescue the metabolic phenotype.
However, we found no evidence that mutant HI'T' expression in
SF1 neurons is critical for regulating the increased body weight
phenotype or elevated leptin and insulin levels, suggesting that the
metabolic phenotype is not attributed to mutant HT'T expression
in SF1 neurons. Concomitantly, we found that the increased body
weight corresponded to a similar increase in body fat assessed in
females but not in males. The reason for this discrepancy is
unclear since leptin levels remain elevated in BACHD and
BACHD-SFI males. A possible explanation could be the high
variability within the group associated with the animals having ad
libitum access to food and water. This issue with high group
variation can be rectified in future studies by fasting animals prior
to blood collection for insulin and leptin measurements.

In conclusion, we find little support for the notion that mutant
HTT expression in VMH SFI neurons is responsible for the
development of the psychiatric and metabolic impairments in
BACHD mice. However, the deletion of mutant HT'T from SF1-
expressing neurons occurred from birth and the lack of an effect
on the behavioral phenotype may reflect compensatory mecha-
nisms proceeding from the time of mutant HIT'T deletion during
embryonic development. It is possible that the adaptive response
in the brain that occurs during embryonic development could lead
to the formation of a compensatory circuitry. The degree to which
this happens remains unclear. Also, taking into account that the
VMH is a heterogeneous nucleus made up of anatomically distinct

References

1. The 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.

2. Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, et al. (2014)
Huntington disease: natural history, biomarkers and prospects for therapeutics.
Nat Rev Neurol 10: 204-216.

3. Sturrock A, Leavitt BR (2010) The clinical and genetic features of Huntington
disease. J Geriatr Psychiatry Neurol 23: 243-259.

4. Petersen A, Gabery S (2012) Hypothalamic and limbic system changes in
Huntington’s disease. Journal of Huntington’s disease 1: 5-16.

5. de la Monte SM, Vonsattel JP, Richardson EP Jr (1988) Morphometric
demonstration of atrophic changes in the cerebral cortex, white matter, and
neostriatum in Huntington’s disease. J Neuropathol Exp Neurol 47: 516-525.

6. Graveland GA, Williams RS, DiFiglia M (1985) Evidence for degenerative and
regenerative changes in neostriatal spiny neurons in Huntington’s disease.
Science 227: 770-773.

7. Swaab DF (2004) Neuropeptides in hypothalamic neuronal disorders. Int Rev
Cytol 240: 305-375.

8. Gabery S, Murphy K, Schultz K, Loy CT, McCusker E, et al. (2010) Changes in
key hypothalamic neuropeptide populations in Huntington disease revealed by
neuropathological analyses. Acta neuropathologica 120: 777-788.

9. Aziz A, Fronczek R, Maat-Schieman M, Unmehopa U, Roelandse F, et al.
(2008) Hypocretin and melanin-concentrating hormone in patients with
Huntington disease. Brain pathology 18: 474-483.

PLOS ONE | www.plosone.org

Inactivation of Mutant HTT in SF1 Neurons in BACHD Mice

sub-nuclei and the fact that SF1 itself is not expressed throughout
the entire VMH [24,25], the metabolic and psychiatric impair-
ments could however be mediated by non-SF1 neurons also
located in the VMH. Further studies using viral vector injections
carrying Cre into the VMH in adult mice and/or using SF1 mini
promoters may be necessary to determine if the VMH and SF1
neurons are critical for the development of the psychiatric and
metabolic impairments in HD without the potential confound
from compensatory mechanisms. Overall, these aspects emphasize
the complexity of the hypothalamic neuronal system and suggest
that it is perhaps too simplistic to consider whole populations of
hypothalamic neurons separately in investigations aiming at
determining the underlying neural mechanisms of the non-motor
aspects of HD.

Supporting Information

Figure S1 Generation of BACHD-SF1 mouse line. Male
BACHD mice, expressing human full-length HT'T with 97 polyQ
and floxed exonl (Ex1-97Q)) were crossed with female mice
expressing Cre under the SF1 promoter (SF1). As a result of the
crossing four genotypes were obtained: WT animals expressing
mouse endogenous WT HTT, SF1 animals expressing Cre,
BACHD mice expressing human full-length mutant HT'T with 97
polyQ and BACHD-SF1 animals expressing Cre and mutant
HTT. In the BACHD-SF1 animals, the presence of Cre induces
the recombination of the floxed gene resulting in a conditional
deletion of mutant HTT in the SF1 neurons.

(TTF)
Statistical Results S1.
DOCX)

Acknowledgments

We are grateful for the technical assistance provided by Bjorn Anzelius,
Anneli Josefsson, Ulla Samuelsson and Ulrika Sparrhult-Bjork at Lund
University.

Author Contributions

Conceived and designed the experiments: BB RYC AP. Performed the
experiments: BB RYC. Analyzed the data: BB RYC. Contributed to the
writing of the manuscript: BB RYC AP.

10. Timmers HJ, Swaab DF, van de Nes JA, Kremer HP (1996) Somatostatin 1-12
immunoreactivity is decreased in the hypothalamic lateral tuberal nucleus of
Huntington’s disease patients. Brain research 728: 141-148.

