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Abstract

Huntington's disease (HD) is a genetic neurological disorder that causes severe and progressive
motor, cognitive, psychiatric, and metabolic symptoms. There is a robust, significant elevation in
circulating levels of the stress hormone, cortisol, in HD patients; however the causes and
consequences of this elevation are largely uncharacterized. Here, we evaluated whether elevated
levels of corticosterone, the rodent homolog of cortisol, contributed to the development of
symptomology in transgenic HD mice. Wild-type (WT) and transgenic R6/2 mice were given
either: 1) adrenalectomy with WT level corticosterone replacement (10ng/ml), 2) adrenalectomy
with high HD-level corticosterone replacement (60ng/ml), or 3) sham surgery without
replacement. R6/2 mice on HD-level replacement showed severe and rapid weight loss (p<.05) and
a shorter latency to death (0<.01) relative to the HD mice on WT-level replacement. We further
evaluated basal and stress-induced levels of circulating corticosterone in R6/2 mice throughout the
course of their life. We found that R6/2 transgenic HD mice display a spontaneous elevation in
circulating corticosterone levels that became significant at 10 weeks of age. Furthermore, we
identified significant dysregulation of circadian rhythmicity of corticosterone release measured
over a 24 hour period compared to wildtype controls. Unexpectedly, we found that R6/2 transgenic
mice show a blunted corticosterone response to restraint stress, compared to wild-type mice.
Together, this data provides further evidence that HPA-axis activity is abnormal in R6/2 mice, and
highlights the important role that cortisol plays in HD symptom development. Our findings
suggest that cortisol-reducing therapeutics may be of value in improving HD patient quality of life.
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Introduction

Huntington's disease (HD) is an autosomal dominantly inherited neurological disorder that is
caused by an expansion in the CAG region of the human A77 gene (Huntington Disease
Collaborative Research Group, 1993). This expansion confers a toxic gain of function on the
encoded protein, mutant huntingtin (mHTT). mHTT is expressed ubiquitously, but in
particularly high levels in the brain, leading to widespread neurodegeneration. The striatum,
cortex, hippocampus and hypothalamus are particularly affected and show inclusion body
formation, cell loss, and gliosis (Gourfinkel-An et al,, 1998; Heinsen et al., 1994; Vonsattel
et al., 1985). The hallmark symptom of HD is chorea, with patients showing uncontrollable
hyperkinetic movements. However, patients also show particularly severe psychiatric,
cognitive, and metabolic symptoms (Anderson and Marder, 2001 ; Lawrence et a/., 1996;
Tabrizi et al., 2009). Psychiatric symptoms are particularly prevalent, including high rates of
depression and anxiety (Anderson et al., 2001; Levy et al., 1998; Pflanz et al., 1991).
Cognitive symptoms include deficits in memory, executive function, and impulse control
(Lawrence et al., 1996; Tabrizi et al., 2009). Patients also show metabolic symptoms,
including severe weight loss and diabetes (Aziz et al., 2008; Petersen and Bjorkqvist, 2006;
Trejo et al., 2004; van der Burg et al., 2009). HD typically onsets in midlife, and symptoms
become increasingly severe over 10-15 years, ultimately leading to death.

HD patients show a two-fold increase in circulating basal levels of the glucocorticoid,
cortisol (Heuser et al., 1991; Saleh et al., 2009). Likewise, R6/2 transgenic HD mice show a
three-fold elevation in corticosterone, the rodent homolog of cortisol (both now abbreviated
CORT), and these levels increase in parallel with HD symptom progression (Bjorkqvist et
al., 2006). R6/2 mice also show hypertrophy of the adrenal gland, consistent with HPA-axis
hyperactivity (Bjorkqvist et al,, 2006). However, the consequences of elevated CORT on HD
symptoms, as well as the mechanisms that underlie it, are largely unexplored. Because
chronic high levels of circulating CORT in the non-HD population leads to Cushing's
disease, a disorder characterized by neuropathological changes and cognitive, psychiatric
and metabolic disturbance (Orth, 1995; Valassi et al., 2012), we postulated that elevated
CORT in HD may be exacerbating HD symptom development and/or accelerating disease
progression. There is recent empirical support that elevated CORT can exacerbate HD
symptoms; Mo and colleagues (2014) showed that increasing CORT levels in R6/1
transgenic mice, a model wherein CORT is not naturally elevated, exacerbates cognitive
deficits and reduces hippocampal neurogenesis (Mo ef a/., 2014a). Additionally, female R6/1
mice, show an aberrant, persistent elevation in CORT following restraint stress (Du et al.,
2012). Thus, in the current study, we investigated the role of chronic, elevated CORT in
metabolic symptom progression (weight loss), as well as broad HD symptom progression
(motor dysfunction and lifespan) in the R6/2 mouse model, which more accurately mirrors
the spontaneous elevation in CORT shown by HD patients. Additionally, we characterized
the circadian pattern of plasma CORT release, as well as the stress induced CORT response,
in the R6/2 transgenic mouse model of HD.
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Materials and Methods

Animals

All animals were group housed with littermates (3-5 mice per cage) under controlled
conditions of temperature and light (12 hour light/dark cycle). Food and water were
provided ad libitum. R6/2 mice (stock # 002810, carrying 160+5 cag repeats) were obtained
from Jackson Laboratories (Bar Harbor, ME) and bred in the vivarium at the ONPRC. Wild-
type males were mated with ovary transplanted wild-type females. Transgenic mice were
genotyped using primers specific for the mutant human HTT transgene (forward primer 5’
TCATCAGCTTTTCCAGGGTCGCCAT and reverse primer 5’
CGCAGGCTAGGGCTGTCAATCATGCT), and age-matched wild-type littermates were
used for the indicated experiments. A subset of mice from the colony that participated in the
current studies were used to assess CAG repeat length (n=12), showing a mean length of 165
+ 5 (SD) repeats (Laragen Sequencing and Genotyping, Los Angeles, CA). Body weights of
all animals were recorded weekly. All experimental procedures were performed according to
ONPRC and OHSU Institutional Animal Care and Use Committee.

