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bstract

While Huntington’s disease (HD) is a condition that primarily involves the basal ganglia, there is evidence to suggest that the hypothalamus is
lso affected. Because the osmoreceptors regulating thirst are situated in the circumventricular region of the hypothalamus, we were interested
n whether altered thirst is a part of the HD phenotype. We used the LABORAS behavioural monitoring system and water consumption to show
hat drinking behaviour was abnormal in R6/2 mice. By 10 weeks of age, R6/2 mice spent significantly more time drinking and drank a greater
olume than their wild-type (WT) littermates. The numbers of immunoreactive vasopressin neurons in the paraventricular nucleus (PVN) of the
ypothalamus in R6/2 mice were significantly decreased from 8 weeks of age, suggesting that the change in drinking behaviour may be the result
f hypothalamic dysfunction. We gave a xerostomia (dry mouth) questionnaire to HD patients and control subjects, and also measured their urine
smolality and serum vasopressin. The mean total xerostomia score was significantly higher in HD patients than in controls, indicating greater
hirst in HD patients. Urine osmolality was unaffected in HD patients up to clinical stage III, and none of the patients had diabetes. However, serum

asopressin was increased, suggesting a dysregulation in the control of hypothalamic vasopressin release. A dry mouth can affect taste, mastication
nd swallowing, all of which may contribute to the significant weight loss seen in both HD patients and R6/2 mice, as can dehydration. We suggest
hat increased thirst may be an important and clinically relevant biomarker for the study of disease progression in HD.

2007 Elsevier Inc. All rights reserved.
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. Introduction
Huntington’s disease (HD) is a fatal neurodegenerative dis-
rder, characterised by a progressive decline in cognitive and
otor function. While HD primarily affects the basal gan-
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lia, there is evidence to suggest that the hypothalamus is
lso involved [14,15,22]. Functions under hypothalamic control
lready known to be affected in HD include sleep, metabolism
nd weight maintenance.

Sleep disturbances are characteristic of progressive neurode-
enerative diseases including HD [10,23,34]. The hypotha-
amus, and in particular the suprachiasmatic nucleus (SCN),
s thought to be the principal circadian oscillator, so it is

ossible that disrupted sleep in HD patients is caused by
ypothalamic dysfunction. Evidence for this comes from the
emonstration that in the R6/2 mouse model of HD, a disrupted
ircadian rhythm occurs alongside dysregulated expression of
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he circadian clock genes mPer2 and mBmal1 in the SCN
20].

Defects in metabolism have been observed in HD [13,25,33],
nd although these may be due in part to mitochondrial dysfunc-
ion [2], it has also been suggested that loss of neurons in the
ateral tuberal nucleus of the hypothalamus is involved [13].

An inability to maintain body weight is a common clinical
ymptom in HD [6,9,13], and is one of the most obvious phe-
otypic signs in R6/2 mice [18,33]. The underlying cause of
eight loss in HD is not clear. Patients have been reported to

ose weight when eating a nutritionally adequate diet [19], and
ven when consuming a greater number of calories than control
ubjects [31], which suggests a greater expenditure of energy
n HD patients. Although it has been suggested that this may
e related to the chorea [25], there is also evidence from HD
atients for an imbalance in production of orexin and ghrelin,
oth of which act on the hypothalamus to control feeding [24].
oss of orexin has also been reported in the R6/2 mouse [22].

Although it is proposed that deficits in sleeping, metabolism
nd maintenance of body weight may be due at least in part to
ypothalamic dysfunction, it is not known whether other func-
ions mediated by the hypothalamus, such as thirst and fluid
onsumption, are also affected. Thirst commonly manifests as a
ry mouth [4], which has implications for HD symptoms such
s food dysphagia and weight loss. A chronically dry mouth and
reduction in saliva could affect the patient’s ability to chew

nd swallow, and may contribute to the high incidence of chok-
ng and coughing in HD patients [11,16,21]. This may also be a
onsideration in rodent models of HD, since laboratory animals
re routinely fed dry food pellets. When mastication difficulties
nd solid food dysphagia were found in HD patients, they were
ignificantly associated with weight loss [31]. In addition, a dry
outh will reduce the ability of HD patients to taste food prop-

rly, and hence may influence the type of food that they eat, the
requency of eating, and the enjoyment derived from eating.