11. Petersen A, Gil J, Maat-Schieman ML, Bjorkqvist M, Tanila H, et al. (2005)
Orexin loss in Huntington’s disease. Human molecular genetics 14: 39-47.

12. Soneson C, Fontes M, Zhou Y, Denisov V, Paulsen JS, et al. (2010) Early
changes in the hypothalamic region in prodromal Huntington disease revealed
by MRI analysis. Neurobiology of disease 40: 531-543.

13. Politis M, Pavese N, Tai YF, Tabrizi SJ, Barker RA, et al. (2008) Hypothalamic
involvement in Huntington’s disease: an in vivo PET study. Brain : a journal of
neurology 131: 2860-2869.

14. Hult S, Soylu R, Bjorklund T, Belgardt BF, Mauer J, et al. (2011) Mutant
huntingtin causes metabolic imbalance by disruption of hypothalamic
neurocircuits. Cell metabolism 13: 428-439.

15. Hult Lundh S, Nilsson N, Soylu R, Kirik D, Petersen A (2013) Hypothalamic
expression of mutant huntingtin contributes to the development of depressive-
like behavior in the BAC transgenic mouse model of Huntington’s disease. Hum
Mol Genet 22: 3485-3497.

16. Gray M, Shirasaki DI, Cepeda C, Andre VM, Wilburn B, et al. (2008) Full-
length human mutant huntingtin with a stable polyglutamine repeat can elicit
progressive and selective neuropathogenesis in BACHD mice. J Neurosci 28:
6182-6195.

October 2014 | Volume 9 | Issue 10 | €107691



20.

21.

22.

23.

24.

26.

27.

29.

30.

31.

34.

. Abada YS, Schreiber R, Ellenbroek B (2013) Motor, emotional and cognitive

deficits in adult BACHD mice: a model for Huntington’s disease. Behav Brain
Res 238: 243-251.

. Lundh SH, Soylu R, Petersen A (2012) Expression of mutant huntingtin in leptin

receptor-expressing neurons does not control the metabolic and psychiatric
phenotype of the BACHD mouse. PloS one 7: ¢51168.

. Myers MG Jr, Olson DP (2012) Central nervous system control of metabolism.

Nature 491: 357-363.

Bingham NC, Anderson KK, Reuter AL, Stallings NR, Parker KL (2008)
Selective loss of leptin receptors in the ventromedial hypothalamic nucleus
results in increased adiposity and a metabolic syndrome. Endocrinology 149:
2138-2148.

Budefeld T, Tobet SA, Majdic G (2012) Steroidogenic factor 1 and the central
nervous system. J Neuroendocrinol 24: 225-235.

Ikeda Y, Takeda Y, Shikayama T, Mukai T, Hisano S, et al. (2001) Comparative
localization of Dax-1 and Ad4BP/SF-1 during development of the hypotha-
lamic-pituitary-gonadal axis suggests their closely related and distinct functions.
Dev Dyn 220: 363-376.

Zhao L, Kim KW, Ikeda Y, Anderson KK, Beck L, et al. (2008) Central nervous
system-specific knockout of steroidogenic factor 1 results in increased anxiety-like
behavior. Mol Endocrinol 22: 1403-1415.

McClellan KM, Parker KL, Tobet S (2006) Development of the ventromedial
nucleus of the hypothalamus. Front Neuroendocrinol 27: 193-209.

. Cheung CC, Kurrasch DM, Liang JK, Ingraham HA (2013) Genetic labeling of

steroidogenic factor-1 (SF-1) neurons in mice reveals ventromedial nucleus of the
hypothalamus (VMH) circuitry beginning at neurogenesis and development of a
separate non-SF-1 neuronal cluster in the ventrolateral VMH. J Comp Neurol
521: 1268-1288.

Ikeda Y, Luo X, Abbud R, Nilson JH, Parker KL (1995) The nuclear receptor
steroidogenic factor 1 is essential for the formation of the ventromedial
hypothalamic nucleus. Mol Endocrinol 9: 478-486.

Dhillon H, Zigman JM, Ye C, Lee CE, McGovern RA, et al. (2006) Leptin
directly activates SF1 neurons in the VMH, and this action by leptin is required
for normal body-weight homeostasis. Neuron 49: 191-203.

. Kim KW, Zhao L, Donato J Jr, Kohno D, Xu Y, et al. (2011) Steroidogenic

factor 1 directs programs regulating diet-induced thermogenesis and leptin
action in the ventral medial hypothalamic nucleus. Proc Natl Acad Sci U S A
108: 10673-10678.

Kim KW, Jo YH, Zhao L, Stallings NR, Chua SC Jr, et al. (2008) Steroidogenic
factor 1 regulates expression of the cannabinoid receptor 1 in the ventromedial
hypothalamic nucleus. Mol Endocrinol 22: 1950-1961.