Adrenalectomy Surgery

Mice were anesthetized with 3% isoflurane. A 2cm x 2cm square was shaved on their lower
dorsal surface and an incision was made in the skin at the animal's dorsal midline (this
opening was used for the removal of both adrenal glands). Next, a small (3-5mm) incision in
the muscular wall was made, directly above the kidney. Small tweezers were used to grasp
and gently remove the adrenal gland. This procedure was repeated for the animal's
contralateral side (bilateral adrenalectomy). The muscle incisions were closed using suture
and the dorsal skin was closed with wound clips.

Corticosterone Replacement

Corticosterone replacement was provided in the animals’ drinking water, which was
available ad-libitum. Corticosterone (Sigma, cat. #27840) was dissolved in a small volume
of ethanol (0.6%), and then added to dH,0. Since the aldosterone producing cells of the
adrenal gland are lost to adrenalectomy, NaCl (0.9%) was also added to replace salt loss.
Sucrose (2.0%) was also added to increase palatability of the solution. A dose of 10ug/ml
corticosterone was used for the physiological/WT level replacement group and 60ug/ml of
corticosterone was used for the high/HD level replacement group. Vehicle alone (2%
sucrose, 0.9% NaCl, and 0.6% ethanol in dH,0) was given to the sham surgery animals. All
treatments were balanced for sex and genotype, with 2 WT and 2 HD age-matched mice
randomized and caged together from the colony, into each male and female cage. A total of
48 mice were used in this study, with n=16 (4 HD males, 4 HD females, 4 WT males, and 4
WT females) for each of the three treatments. The experimenter was blind to the three
different experimental conditions and genotypes. Replacement solution intake (volume) was
monitored daily for each cage, and averaged over the week (and mathematically adjusted for
all 4 mice in a weekly intake/mouse/week score — this was further adjusted with the loss of
mice due to early death).
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Restraint Stress

Mice were restrained for 30 minutes in modified 50mL conical tubes (Bale et a/., 2002).
Several air-holes were drilled into the bottom of each tube, tubes were shortened to restrict
forward and backward movement and were closed at the end. Tube lengths were 7.3cm (for
mice <20g), 8.1cm (mice between 20g — 25g), and 9.0cm (for mice >25g). Mice underwent
restraint stress at 4, 7, and 10 weeks of age.

Behavioral Measures — Open Field

Mice were placed singly in a dimly lit, automated infra-red activity arenas (40.64 x 40.64
cm) for 15 minutes (Med Associates, St. Albans, VT). Each open field arena was enclosed in
a sound attenuating chamber. Mice were habituated to the room for 1 hour before testing,
and all testing occurred in the afternoon between 4-6pm. Distance traveled during the 15
minute test period was measured. Mice were assayed in the open field at weeks 6, 8, and 10.

Blood Collection and processing

Blood was collected by saphenous venipuncture in the dose response and adrenalectomy
studies. Mice were gently restrained, their left hind-limb extended and wiped with antibiotic
ointment (to visualize the vein), the vein was punctured using a 30g needle, and whole blood
was collected into heparinized collection tubes and processed for plasma. The tail clip
method was utilized for serial blood measurements in the circadian corticosterone and
stress-induced corticosterone studies. The tip of the tail was clipped (0.5mm), and
approximately 20ul of whole blood was collected from the tip and collected into heparinized
capillary tubes, and processed for plasma. The incision site was disrupted for subsequent
sampling within the same week. Handling of mice during tail-clip method blood collection
was minimized, and typically lasted approximately 30 seconds. All plasma was assayed for
corticosterone by the ONPRC Endocrine Technology CORE using an in-house radio-
immuno assay. For the circadian CORT experiment, blood was collected every 20 hours over
5 days for a total of 6 collections (6pm, 2pm, 10am, 6am, 2am, and 10pm). Blood was
collected every 20 hours, versus every 4, to avoid artificially elevating plasma corticosterone
levels due to frequent repeated handling stress. This procedure was repeated for each mouse
included in the study, at each age (4, 7, and 10 weeks); thus, each mouse had a total of 18
blood collections. A total of 28 mice were used for the circadian CORT experiment,
including 6 WT females, 5 WT males, 6 HD females, and 11 HD males. More HD than WT
mice were included to account for possible premature deaths before the end of the
experiment. For the stress induced CORT experiment, blood was collected every 30 minutes,
starting immediately before the mice were placed into restrainer tubes. Blood was collected
5 times (0, 30, 60, 90, 120min) for each mouse at 3 ages (4, 7, and 10 weeks of age), which
was carried out between 11am and 2pm. A total of 30 mice were used in this experiment,
including 4 WT females, 8 WT males, 12 HD females, and 6 HD males. For both the
circadian and the stress-induced CORT studies, the experimenter was blind to genotype at
the time of blood collection and assay.
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Statistical analysis

Results

All statistical analyses were performed by using JMP Version 11 (SAS Institute Inc.). A
repeated measures mixed-model was used for all repeated measures (dependent variables:
bodyweight, open field, circadian CORT, stress induced CORT; independent variables:
genotype, sex, treatment, time-point and/or age). A proportional hazards model was used to
analyze the survivorship data, which allows for post-hoc multiple pairwise comparisons
between groups. A three-way ANOVA was used to assess the effects of genotype, sex, and
treatment group on plasma CORT levels. Post-hoc contrasts were used to assess differences
between WT and HD mice in the circadian corticosterone experiment at each possible age/
time combination (i.e. HD vs WT mice at 10pm at 10 weeks of age), and alpha level was
Bonferroni adjusted to 0.002 (.05/18 comparisons — p<.002 was considered statistically
significant). For all other analyses, Tukey's post-hoc comparisons were performed when
statistically significant fixed effects were detected (p < 0.05 was considered statistically
significant).

Corticosterone Replacement Dose Response

Prior to assessing the effect of differing levels of CORT on HD symptom progression, we
performed an initial dose response study to establish CORT replacement doses that would
achieve WT and HD-levels of plasma CORT following adrenalectomy surgery in R6/2 mice.
Animals received CORT replacement in their drinking water. Target levels were based on
previously published data demonstrating that basal CORT levels of 50-100ng/ml for WT
R6/2 mice and 600ng/ml for transgenic R6/2 mice (Bjorkqvist et al.,, 2006). Additionally, we
added low levels of sucrose to the CORT replacement solution to increase palatability and
thus increase our likelihood of achieving target HD-levels of circulating CORT. Two
concentrations of sucrose supplementation were tested (2% and 5%) in addition to four
concentrations of CORT replacement (10, 20, 60, and 80ug/ml). CORT replacement
solutions also contained sodium chloride (at 0.9%) to prevent salt-loss due to the removal
aldosterone producing cells following the adrenalectomy.