The current study was designed to investigate whether thirst
nd the associated dry mouth are factors in HD patients and
6/2 mice. If thirst and dry mouth are present, they may be

mportant clinically relevant biomarkers for disease progres-
ion. We administered a xerostomia (dry mouth) questionnaire
o HD patients and controls, and measured serum vasopressin
evels and urine osmolality. We also studied drinking behaviour
n R6/2 mice, and measured numbers of immunoreactive vaso-
ressin neurons in the paraventricular nucleus (PVN) of the
ypothalamus.

. Materials and methods

.1. Animal study

.1.1. Drinking behaviour
Mice from two different colonies were used in two separate studies. For the

rst experiment, mice were taken from a colony of R6/2 transgenic mice [18]
stablished in the Department of Pharmacology, University of Cambridge, and

aintained by backcrossing onto CBA × C57BL/6 F1 female mice. Twenty-four

emale mice (12 R6/2, 12 WT) were used, which were kept in mixed-genotype
ages. CAG repeat lengths of the mice were in the range 247–277, with a mean
f 267 ± 2 repeats (S.E.M.). The mice were maintained on a 12 h light:12 h dark
ycle, at a temperature of 21–23 ◦C and a humidity of 55 ± 10%. The mice had
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d libitum access to water and standard dry laboratory food (RM3(E) rodent pel-
ets, Special Diet Services, Witham, UK). Lowered drink spouts were used to
mprove access to the water bottles. In addition, once a day a mash was prepared
y soaking 100 g dry food in 230 ml water until the pellets were soft and fully
xpanded. The mash was placed on the cage floor, improving access to food and
ater for the R6/2 mice. This feeding regime has been shown previously to be
eneficial for long-term health of the animals [5]. For measurement of drinking
ehaviour, mice were monitored for 24 h in the LABORAS apparatus (Metris
.v., Hoofddorp, The Netherlands). The LABORAS apparatus measures loco-
otor activity, immobility, grooming, eating, drinking and climbing [26,27,32].
uring the monitoring period mice were singly housed with ad libitum access

o food and water. For each mouse, testing was carried out 3 times, at 7, 10 and
8 weeks of age. Immediately before being put into the LABORAS cages, all
ice were tested for glycosuria using Diastix (Bayer plc, Newbury, Berks., UK).
ll components of this experiment were carried out in accordance with the UK
nimals (Scientific Procedures) Act, 1986.

In the second experiment, R6/2 mice were purchased (Jackson Laborato-
ies, Bar Harbor, ME, USA) and maintained in the Department of Experimental

edical Sciences, Lund. CAG repeat lengths of the mice were in the range
63–174, with a mean of 168 ± 1 repeats (S.E.M.). The mice were housed
n groups and maintained on a 12 h light:12 h dark cycle, at a temperature of
1–23 ◦C and a humidity of 55 ± 10%. The mice had ad libitum access to water
nd food. The experimental procedures were approved by the Regional Ethical
ommittee in Lund, Sweden. Water consumption was measured in male R6/2
ice and their wild-type littermates (n = 8 per group). At 5 weeks of age, 1
eek prior to the start of the experiment, the mice were housed singly with
d libitum access to water and food. To facilitate drinking the water bottles
ere equipped with long, non-leaking tips. Water consumption was measured

wice per week by weighing the bottle and comparing this to the weight of
he full bottle that had been put in the cage 3 or 4 days earlier. The weight of
ater that the mice had consumed during those days was divided by the den-

ity of water (0.99) and by the number of days (3 or 4) to express the values
s millilitres water consumed per mouse per day. At 12 weeks of age the ani-
als were anaesthetised with pentobarbital and perfused with saline and 4%

araformaldehyde.

.1.2. Mouse urine osmolality and volume
Urine was collected from R6/2 mice in the Cambridge colony by singly

ousing the mice in clean cages for up to 30 min each. Once each mouse
ad urinated it was immediately removed and returned to its home cage. The
rine was tested for glycosuria (Diastix; Bayer plc, Newbury, UK), collected
nto individual Eppendorfs and frozen for later analysis. Urine osmolality was

easured by the freezing point depression technique, using an Advanced Instru-
ents 3320 Osmometer (Advanced Instruments, Norwood, MA, USA) in the
epartment of Clinical Biochemistry, Addenbrooke’s Hospital, Cambridge.