Choi YH, Fujikawa T, Lee J, Reuter A, Kim KW (2013) Revisiting the Ventral
Medial Nucleus of the Hypothalamus: The Roles of SF-1 Neurons in Energy
Homeostasis. Front Neurosci 7: 71.

Pouladi MA, Xie Y, Skotte NH, Ehrnhoefer DE, Graham RK, et al. (2010) Full-
length huntingtin levels modulate body weight by influencing insulin-like growth
factor 1 expression. Hum Mol Genet 19: 1528-1538.

. Wang N, Gray M, Lu XH, Cantle JP, Holley SM, et al. (2014) Neuronal targets

for reducing mutant huntingtin expression to ameliorate disease in a mouse
model of Huntington’s disease. Nat Med 20: 536-541.

. Walf AA, Frye CA (2007) The use of the elevated plus maze as an assay of

anxiety-related behavior in rodents. Nat Protoc 2: 322-328.
Renoir T, Pang TY, Mo C, Chan G, Chevarin C, et al. (2013) Differential
effects of early environmental enrichment on emotionality related behaviours in
Huntington’s disease transgenic mice. J Physiol 591: 41-55.

PLOS ONE | www.plosone.org

10

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

Inactivation of Mutant HTT in SF1 Neurons in BACHD Mice

. Porsolt RD, Bertin A, Jalfre M (1977) Behavioral despair in mice: a primary

screening test for antidepressants. Arch Int Pharmacodyn Ther 229: 327-336.

Pouladi MA, Stanck LM, Xie Y, Franciosi S, Southwell AL, et al. (2012) Marked
differences in neurochemistry and aggregates despite similar behavioural and
neuropathological features of Huntington disease in the full-length BACHD and
YAC128 mice. Hum Mol Genet 21: 2219-2232.

Parker KL, Rice DA, Lala DS, Ikeda Y, Luo X, et al. (2002) Steroidogenic factor
1: an essential mediator of endocrine development. Recent Prog Horm Res 57:
19-36.

Kim KW, Sohn JW, Kohno D, Xu Y, Williams K, et al. (2011) SF-1 in the
ventral medial hypothalamic nucleus: a key regulator of homeostasis. Mol Cell
Endocrinol 336: 219-223.

Pla P, Orvoen S, Saudou F, David DJ, Humbert S (2014) Mood disorders in
Huntington’s discase: from behavior to cellular and molecular mechanisms.
Front Behav Neurosci 8: 135.

Pouladi MA, Morton AJ, Hayden MR (2013) Choosing an animal model for the
study of Huntington’s disease. Nat Rev Neurosci 14: 708-721.

Du X, Pang TY, Hannan AJ (2013) A Tale of Two Maladies? Pathogenesis of
Depression with and without the Huntington’s Disease Gene Mutation. Front
Neurol 4: 81.

Pang TY, Du X, Zajac MS, Howard ML, Hannan AJ (2009) Altered serotonin
receptor expression is associated with depression-related behavior in the R6/1
transgenic mouse model of Huntington’s discase. Hum Mol Genet 18: 753-766.
Van Raamsdonk JM, Metzler M, Slow E, Pearson J, Schwab C, et al. (2007)
Phenotypic abnormalities in the YAC128 mouse model of Huntington disease
are penetrant on multiple genetic backgrounds and modulated by strain.
Neurobiol Dis 26: 189-200.

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.

. Menalled L, El-Khodor BF, Patry M, Suarez-Farinas M, Orenstein SJ, et al.

(2009) Systematic behavioral evaluation of Huntington’s disease transgenic and
knock-in mouse models. Neurobiol Dis 35: 319-336.

Bueno CH, Zangrossi H Jr, Viana Mde B (2007) GABA/benzodiazepine
receptors in the ventromedial hypothalamic nucleus regulate both anxiety and
panic-related defensive responses in the elevated T-maze. Brain Res Bull 74:
134-141.

Canteras NS, Simerly RB, Swanson LW (1994) Organization of projections
from the ventromedial nucleus of the hypothalamus: a Phaseolus vulgaris-
leucoagglutinin study in the rat. J] Comp Neurol 348: 41-79.

Suwanai AS, Ishii T, Haruna H, Yamataka A, Narumi S, et al. (2013) A report
of two novel NR5AT mutation families: possible clinical phenotype of psychiatric
symptoms of anxiety and/or depression. Clin Endocrinol (Oxf) 78: 957-965.
Hetherington AW, Ranson SW (1940) Hypothalamic lesions and adiposity in the
rat. Anat Rec 78: 149-172.

Sakaguchi T, Arase K, Bray GA (1988) Sympathetic activity and food intake of
rats with ventromedial hypothalamic lesions. Int J Obes 12: 285-291.

Rabin BM (1974) Independence of food intake and obesity following
ventromedial hypothalamic lesions in the rat. Physiol Behav 13: 769-772.
Van Raamsdonk JM, Gibson WT, Pearson J, Murphy Z, Lu G, et al. (2006)
Body weight is modulated by levels of full-length huntingtin. Hum Mol Genet
15: 1513-1523.

October 2014 | Volume 9 | Issue 10 | €107691