Transgenic and wild-type R6/2 Mice were adrenalectomized at 8-9 weeks of age, and
allocated to one of four CORT-replacement groups: 10, 20, 60, or 80ug/ml dose
replacement. These solutions were first supplemented with 2% sucrose for the first week,
then 5% for the second week. Blood was collected at midnight on the last night of
supplementation and analyzed for plasma CORT. Replacement with 2% sucrose
supplementation achieved the following plasma CORT levels: 65.1+14.7ng/ml for 10ug/ml
dose, 145.1+47.1ng/ml for the 20ug/ml dose, 458.1+100.0ng/ml for the 60ug/ml dose, and
404.2+198.7ng/ml dose. Replacement with 5% sucrose achieved the following plasma
CORT levels: 63.4£19.5ng/ml for 10ug/ml dose, 147.5+83.5ng/ml, 674.6£193.0ng/ml,
1240.3+441.5ng/ml (Supplemental Fig. 1). The 10ug/ml and 60ug/ml doses supplemented
with 2% sucrose were selected for subsequent studies as they achieved plasma CORT within
or near the desired range. 2% instead of 5% sucrose supplementation was selected with the
goal of avoiding elevating plasma CORT above the levels described previously (Bjorkqvist
et al., 2006).

Exp Neurol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dufour and McBride Page 6

Effect of adrenalectomy and corticosterone replacement on HD symptoms

R6/2 and wild-type mice underwent adrenalectomy surgery (ADX) at 6 weeks of age,
followed by CORT replacement in water at physiological/WT levels (10ug/ml) or high/HD
levels (60ug/ml). An additional group of R6/2 and WT mice underwent sham surgery at 6
weeks of age, and vehicle only (water, 2% sucrose and 0.9% NaCl) was provided instead of
CORT replacement. Given that chronically elevated levels of glucocorticoids lead to
metabolic abnormalities and muscle wasting in healthy individuals, we hypothesized that
high level CORT replacement would exacerbate weight loss in HD mice. Indeed, R6/2 mice
on the 60ug/ml CORT replacement showed a significant reduction in bodyweight (Fig. 1b)
relative to sham mice starting at week 8, and continuing through the end of the study (0<.05
for each time-point); By week 11, HD mice on 60ug/ml CORT replacement showed a 15.4%
reduction in bodyweight, while sham HD mice had yet to lose weight (4.1% increase over
baseline level). Mice on HD-level (60ug/ml) replacement showed significantly reduced
bodyweight relative to those on WT-level (10ug/ml) replacement at weeks 10 and 11 (p<.
05), at which point they showed a 2.5% reduction from baseline. There was no difference in
bodyweight between sham R6/2 mice and those on WT-level (10ug/ml) replacement (p>.05).
In contrast to the R6/2 mice, all WT controls gained weight throughout the study, regardless
of treatment. At the 11 week timepoint, there was a small but significant reduction in
weight-gain in those WT mice on low-dose CORT, relative to those WT mice treated with
HD-level CORT replacement or sham surgery (Supplemental Fig. 2, p<.05 for both
pairwise comparisons).

Changes in motor behavior were assessed in the open field, both before (baseline at 6 weeks
of age) and following surgery/treatment at 8 and 10 weeks of age. R6/2 mice show a clear
motor phenotype, as indicated by reductions in ambulatory activity in the open field. While
the characteristic reduction in distance travelled was detected in the R6/2 mice here (894.17
+ 181.57 cm for R6/2 mice and 1609.05 + 140.64 cm for WT, p<.05), there was no effect of
CORT treatment on motor performance (i.e. no genotype*treatment interaction, £>.05, Fig.
1d). Thus, the progressive motor symptoms shown in R6/2 mice are not affected by changes
in circulating glucocorticoid levels.

In addition to weight loss, we hypothesized that increased CORT levels would hasten the
latency to death. R6/2 transgenic mice have a shortened lifespan compared to WT mice,
typically dying between the ages of 12-14 weeks. We found a dramatic increase in mortality
in the HD-level replacement group, with 100% of mice (8/8) dying before the pre-
determined endpoint of the study at 12 weeks of age (Fig. 1c). In contrast, only 37% (3/8) of
the HD mice on WT-level replacement and 13% (1/8) of the sham treated HD mice died
before the study's endpoint. Using a proportional hazards survivorship analysis, which
allows between group comparisons, there was a significant reduction in survivorship in the
HD-level replacement group relative to the sham operated (p<.001) and the WT-level
replacement (p<.01) groups. There was no difference in survivorship between the WT-level
replacement and the sham groups (£>.05). Together these data demonstrate that high levels
of CORT can exacerbate the weight-loss and early death phenotype of transgenic R6/2 mice,
but does not affect their motor phenotype.
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To confirm that corticosterone replacement doses achieved the desired target plasma levels,
blood was collected from all mice at 10 weeks of age (Fig. 1e). Since mice drink water in a
diurnal pattern, with most drinking occurring during the night/dark, blood was collected at
midnight - the expected time of peak plasma CORT from drinking. We also measured CORT
replacement solution intake in this experiment (See Supplemental Fig. 3), which showed
that there was an increase in intake in the high-CORT replacement mice at the 10 week
timepoint (Tukey's p<.05 for both comparisons). Although this likely elevated the plasma
CORT levels in the high-dose group, there was still a very clear difference between low and
high-dose treatment plasma levels, similar to the values expected. Mean plasma CORT
values for mice on high/HD-level (60ug/ml) replacement was 768.9 + 310.1 ng/ml for WT
and 922.9 £ 239.5 ng/ml for R6/2, which were not statistically different between genotypes
(p>.05). Mean plasma CORT values for mice on physiological/WT (10ug/ml) replacement
was 96.2 £ 18.6 ng/ml for WT and 119.8 + 30.5 ng/ml for R6/2, which was also not
statistically different between genotypes (p>.05). We found that mice on high/HD-level
replacement showed significantly higher plasma CORT levels relative to those on
physiological/WT replacement (p>.05) and sham treated mice (p<.05). Interestingly, we
found no genotype differences in the sham treatment group: WT mice had a mean of 116.3
+ 34.7 ng/ml, while R6/2 mice had a mean of 53.6 + 28.0 ng/ml. We hypothesized that the
lack of elevated CORT seen in the HD sham treated mouse, which was predicted to be
elevated based on previously published data, resulted from the time of day that we chose for
blood collection. Therefore, we performed a follow-up study to characterize the circadian
pattern of CORT release in R6/2 mice.