.1.3. Immunohistochemistry
Histological studies were performed in the University of Lund, Sweden. In

ddition to the 12-week-old mice from the Lund colony mentioned above, 4-
eek-old male and female R6/2 mice and 8-week-old female R6/2 mice from
und were anaesthetised with pentobarbital and perfused with saline and 4%
araformaldehyde. Brains were post-fixed for 24 h in 4% paraformaldehyde and
ehydrated in 20% sucrose/0.1 M phosphate buffered saline. All brains were
ut into coronal sections (30 �m). Endogenous peroxidase of free floating sec-
ions was quenched with 3% hydrogen peroxide and the sections were incubated
or 1 h at room temperature in 5% goat serum/0.3% Triton X-100/0.1 M phos-
hate buffered saline. The sections were incubated overnight with a primary
ntibody against vasopressin (diluted 1:5000; Chemicon International Inc., CA,
SA). The following day they were incubated with the corresponding biotiny-

ated secondary antibody (1:200) for 1 h, and bound antibody was visualised
sing the ABC system (Vectastain ABC kit, Vector Laboratories) with 3,3′-
iaminobenzidine as chromogen. The sections were lightly counterstained with
resyl violet (ICN Biomedicals Inc., Aurora, OH, USA). All analyses were

erformed on blind-coded slides using an Olympus BX50 microscope (Visio-
harm Integrator System, version 2.8.5.0, Hørsholm, Denmark). As the total
umber of vasopressin-positive neurons in the PVN of the hypothalamus is
ow, the technique of systematic random sampling (i.e., stereological principles)
s not applicable. Therefore, we decided to count all stained cells unilaterally
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Table 1
List of medications taken by HD patients and control subjects in the Cambridge
cohort

Drugs without xerostomic side effect
(patients taking these medications
were included in the study)

Drugs with xerostomic side effect
(patients taking these medications
were excluded from the study)

Amisulpiride Amlodipine/Istin
Antabuse/Disulfiram Amytriptyline
Asacol Baclofen
Atenolol Bupropion/Zyban
Azathioprine Buspirone
Becotide Diazepam
Bendrofluazide Dothiepin
Benzofluazide Escitalopram
Bisoprolol Fluoxetine/Prozac
Citalopram/Cipramil Flupenthixol
Co-dydramol Haloperidol
Colestyramine Indoramine
Diclofenac Lansoprazole
Felodipine Lisinopril
Flixatide Lofepramine
Frosemide Loratadine
Glibenclamide Losec/Omeprazole
Glucosamine Methadone
Indapamide Neoclarityn

Procyclidine
Levothyroxine sodium Paroxetine/Seroxat
Lithium Sertraline
Mesalazine Sevredol
Metformin Stemitil
Minocycline/Minocin Sulpiride
Mirtazepine Trifluoperozine
Naproxen Venlafaxine
Nifedipine/Adelat/Coracten Zopiclone
Nitrazepam
Olanzapine
Pantoprazole
Perindopril
Prednisolone
Propanolol
Risperidone
Rivastigmine
Rosuvastatin
Sinemet
Sodium valproate
Tetrabenazine
T
Z

c
q

t
f
w
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n all sections. All cells in the PVN of the left hemisphere were counted and
ncluded regardless of their size or shape. The average cell soma diameter (i.e.,
he mean length of the long and short axis) of the cells was estimated from 20
andomly selected vasopressin-immunopositive neurons per animal. The total
umber of stained cells was then calculated using the Abercrombie formula
1].

.2. Human study

.2.1. Xerostomia questionnaire
The xerostomia questionnaire used for this part of the study was taken from

isbruch et al. [7]. It has high test–retest correlations, high internal consis-
ency, and sensitivity for changes in dryness. The questionnaire consists of eight
uestions that asked the subject to:

. Rate your difficulty in talking due to dryness.

. Rate your difficulty in chewing due to dryness.

. Rate your difficulty in swallowing solid food due to dryness.

. Rate the frequency of your sleeping problems due to dryness.

. Rate your mouth or throat dryness when eating food.

. Rate your mouth or throat dryness while not eating.

. Rate the frequency of sipping liquids to aid swallowing food.

. Rate the frequency of sipping liquids for oral comfort when not eating.

The questionnaire did not include questions related to taste perception or oral
ain or discomfort. Subjects rated each symptom on an 11-point ordinal Likert
cale from 0 to 10, with higher scores indicating greater dryness or discomfort
ue to dryness. The item scores were added together to form a total in which
igher scores represented greater levels of xerostomia.

The xerostomia questionnaire was given to all HD patients attending the
ambridge Centre for Brain Repair HD clinic between February and August
006 (n = 117). Of these, more than half were taking medications that had dry-
ng of the mouth as a possible side effect. For a full list of the medications
otentially causing xerostomia, see Table 1. These patients were excluded from
he analysis, giving a final group of n = 46. The control group was made up from
he immediate family of the patient, or their carer/s (n = 96). For demographic
ata, see Table 2A.

All individuals completed the questionnaire independently.

.2.2. Urine osmolality and serum vasopressin
Patients were recruited to the study from the HD clinic at the National Hos-

ital for Neurology and Neurosurgery (NHNN), London, UK. All had a positive
enetic diagnosis of HD. Patients were clinically staged ranging from presymp-
omatic gene carriers through clinical stages I–IV [29]. Healthy controls were
ecruited from non-consanguineous relatives and friends of patients attending
he clinic and from healthy volunteers. For numbers of patients and controls,
ee Table 2B. All participants or their next of kin gave written informed consent
rior to entering the study. The study was approved by the ION/NHNN ethical
eview board and the NHNN Research and Development Committee. Blood and
rine were collected in sterile containers and frozen at −70 ◦C within 2 h of
ollection. Samples were collected between 2 and 5 p.m. to minimise any effect
f diurnal variation.

Serum vasopressin was determined using a commercially available 125I RIA
it (Phoenix Pharmaceuticals, Belmont, CA, USA). Duplicate samples were
ssayed. Urine osmolality was determined by routine laboratory analysis, Clin-
cal Chemistry, Lund University Hospital, Lund, Sweden.

.3. Statistical analysis

Drinking and mouse urine osmolality data were analysed by analysis of
ariance (ANOVA) (Prism 4.0, GraphPad Inc.) with Bonferroni post hoc test. For
on-parametric data, a Friedman test was used instead of ANOVA. The number

f vasopressin-positive cells and their diameters in WT and R6/2 mice were
nalysed by a two-factor analysis of variance (ANOVA) followed by a Student’s
-test at the different timepoints. Xerostomia questionnaire data were analysed
sing Student’s t-test. Because the patients had a wide range of scores on the
nified Huntington’s Disease Rating Scale (UHDRS), a regression analysis was

g
t

hyroxine
olpidem

arried out to examine the relationship between UHDRS score and xerostomia
uestionnaire score.

Human vasopressin and urine osmolality data were analysed using a
wo-tailed unpaired t-test or two-factor analysis of variance (ANOVA), with Bon-
erroni’s multiple comparison test. A critical value for significance of p < 0.05
as used throughout the study.

. Results

.1. Animal study
The different colonies of R6/2 mice showed similar patholo-
ies, but slightly different rates of progression. Fig. 1 shows
imelines for the two colonies.
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Table 2A
Demographic data from HD patients and control subjects (Cambridge cohort)

All patients Selected cohort (no xerostomia-inducing medication)

Gender 57 F/44 M/16 unknown 27 F/20 M
Age (years) 51.4 ± 11.9 (F)/53.3 ± 12.2 (M) 50.2 ± 2.4 (F)/52.6 ± 2.2 (M)
IS (a.u.) 77.5 ± 1.6 (n = 117) 81.3 ± 2.7 (n = 47)
UDHRS motor (a.u.) 27.9 ± 2.0 (n = 117)
Weight (kg) 69.5 ± 1.4(n = 117)
BMI (kg/m2) 25.4 ± 0.6 (n = 117)

Table 2B
Demographic data from HD patients and control subjects (London cohort)

Gender Age (years)

Control 22 F/12 M 42.0 ± 2.0 (n = 34)
Pre-manifest 4 F/3 M 35.0 ± 2.0 (n = 7)
Clinical stage I/II (early) 10 F/7 M 47.0 ± 3.0 (n = 17)
C
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linical stage III (moderate) 9 F/4 M 53.0 ± 3.0 (n = 13)

bbreviations: F, female; M, male; a.u., arbitrary units; BMI, body mass index;
S, independence score; UHDRS, unified Huntington’s disease rating scale.