Circadian corticosterone release

CORT is released from the adrenal gland in a circadian pattern, with peak levels occurring at
the time an organism wakes (morning for humans, evening/lights-out for rodents). This
pattern of release is regulated by the suprachiasmatic nucleus (SCN), which regulates the
HPA-axis at the level of the paraventricular nucleus of the hypothalamus. While R6/2 mice
have been previously shown to have a progressive increase in plasma CORT levels at a
single clock-time, it is unclear whether or not there is a change in the circadian pattern of
CORT release. Given that R6/2 mice also have a progressive disruption in the SCN, and in
circadian behavior (Morton et al., 2005), we hypothesized that the circadian pattern of
CORT release would likewise show a progressive disruption. Therefore, we characterized
the circadian pattern of CORT release in R6/2 mice at 4, 7, and 10 weeks of age. Blood was
collected at 6am, 10am, 2pm, 6pm, 10pm, and 2am at each age (Fig. 2a) from transgenic
R6/2 mice and WT controls. Area under the curve (AUC) values were generated from the
circadian profile for each mouse at each age, detailing the total amount of CORT that each
mouse produces over a 24 hour period. We found that male WT mice had mean CORT AUC
values of 1421 +154, 1277 + 130, and 1398 + 245 at 4, 7, and 10 weeks of age, respectively,
while male R6/2 mice had mean CORT AUC values of 1584 + 170, 1156 + 67 and 2575

+ 365 at 4, 7, and 10 weeks of age. Female WT mice had CORT AUC values of 3424 + 642,
2182 £ 317 and 2117 + 152 at 4, 7, and 10 weeks of age and female R6/2 mice had CORT
AUC values of 2727 + 440, 2327 £ 278 and 3230 + 1057 at 4, 7, and 10 weeks of age,
respectively. Percent change in CORT AUC values from week 4 were calculated and
analyzed statistically. Relative to week 4, HD mice showed a significant 159.5 + 24.3%
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increase in CORT AUC levels at week 10 (Fig. 2b, Tukey's p<.05), although there was no
change at week 7 (p>.05). As expected, WT mice showed consistent AUC CORT levels
across all ages (no significant difference in % change AUC CORT at 7 or 10 weeks of age,
p>.05). Male and female mice did not show any differences in AUC CORT % change,
regardless of age or genotype (Sex: p=.78; sex*genotype: p=.51; sex*age*genotype
interaction: p=.15).

The light-cycle for all mice was 12:12 (lights on at 6am and lights out at 6pm) and circadian
corticosterone levels are expected to peak at 6pm when lights go out. We found no
difference in the circadian CORT profile of WT and HD mice at 4 or 7 weeks of age, with
both genotypes showing the expected peak level occurring at 6pm (18hrs) (Fig. 2c).
However, at 10 weeks there is a clear and significant disruption in the circadian CORT
profile in R6/2 mice — the peak mean level no longer occurs at 18hrs, but instead occurs at
10hrs (10am). Also at 10 weeks of age, R6/2 mice also showed significantly elevated CORT
at 6, 10, and 14hrs (p<.001 for each pairwise contrast) relative to WT mice
(Genotype*Age*Timepoint interaction: p<.05) (Fig. 2C). There was no significant effect of
sex, or any of its interactions (all £>.05), and thus the data presented is collapsed across sex
(values for males and females are presented separately in Supplemental Fig. 4). Although
there is not a fragmentation of the circadian pattern of CORT release, the peak is clearly
shifted to an earlier clock time and widened, with R6/2 mice showing a sustained elevation.
Together, the circadian data demonstrate that there is indeed an alteration in the circadian
pattern of CORT release in late-stage R6/2 mice, and that R6/2 mice do show an elevation in
overall plasma CORT levels across a 24 hour period even when accounting for the disruption
in circadian release.

Stress induced corticosterone release

In addition to the basal circadian pattern of CORT release, all types of stressors
(psychological, physiological, etc.) also activate the HPA-axis, leading to a short-term
release of CORT. Although R6/2 mice show an elevation in basal CORT release, it is unclear
whether or not they show an exaggerated stress-induced activation of the HPA-axis leading
to increased secretion of CORT. Thus, in a third experiment, we assessed whether restraint
stress would lead to an acute increase in CORT release in R6/2 mice relative to WT mice
and whether there is a disease-associated delay returning back to basal levels.

To address this, R6/2 and WT mice were subjected to 30 minutes of restraint stress at 4, 7,
and 10 weeks of age (Fig. 3a). Blood was collected at baseline (prior to the stressor — Omin)
and four subsequent times following the stressor (30, 60, 90, and 120min. — see Fig. 3b).
There was no significant effect of age, or any of its interactions, on plasma CORT levels (all
p>.05), and thus the data presented in Fig. 3 is collapsed across age (data for both sexes at
all ages and timepoints are provided in Supplemental Fig. 5). Relative to male WT mice,
male R6/2 mice showed elevated plasma CORT levels at baseline (Omin.), and at the 90min.
and 120min. time-points (Fig. 3c, Tukey's p<.05 for all). Conversely, female R6/2 mice
showed lower plasma CORT levels relative to WT females at the 30min. and 60min. time
points (Fig. 3f, Tukey's p<.05 for both). To test our hypothesis that R6/2 mice show an
augmented stress-induced CORT response, we accounted for the baseline difference shown
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between R6/2 and WT mice by calculating the absolute difference between baseline (Omin)
and peak (30min) plasma CORT levels. Contrary to our hypothesis, both male and female
R6/2 mice have a blunted stress-induced CORT response relative to WT mice (Fig. 3d and
3f, p<.05). We also found that CORT values similarly returned to baseline for both WT and
R6/2 mice, regardless of sex (difference between Omin. and 120min., Fig. 3d and 3f, p>.05).
As with the males, female R6/2 and WT mice had a similar reduction towards baseline at the
120min. time point (Fig. 3f, p>.05). These data demonstrate that elevated CORT in R6/2
mice isn't simply due to general hyperactivity of the HPA-axis. If it were, we would expect
there to be both an increase in resting CORT levels (which there is at 10 weeks), as well as
stress-induced CORT release. In fact, these data demonstrate that R6/2 mice have an
attenuated CORT response to restraint stress, and suggests that they have intact negative
feedback of the HPA-axis as their levels normalized similarly to WT mice.