.1.1. Drinking behaviour
We used the LABORAS system to examine frequency of

rinking behaviour of R6/2 mice at 7, 10 and 18 weeks. In the
ambridge colony, onset of phenotype (stereotyped hindlimb

rooming) occurs at around 12 weeks of age. The mice cease to
ain weight from this point, with loss of body weight occurring
t around 18–20 weeks. At 7 weeks, there was no difference
n drinking between genotypes (F(1,44) = 1.49, p > 0.05; Figs.

e
i
t
F

ig. 1. R6/2 mice in different colonies show a similar pathology, but different rates o
rogression of different phenotypic signs in mice from the Lund colony (grey bars) a
xamined, and not present. (�) Not examined.
24.7 ± 3.3 (n = 47)
66.0 ± 2.0 (n = 47)
23.9 ± 0.6 (n = 47)

A and B, 3A). However, by 10 weeks of age R6/2 mice were
pending significantly more time drinking than their WT litter-
ates (F(1,44) = 141.8, p < 0.0001; Figs. 2C and D, 3A). There
as a clear difference between genotypes in both the light and
ark phases of the circadian cycle (p < 0.001 in both cases,
ig. 3A). This pattern persisted to 18 weeks of age, by which

ime the R6/2 mice were clearly symptomatic (F(1,44) = 240.3,
< 0.0001; Figs. 2E and F, 3A). Differences between genotypes
ere significant during both light and dark phases (p < 0.001 in
oth cases, Fig. 3A).

Because the R6/2 mice showed such a marked increase in
ime spent drinking, we wondered whether they were suffering
rom a generalised hyperactivity. LABORAS collects a num-
er of different parameters simultaneously, including drinking,

ating, locomotor activity, climbing and grooming. We exam-
ned locomotor activity from the LABORAS data. At 7 weeks
here was no main effect of genotype (F(1,44) = 1.724, p > 0.05;
ig. 3B), although post hoc analysis revealed a decrease in loco-

f progression. Here, we have indicated the earliest recorded onset and time of
nd the Cambridge colony (black bars). Numbers represent age in weeks. ( )
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Fig. 2. Activity plots of drinking behaviour during 24 h. Each data point is total time spent drinking per minute, averaged across the groups. Data in Figures A, C,
a ice w
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nd E come from wild-type (WT) mice, those in B, D, F are from R6/2 mice. M
) of age.

otor activity in R6/2 mice during the light phase (p < 0.05). By
0 weeks there was a significant difference between genotypes,
ith the R6/2 mice being less active (F(1,44) = 5.695, p < 0.05;
ig. 3B). Again, this difference was due to hypoactivity in R6/2
ice during the light phase (p < 0.01). However, by 18 weeks

here was no difference between genotypes, although this was

ue to a reduction in daytime activity in the WT mice rather
han a change in R6/2 mice (F(1,44) = 0.001, p > 0.05; Fig. 3B).
herefore, the increase in drinking in R6/2 mice does not seem

o be due to a non-specific increase in activity. Nor was it due

r
m

fi

ere tested at seven weeks (A and B), 10 weeks (C and D) and 18 weeks (E and

o the presence of diabetes. Measurements of glycosuria in the
6/2 mice revealed that at 7 weeks of age, none of the mice were
iabetic. In humans, diabetes is considered to be present with a
lycosuria level greater than 18 mmol/L. At 10 weeks 1 out of 12
6/2 mice had a glycosuria reading of 14 mmol/L, while all oth-
rs were 5.5 mmol/L or lower. By 18 weeks, all R6/2 mice had

eadings between 14 and >111 mmol/L, so at this age diabetes
ay have contributed to the increase in drinking.
The results obtained from the Cambridge mice were con-

rmed in the Lund cohort of mice, where the amount of water
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Fig. 3. Drinking behaviour in R6/2 mice. The average time spent drinking was
elevated in the Cambridge cohort of R6/2 mice from 10 weeks of age, with sig-
nificant increases in both the light and dark phases of the circadian cycle (A).
This increase in drinking behaviour was not the result of a generalised hyper-
activity in the R6/2 mice (B). Total water consumption in R6/2 mice from the
L
w
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n
a

Fig. 4. Urine osmolality in R6/2 mice was not different to that taken from WT
littermates at 6 and 12 weeks of age. At 18 weeks of age, osmolality of urine
from R6/2 mice increased relative to that measured at the two earlier time points,
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und colony was significantly increased compared to WT littermates from 10.5
eeks of age (C). Data are means ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.
�) WT, (�) R6/2.