Adrenal gland weights

We collected adrenal glands from mice in both the circadian and stress induced CORT
experiments to assess whether there is a change in adrenal gland weight due to genotype
(circadian experiment) and whether this weight could be affected by exposure to repeated
restraint stress (stress-induced CORT experiment). Previous studies have shown that R6/2
mice demonstrate adrenal gland hypertrophy, as measured by an increase in adrenal gland
weight. It is also well established that WT female mice have larger adrenal glands than
males (Bielohuby et al., 2007). Here, mice were sacrificed at 12 weeks of age and adrenal
gland weights were measured at necropsy. The effect of experiment (circadian and stress),
sex (male and female), and genotype (WT and HD), and their interactions on adrenal gland
weight were assessed. There were no differences in adrenal gland weight between the two
studies (p>.05 for experiment and all of its interactions), suggesting that repeated restraint
stress did not have an effect on adrenal gland weight in either WT or HD mice. Since there
was no difference between experiments, data was collapsed across the two studies (Fig. 4).
We did, however, find that both sex and genotype influenced adrenal gland weight (p<.05
sex*genotype interaction). R6/2 male mice showed significantly larger adrenal gland weight
relative to WT males (2.90+0.1mg for R6/2 and 2.35+0.12mg for WT; Tukey's post-hoc p<.
05). Conversely, R6/2 females had significantly smaller adrenal weights than WT females
(3.16£0.12mg for R6/2 and 3.92+0.14mg for WT; Tukey's post-hoc p<.05). As has been
shown previously, female WT mice had significantly larger adrenal glands compared to male
WT mice (Tukey's post-hoc p<.05). There was no statistical difference in adrenal gland
weight between male and female R6/2 mice (Tukey's post-hoc p>.05). Together, this data
shows that there is a sex-specific difference in adrenal gland weight, with female HD mice
showing adrenal hypertrophy and male HD mice showing adrenal atrophy.

Discussion

Although numerous studies have shown that HD patients have elevated plasma cortisol (Aziz
et al., 2009; Bjorkqvist et al., 2006; Heuser et al., 1991; Saleh et al., 2009), the causes and
consequences of this elevation remain largely unknown. Given that persistent
hypercortisolinemia in otherwise healthy individuals can cause metabolic, cognitive, and
psychiatric symptoms, it is possible that hypercortisolinemia is contributing to some of the
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same symptoms in HD patients. Abnormalities in corticosterone homeostasis, the rodent
homolog of cortisol, have been demonstrated in the R6/2 (Bjorkqvist et al., 2006) and the
R6/1 (Du et al., 2012) transgenic HD mouse models of HD. Experimental elevation of
CORT in the male R6/1 HD mouse exacerbates cognitive symptoms, reduces hippocampal
neurogenesis, and slows weight gain (Mo et al., 2014a). Similarly, short-term stress in the
R6/1 model exacerbates memory impairment in female HD mice (Mo et a/., 2013), while
long term stress reduces weight gain in male and female HD mice, reduces saccharine
preference in female HD mice (a depressive-like measure of anhedonia), and reduces
olfactory sensitivity (Mo et al., 2014b). In the series of experiments presented here, we
extend these findings and demonstrate that elevated corticosterone in the R6/2 model
dramatically exacerbates the weight loss phenotype in these mice and also shortens lifespan.
Additionally, we extended previous findings that corticosterone homeostasis is altered in
R6/2 HD mice, confirming that CORT levels are elevated at end stage of disease. Further, we
demonstrate that there is a clear disruption in the circadian pattern of CORT release and an
attenuated CORT response to restraint stress in R6/2 HD mice.

One of the most significant findings from these experiments is that experimentally elevated
CORT dramatically reduced bodyweight in transgenic R6/2 mice. Elevated CORT in human
HD patients is significantly correlated with reduced BMI (Aziz et al., 2008). Although this
human study was correlational, our finding in R6/2 mice demonstrates causality — that
artificially elevated CORT has the ability to exacerbate the weight loss phenotype associated
with the HD gene. HD patients, like R6/2 mice, are in a state of negative energy balance,
showing increased hunger and food intake and simultaneous weight loss (Farrer and Yu,
1985; Trejo et al., 2004; van der Burg et al., 2008). Weight loss is progressive in patients,
typically starting before the onset of motor symptoms, and by end stage leads to severe
cachexia (Djousse et al., 2002; Farrer et al., 1985; Kosinski et al., 2007; van der Burg et al.,
2009). Although the weight loss phenotype is well documented in HD, the mechanisms by
which mutant huntingtin toxicity leads to weight loss in patients is still poorly understood
(van der Burg et al., 2009). It is not caused by energy expenditure due to chorea, nor is it due
to insufficient nutritional intake (Mochel et al., 2007; Sanberg et al., 1981). In fact, HD
patients have significantly higher caloric intake than controls (Farrer et al., 1985; Trejo et al.,
2004). It has been speculated that mutant huntingtin toxicity in peripheral tissues, such as
muscle, pancreas and adipose tissue may be the source of weight loss in HD (Bjorkqvist et
al., 2005; Phan et al., 2009; van der Burg et al., 2008; van der Burg et al., 2009; van der Burg
et al., 2011). 1t has also been postulated that hypothalamic pathology may be causal to
metabolic changes in patients (Hult et a/., 2011; Petersen et al., 2005). As a steroid hormone,
CORT reaches virtually all tissues in the brain and body, and has potent metabolic effects on
an organism. In individuals with chronically elevated CORT there is a dramatic shift in
whole body metabolism and composition, with a decrease in skeletal muscle mass (wasting),
a simultaneous increase in body fat, and robust insulin resistance (Orth, 1995; Valassi et al.,
2012). Although it is likely that mutant huntingtin toxicity in the periphery and/or the
hypothalamus is sufficient to cause a metabolic phenotype in HD, this phenotype is probably
multifactorial and elevated CORT may play an important role.