onsumed in a 24 h period was shown to be significantly greater
n R6/2 mice (F(1,152) = 43.69, p < 0.0001; Fig. 3C), with sig-
ificant differences at 10.5 weeks (p < 0.05), 11.5 weeks and 12
eeks (both p < 0.001) (Fig. 3C). None of the mice were diabetic

t this age. These results were very similar to the data from the
ambridge mice, although the CAG repeat lengths and age at
nset of hindlimb clasping (5 weeks in the Lund mice, compared
o 12 weeks in the Cambridge colony) were different.
.1.2. Mouse urine osmolality and volume
Urine osmolality in the Cambridge cohort of R6/2 mice was

ot different to that of WT littermates at 6 and 12 weeks of
ge (Fig. 4A). By 18 weeks, urine osmolality of R6/2 mice had

(
a
p
a

ut was unchanged in WT mice (A). The volume of urine produced during the
0 min collection period did not change with age, although variability increased
n 18-week-old R6/2 mice (B). Data are means ± S.E.M. *p < 0.01, **p < 0.001.

ignificantly increased relative to that measured at either 6 or
2 weeks (F(2,27) = 6.2, p < 0.01). The urine osmolality of 18-
eek-old R6/2 mice was significantly higher that that of 6-, 12-
r 18-week-old WT mice (F(1,27) = 9.72, p < 0.01).

The volume of urine produced by the mice during the 30 min
ollection period did not differ by age or genotype (Fig. 4B).
wo mice in the 18 weeks R6/2 group did not produce enough
rine for an accurate measure of osmolality to be possible.

.1.3. Immunohistochemistry
The number of vasopressin-positive neurons in the PVN

f the hypothalamus was measured unilaterally at 4, 8 and
2 weeks in the Lund mice. The cell number was signifi-
antly decreased in R6/2 mice compared to WT littermates

two-factor ANOVA; genotype F(1,36) = 19.166, p < 0.0005;
ge F(2,36) = 0.230, p = 0.796; age × genotype, F(2,36) = 1.493,
= 0.241). There was a significant difference between genotypes
t 8 (p < 0.05) and 12 (p < 0.01) weeks of age (Fig. 5A). Atrophy
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Fig. 5. The number of vasopressin-positive neurons in the PVN of the hypothalamus (analysed unilaterally) was progressively reduced in R6/2 mice from the Lund
colony from 8 weeks of age (A). Vasopressin-positive cells were atrophied in R6/2 compared to WT animals, but this did not become significantly different until the
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ge of 12 weeks (B). Sections of the hypothalamus processed for vasopressin i
ack of stained fibres, fewer stained objects and reduced diameter of the staine
entricle. Scale bar in D = 100 �m. *p < 0.05, **p < 0.01, ***p < 0.001. (�) WT,

f the vasopressin-immunopositive cells, as assessed by measur-
ng cell diameter, declined progressively in R6/2 mice compared
o WT mice (two-factor ANOVA; genotype F(1,35) = 24.581,
< 0.0005; age, F(2,35) = 0.744, p = 0.484; age × genotype
(2,35) = 6.292, p = 0.005), and was significantly different at 12
eeks (p < 0.001, Fig. 5B). Micrographs of the PVN from WT

Fig. 5C) and R6/2 mice (Fig. 5D) clearly show reduced staining
ntensity and decreased cell volumes in R6/2 mice.

.2. Human study

.2.1. Xerostomia questionnaire
The mean total xerostomia score was significantly higher in

atients (patients 20.8 ± 2.5 arbitrary units (a.u.), control sub-
ects 6.3 ± 1.4 a.u., p < 0.01. Data are means ± S.E.M.). The
nswers to all eight questions in the xerostomia question-
aire were analysed separately. All were significantly different
etween patients and control subjects (see Fig. 6A). For the
uestion “Rate the frequency of your sleeping problems due to
ryness”, p < 0.05. For all other questions, p < 0.001.

There was a significant correlation between UHDRS score
nd xerostomia score (R2 = 0.16, p < 0.01; Fig. 6B).
.2.2. Human urine osmolality
No significant differences in urine osmolality were found

etween controls and HD patients (F(3,67) = 0.242, p > 0.05,
ig. 6C).

f
m
1
m

ohistochemistry in WT (C) and R6/2 (D) mice. Note the less intense staining,
s in the PVN of R6/2 mice. Data are means ± S.E.M. Abbreviations: V = third
6/2.

.2.3. Serum vasopressin
There was a significant main effect of genotype on serum

asopressin levels (F(3,67) = 6.044, p < 0.001; Fig. 6C). Post hoc
nalysis showed that levels were significantly elevated in moder-
te (stage III) patients compared to age- and sex-matched control
ubjects (p < 0.01, Fig. 6C).