Another key finding is that high dose CORT treatment significantly shortened lifespan in
R6/2 mice. This transgenic mouse model of HD is one of the most severe - mice typically
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die between 13-16 weeks of age, after developing a progressive motor, cognitive, and
metabolic phenotype. Although lifespan is severely truncated, the immediate cause of death
is unclear for these mice, as it has never been systematically evaluated (Li et a/., 2005).
Considering that increased BMI is correlated with a slower progression of disease in human
patients (Myers et al., 1991), it may be possible that the converse is true — that elevated
CORT hastens the progression to death in R6/2 mice by exacerbating the weight-loss
phenotype.

One surprising finding from the adrenalectomy experiments was that we failed to detect an
elevation in CORT in 10 week old sham treated (intact) R6/2 mice (Fig. 1e). It has been
previously shown that R6/2 mice show a progressive elevation in circulating CORT, starting
at approximately 6 weeks of age and resulting in approximately a three-fold increase by end
stage (Bjorkqvist et al., 2006). In the same study, the authors found that late-stage human
HD patients also show a progressive increase in urinary CORT, starting at clinical stage 111
and further worsening at clinical stage IV (Bjorkqyvist er al., 2006). We hypothesized that our
failure to detect an increase in our adrenalectomy experiment was due to the time that we
collected blood (midnight). However, it remained unclear whether or not R6/2 mice simply
show an increase in blood CORT only at the time it peaks (lights off), whether there is a
persistent elevation in CORT at all clock times, or whether there is a dysregulation in the
time of CORT peak in this transgenic line that has a progressive disturbance in circadian
rhythms (Morton, 2013; Morton et al., 2005). Thus, we decided to further characterize the
circadian pattern of CORT release in R6/2 mice at three different ages: 4, 7, and 10 weeks of
age.

We found a clear alteration in the circadian pattern of release of CORT in R6/2 mice at 10
weeks of age. This is a novel finding in HD mice, and may represent a generalized
disruption in circadian rhythms which becomes pronounced in late stage R6/2 mice. In early
stage human HD patients, the 24 hour profile of CORT release also shows an increase in
AUC levels (Aziz et al., 2009). While there was no difference in peak levels between human
patients and controls, CORT levels became elevated earlier than expected and persisted at a
level until later in the day (Aziz et al., 2009). Our finding is similar, with R6/2 mice showing
a persistent, significant elevation in CORT which starts at a much earlier clock time (6am)
and lasting throughout most the day (until 2pm). At 6pm, the expected time of peak CORT
levels, plasma levels in R6/2 mice lowered to the peak WT levels. As with the human
studies, this early elevation and persistence in high CORT levels accumulates to an overall
AUC increase in 24 hour CORT. From a practical point of view, these data demonstrate that
measuring blood levels of CORT in individuals with HD may be more complicated than
taking a single measure at a single clock time. Although there is an overall increase in
CORT, as indicated by the AUC analysis, no differences would have been detected from
samples taken at 6pm (lights-out) or 10pm alone. This likely explains our failure to detect a
difference in the midnight CORT measure from sham treated mice in the adrenalectomy.
Since the circadian rhythm of CORT release is altered, it might be more ideal to take a more
long-term measure of the hormone, such as CORT from hair samples (Thomson et al.,
2010), which is not sensitive to diurnal variation. Although there are numerous human
studies showing that HD patients show an elevation in CORT, there are also some that fail to
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detect an increase. It is possible that abnormalities in the circadian pattern of CORT release
may have obscured what the true differences are between human HD subjects and controls
in these studies. More studies investigating the circadian pattern of CORT release in human
subjects across disease stages could provide great insight into the discrepancies in these
studies, as well as offer a better understanding of how CORT may influence symptom
progression in HD.

In contrast with the circadian CORT findings, we found that R6/2 mice show a reduction in
stress-induced CORT release, and that they similarly return to baseline levels following the
stressor (Fig. 3d and 3f). Unlike the circadian experiment, the pattern of stress-induced
CORT release was stable and did not change with age. Both of these findings were
unexpected. Although stress-induced CORT release had never been previously investigated
in R6/2 mice, we hypothesized that previous reports of elevated CORT in R6/2 mice
reflected a general hyperactivity of the HPA-axis. We therefore expected to see an increase
in both basal and stress-induced CORT release in these mice, as well as longer time for
CORT levels to normalize in mice undergoing stress. The restraint-stress paradigm has been
utilized in R6/1 studies investigating CORT homeostasis at an early (pre-motor dysfunction)
stage (Du et al., 2012). These studies demonstrated that there was not a different response in
stress-induced peak CORT levels between WT and HD R6/1 mice, although female HD
mice failed to normalize to pre-stress CORT levels following the stressor (Du et al., 2012).
While there is no clear explanation for the divergent findings between the two strains, it is
possible that the R6/2 is simply a better model of CORT disruption in the human disease, as
they show a spontaneous increase in CORT levels, similar to human HD patients. It is also
possible that alterations in CORT homeostasis may simply occur at a later stage in R6/1
mice than have been previously investigated. One unexpected finding was that female mice
showed high basal CORT (approximately 200ng/ml), which was not different between
genotypes. Although it is possible that this elevation is associated with stress at handling, we
purposefully used a blood collection method that is rapid (blood collection from tail tip,
which takes less than 30 seconds) and doesn't require anesthesia. This method is similar, if
not quicker, to the tail-incision method described by Sadler and Bailey (2013), which is
designed to reduce the possibility of elevating CORT levels through handling. Interestingly,
we did not find a sex difference in adrenal gland weight between male and female HD mice,
although there was a clear and expected difference between in WT mice, with females
showing significantly larger adrenal glands. Although the reason for this sex effect is
unclear, it confirms that sex can be an important factor and should be accounted for in HD
neuroendocrine studies, as has been previously shown in stress-induced CORT release in
R6/1 mice (Du et al., 2012).

While CORT release and HPA-axis function have been assessed in multiple rodent models
of HD, all have failed to recapitulate the basal elevation in CORT shown in human patients
(Du et al., 2012; Hult et al., 2013). As this phenomena may be occurring during late stages
of disease, and may show abnormal circadian patterns of release, further assessment of
CORT in other mouse models at later time-points are warranted. Considering that the
mechanism that underlies these changes in HPA-axis activity is poorly understood,
particularly in human patients, the R6/2 mouse may provide insights. We found that female
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R6/2 mice show hypertrophy of the adrenal gland, consistent with a previous study showing
adrenal hypertrophy and increased ACTH immune-reactivity in the pituitary gland
(Bjorkqvist et al., 2006). While these changes may be directly causal to an elevation in
CORT, it is also possible that these changes are simply a consequence of hyper-activation of
the HPA-axis by upstream brain regions that regulate it. One candidate is the SCN, the
circadian pacemaker in the brain. The SCN shows clear pathology in HD (Fahrenkrug et af.,
2007; Morton et al., 2005; van Wamelen et a/., 2013), and regulates the circadian rhythm of
HPA-axis activation which leads to a diurnal pattern of CORT release. Although speculative,
it is possible that changes in the SCN could lead to overstimulation of the HPA-axis, leading
to the increased blood levels of ACTH and adrenal hypertrophy shown in R6/2 mice
(Bjorkqvist et al., 2006). This is consistent with our data showing that elevated CORT co-
occurs with disruption in the circadian pattern of release, and that it occurs at a later stage of
disease when SCN and circadian abnormalities are more pronounced. This is also consistent
with our stress-induced CORT data, which showed a hypoactive HPA-axis response to
restraint in HD mice, further suggesting that the HPA-axis is not just simply overactive.
However, further complicating the matter is that stress-induced activation of the HPA-axis is
mediated by a variety of brain regions, including the amygdala, limbic cortex, and
hippocampus (Ulrich-Lai and Herman, 2009) — all of which show pathology in R6/2 mice. It
is possible that pathology in these upstream regions may impair stress-induced HPA-axis
activation, leading to a blunted CORT response.

Although numerous studies have shown alterations in cortisol in clinical HD, there is not a
clear consensus in the field over the magnitude and timing of that change. Heuser (1991)
was the first to show abnormal levels of CORT in HD, with symptomatic patients showing a
two-fold increase in basal plasma levels relative to healthy controls. Subsequent studies also
showed an elevation in plasma and urinary CORT (Aziz et al., 2009; Bjorkqvist et al., 2006;
Leblhuber et al., 1995; Saleh et al., 2009), ranging from a small 10% increase (Leblhuber et
al., 1995) to a 3-fold increase in late stage patients (Bjorkqvist et al., 2006). Bjorkqvist
(2006) showed a clear progressive phenotype of elevated urinary cortisol in a large clinical
sample (n=68 for controls, n=82 for HD), with pre-symptomatic patients showing a mild
decrease in CORT levels, clinical stage /11 patients showing no difference from controls,
stage 111 patients showing a 2-fold increase, and stage IV patients with a 3-fold increase.
Saleh et al. (2009) conducted the largest neuroendocrine study in HD to date and showed a
50% increase in serum cortisol levels in HD patients (n=217) relative to age and sex
matched WT controls. This study included subjects from all clinical stages, but failed to
detect any association between disease progression and the magnitude of the elevation of
CORT. Aziz (2009) has run the most detailed analysis of basal HPA-axis activity in a clinical
HD sample, collecting blood samples from patients over 24-hours in 10 minute intervals. As
expected, healthy controls showed an elevation in plasma CORT in the early morning
(starting at approximately 5am), which return to nadir levels by noon. HD patients showed
an early rise in plasma CORT (approximately 1am) and a delayed return to basal levels
(approximately 5pm). Accordingly, they found a significant 50% elevation in 24 hour area-
under-the-curve cortisol in patients. The limitations to this study is that it was a very small
sample of early stage HD patients (n=8) and healthy controls (n=8). Although these early
studies were largely consistent, more recent studies have failed to replicate these findings.

Exp Neurol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dufour and McBride

Page 14

Two recent studies have shown the same finding - a small increase in post-waking salivary
cortisol in pre-symptomatic HD-mutation carriers, but not in symptomatic HD patients
(Hubers et al., 2015; van et al.,, 2010). Another two studies have shown either no difference
(Shirbin et al., 2013a) or a small decrease in cortisol in early symptomatic patients (Shirbin
et al., 2013b). One possible difference in methodology that may account for these
inconsistent in findings is that the earlier studies measured blood levels of CORT, which
seem to be more consistently elevated, while the studies showing null or small increases in
cortisol rely on salivary measures of the hormone. However, it would be surprising that this
would explain the differences, as salivary and blood levels of cortisol are typically in
agreement (Vining et al., 1983). Although purely speculative, perhaps salivary levels of
cortisol aren't as indicative of plasma levels of the hormone in the clinical HD population
due to pathophysiological mechanisms germane to the disease. Additionally, another recent
study failed to show an elevation in plasma or urinary cortisol in a clinical HD population
(Kalliolia et al., 2014). One limitation in these studies is that they largely represent earlier
stages in the progression of the disease — and perhaps aren't detecting hypercortisolinemia
that may develop at later stages. Another limitation is that many of the patients are
medicated in many of these studies, which also may influence cortisol (Saleh et a/., 2009).
Hopefully future clinical studies will clarify these inconsistencies, and better take into
account disease stage, 24-hour pattern of release, as well as methodology for cortisol
measurement.