. Discussion

The aim of this study was to investigate thirst and drinking in
6/2 mice and HD patients. We found that water consumption
as significantly elevated in R6/2 mice from the Lund colony

rom 10.5 weeks of age, and in the Cambridge colony from 10
eeks of age. The time of onset of altered drinking behaviour in

he two colonies was thus very similar, despite the large differ-
nce in CAG repeat lengths (mean 267 in the Cambridge colony,
68 in the Lund colony). When this study was conducted, the
lassical disease signs of R6/2 mice (hindlimb grooming, exces-
ive face washing, weight loss) did not appear in the Cambridge
olony until at least 12 weeks of age. At 10 weeks of age the Cam-
ridge R6/2 mice appeared overtly normal and healthy, and had
ormal levels of locomotor activity, suggesting that the increase
n drinking is not the result of a generalised hyperactivity. There-

ore, an increase in drinking behaviour seems to provide an early
arker for the disease in R6/2 mice. The increase in drinking at

0 weeks is unlikely to be related to diabetes. Although one R6/2
ouse from the Cambridge colony group had slightly elevated
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Fig. 6. HD patients suffer from xerostomia. Results from the xerostomia ques-
tionnaire showed that HD patients had significantly higher scores than controls
on all eight of the questions ((A); for details of individual questions, see Section
2). There was a significant correlation between UHDRS scores and xerosto-
mia score (R2 = 0.16, p < 0.01; (B)). Serum vasopressin levels were elevated in
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atients with clinical stage III HD (C). However, there was no increase in urine
smolality (C). Bars are means ± S.E.M. *p < 0.05, **p < 0.001. (�) Control
ubject, (�) HD patient.

lycosuria, the other 11 had urinary glucose levels in the nor-
al range. In the Lund colony, increases in blood glucose levels

nd the presence of diabetes have not been recorded below 12
eeks of age [3]. By 18 weeks, most of the Cambridge R6/2
ice were diabetic, so this is likely to have contributed to their

ncreased drinking at this age. Urine osmolality was also ele-
ated in 18-week R6/2 mice, although we found no difference
n the volume of urine produced by the R6/2 mice with increas-
ng age. The presence of increased drinking at 10 weeks of age,
efore the onset of increased urine osmolality or glycosuria, is
herefore, likely to reflect hypothalamic rather than pancreatic
ysfunction, although we cannot completely rule out the possi-

ility that diabetes affects the drinking behaviour of R6/2 mice.
t should also be noted that we measured micturition during a
0 min period only. It would clearly be interesting to measure
rine production in these mice over extended periods.
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Although the Cambridge R6/2 mice spent more time engaged
n drinking behaviour than their WT littermates, and Lund mice
drank’ significantly more water, it is not known whether this
eflects the amount of water actually ingested. It is possible that
neuromuscular disability such as we have reported previously

28] may lead to difficulty in swallowing. A reduced ability to
wallow water may then lead to an increase in drinking behaviour
n an attempt to swallow the required amount. However, there
as no evidence of the mice having difficulties in swallowing.
hey did not have unusually wet mouths or fur, nor was there
pillage below the water bottles. Furthermore, data from the
und mice showed that the number of vasopressin-positive neu-

ons in the PVN of R6/2 mice was decreased from 8 weeks,
uggesting that the cause of the change in drinking behaviour is
ellular, rather than neuromuscular. A similar decrease in vaso-
ressin mRNA has been shown in R6/2 mice at 8 weeks by
thers, although no behavioural data were presented in that study
12].

We think that the changes in vasopressin immunoreactivity
re due to transcriptional dysregulation rather than neurode-
eneration. We have reported that the total number of cresyl
iolet-positive cells in the hypothalamus is not reduced in
6/2 mice compared to wild-type littermates [33], although the
asopressin-immunopositive cells are significantly atrophied at
2 weeks of age. This suggests that the loss of immunoreactivity
s not caused by neuronal cell loss in the hypothalamus of R6/2

ice, although we appreciate that the number of vasopressin-
ecreting cells is low, and it is, therefore, difficult to exclude the
ossibility that some may have died (loss of such a small popula-
ion of cells would not be detected by the quantification of cresyl
iolet-positive cells in the entire hypothalamus). Counting cells
n the PVN may increase the chance of detecting loss of a small
opulation of cells, but the lack of natural boundaries around
his structure makes this option very difficult. If there is a loss
f vasopressin-secreting cells then there may be a concurrent
eduction in the level of serum vasopressin. It would, there-
ore, be interesting to measure circulating vasopressin levels as
he phenotype develops. Nevertheless, transcriptional dysregu-
ation in R6/2 mice is widely recognised [17,30], and on balance,
ur evidence suggests that loss of vasopressin expression is a
art of a repertoire of general hypothalamic dysfunctions that
ncludes gene dysregulation. The progressive loss of several
ifferent hypothalamic peptides (cocaine- and amphetamine-
egulated transcript (CART), melanin-concentrating hormone
MCH), pro-opiomelanocortin (POMC) and orexin) in the R6/2
ouse [22,33] supports the theory of a widespread hypothala-
ic dysfunction. The loss of these peptides is not limited to a

pecific subregion of the hypothalamus, but occurs in at least the
ateral hypothalamus and PVN as well as arcuate nucleus.

In contrast to our findings in R6/2 mice, HD patients had ele-
ated levels of serum vasopressin, although there was no change
n plasma osmolality. The increase in serum vasopressin may be
aused by dehydration, since severely dehydrated rats have been

hown to have elevated serum vasopressin [8]. However, in the
ats this occurred in combination with increased plasma osmolal-
ty. It is unlikely that HD patients would be as badly dehydrated
the rats in the Gottlieb study were water-deprived for 48 h), so
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he effects on plasma osmolality in patients may be less dramatic.
f dehydration were the trigger, the fact that plasma osmolality
s normal suggests that patients up to clinical stage III were still
ble to maintain water balance by increased vasopressin release.
n alternative explanation for the human data is that there is a
ecrease in V2 receptors in the kidney. Under normal circum-
tances, increased plasma vasopressin leads to decreased urine
ow and increased urine osmolality [35]. The finding in HD
atients that an increase in serum vasopressin is not accompa-
ied by a change in urine osmolality suggests an insensitivity
o levels of circulating vasopressin. It would be interesting to

easure V2 receptor numbers in post-mortem HD kidney.
Having found a dysfunction in drinking behaviour in R6/2

ice, we were interested to find out whether HD patients suffer
rom a similar problem. By using the xerostomia questionnaire,
e found that HD patients were significantly more likely to

eport problems related to being thirsty and having a dry mouth
han were control subjects. These included difficulties in talking,
hewing, swallowing and sleeping due to a dry mouth. Although
ther symptoms of HD (such as neuromuscular dysfunction)
ay contribute to these problems, it is important to note that the

atients themselves feel that xerostomia is a contributing factor.
e also found a positive correlation between UHDRS score and

erostomia rating, suggesting that the perception of the patients
s that problems associated with a dry mouth increased with
isease progression. Our findings support earlier work showing
hat HD patients have a high incidence of choking and coughing
11,16,21]. Difficulties in chewing and swallowing may also
ontribute to the significant weight loss seen in both HD patients
nd R6/2 mice. We did not measure saliva production in HD
atients, although it would be interesting to do so, since it may
e difficult to distinguish between the dry mouth which is a
ensation of thirst, and a dry mouth caused by a deficit in saliva
roduction.

Xerostomia may be an important and clinically relevant
iomarker for the study of disease progression in both HD
atients and R6/2 mice. However, in the course of administering
he xerostomia questionnaire we found that a large number of
atients were taking medications that can in themselves cause
dry mouth (e.g., diazepam and paroxetine, see Table 2). As

hese drugs are likely to exacerbate the xerostomia, it would be
elpful for physicians to avoid prescribing compounds that are
ssociated with this side effect. It is just as important to note
hat xerostomia is comparatively simple to treat in HD patients.
aliva stimulants (e.g., pilocarpine) may dramatically improve

he quality of life of patients that report suffering from prob-
ems associated with a dry mouth, and may even help to reduce
eight loss where it is associated with difficulties in chewing

nd swallowing. We suggest that the simple xerostomia ques-
ionnaire is administered to HD patients, and that the effects of
aliva stimulants should be investigated.

We have demonstrated an increase in drinking and a reduc-
ion in vasopressin-positive neurons in the PVN of R6/2
ice, and xerostomia and elevated levels of serum vasopressin
n moderate-stage HD patients. These findings contribute to
he body of evidence pointing to hypothalamic dysfunction
n HD.
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