HD patients have a devastating course of disease and the dopamine antagonist
Tetrabenazine, which reduces motor symptoms, is currently the only FDA-approved
treatment. There are currently no treatments which slow the disease progression. Although
helpful, treatments for weight-loss are largely limited to increasing caloric intake through
nutritional supplementation (Trejo et al., 2005). The key findings here, that elevated CORT
exacerbates the metabolic phenotype and hastens time to death in R6/2 mice, highlight that
the HPA-axis may be a novel therapeutic target for HD. More specifically, these data suggest
that normalizing CORT levels may be of therapeutic benefit in HD patients, potentially
slowing weight loss, increasing BMI, and potentially slowing the course of disease. Ongoing
studies in our laboratory are assessing whether lowering CORT to WT levels in HD mice
can prevent or slow the development of the myriad motor, cognitive and metabolic
phenotypes that are germane to HD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. High level corticosterone treatment in adrenalectomized R6/2 mice
exacerbates weight loss and shortens lifespan

. R6/2 mice show a progressive increase in spontaneous corticosterone
release and a disruption in the circadian pattern of corticosterone
release

. R6/2 mice show a blunted corticosterone response to restraint stress

Exp Neurol. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dufour and McBride

a

o

% Change in bodyweight

Q

Distance Travelled (cm)

Page 19

CORT replacement
7 8 9

v

@ Open Field

10 @ Blood Collection

ADX Necropsy

Bodyweight - HD mice C Survival Curve - HD mice
#  # # #

1104 * * 100 |_ |.
1054 = )
S 809 — sham/ vehicle
1004 S |— 10ug/mi
5 604 —
95+ 4 60ug/ml
904 t 404
8 Proportional Hazards Fit
851 - sham/ vehicle = Shamvs 60  p=.0001*
go] = 10ug/ml e |
5| = 60ug/mi - HD a = =
6 7 8 9 10 1 6 7 8 9 10 11 12
Age (weeks) Age (weeks)
Ambulatory Distance e Plasma Corticosterone
=e= WT Sham =& HD Sham #%
=®= WT 10ug/ml -# HD 10ug/mi - Tukey’s Post Hoc
Lo [ WT 60ug/mi =8 HD 60ug/mi g L #ShamyvsGO p<.05
E * 10 vs60 p<.05
2000+ ] 1000+ $ Shamvs10 p<.05
..~~s - 8 —
-~ - e —
1500+ ————_ e - o .
o
1000+ C': ~ 500+ . wT
5
500+ 8 250+
o
c L) L) L) 0.
6 8 10 60 ug/ml 10 ug/ml  SHAM
Age (weeks) Treatment

Figure 1. Adrenalectomy and corticosterone replacement
(a) Timeline for experiment (b) HD mice on high/HD level replacement showed a

progressive reduction in bodyweight starting at 8 weeks of age relative to sham HD mice
(Tukey's post-hoc p<.05, indicated by #) and starting at week 10 relative to
physiological/WT level replacement in adrenalectomized HD mice (Tukey's post-hoc, p<.05,
indicated by *). (c) HD mice on high/HD level CORT replacement showed a significant
reduction in survival relative to sham treated HD mice (p<.001) and HD mice on
physiological/WT-level corticosterone replacement (p<.01). (d) Although R6/2 showed a
reduction in distance traveled relative to WT mice, there was no effect of treatment on either
R6/2 or WT mice (p>.05). (e) As expected, plasma CORT was higher in mice on the
high/HD-level corticosterone replacement than the sham treated mice and physiological/WT-
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level corticosterone replacement groups. There was no difference in plasma corticosterone
levels between R6/2 and WT mice in any of the treatment groups (p>.05).
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Figure 2. Circadian corticosterone
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(a) Timeline for data collection - mice underwent repeated blood collection at 4, 7, and 10
weeks of age. At each age, blood was collected from each mouse at 2am, 6am, 10am, 2pm
(14hrs), 6pm (18hrs), and 10pm (22hrs). (b) R6/2 mice show an increase in area under the
curve (AUC) corticosterone at 10 weeks of age relative to WT mice (p<.05). (c) R6/2 mice
showed abnormalities in their circadian profile of plasma corticosterone at week 10 only.
R6/2 mice showed elevated CORT levels at 6am, 10am, and 2pm (14hrs) relative to WT
mice of the same age (Bonferroni adjusted alpha = 0.0028, significant contrasts all p<.001).
At all other timepoints, within each age, there was no difference in plasma corticosterone

between R6/2 and WT mice. There was no effect of sex (¢>.05), and thus the data is

collapsed across sex. Mice were on a 12:12 light cycle, with gray shading reflecting clock

times with lights out (from 6pm to 6am).
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Figure 3. Stress induced corticosterone release

(a) Mice underwent restraint stress and blood collection protocol at 4, 7, and 10 weeks of
age. (b) Mice were placed in restrainer tubes for 30 minutes, with blood collected at baseline
(time = 0min), immediately following restraint stress (30min), and for the next 90 minutes at
30 minute intervals (time 60, 90, 120min). There was not a significant effect of age, and thus
data is collapsed across the three different ages. (c) Male R6/2 mice showed elevated CORT
levels at time 0, 90, and 120 (Tukey's post-hoc, p<.05), relative to WT males. (d) Absolute
difference from baseline to peak (30min) plasma CORT values shows that male R6/2 mice
have a blunted CORT response to stress, when baseline differences are accounted for (<.
05). Absolute difference from baseline to end (0 to 120min) shows a small persistent
elevation in CORT at the end of the time-course, that is not different between WT and R6/2
males (p>.05). () Female R6/2 mice showed lower plasma CORT values at time 30 and

60min, relative to WT females (Tukey's post-hoc, p<.05). (f)

Absolute difference from

baseline to peak (0 to 30min) plasma CORT values shows that female R6/2 mice have a
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blunted CORT response to stress, when baseline differences are accounted for (p<.05).
Absolute difference from baseline to end (0 to 120min) shows a small persistent elevation in
CORT at the end of the time-course, that is not different between WT and R6/2 females (p>.
05). For both (c) and (e), there was no effect of age or any age-interactions (all p>.05) on
plasma CORT levels, and thus the data presented is collapsed across age. Light green
shading in (c) and (d) reflects the time that the mice were undergoing restraint stress.
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Adrenal Weights
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Figure 4. Adrenal Gland Weights
Mice were sacrificed at 12 weeks of age in the Circadian and Stress-induced CORT

experiments, and wet adrenal gland weights were measured. Female R6/2 mice had
significantly smaller adrenal glands than did WT females, while male R6/2 mice had
significantly larger adrenal glands compared to WT males (p<.05). There was no difference
in adrenal gland weight between R6/2 males and females (p>.05), while WT females had
larger adrenal glands than WT males (p<.05). There was no difference in adrenal gland
weight between the two experiments, and thus data is collapsed across experiments.
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