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Apathy is pervasive across many neuropsychiatric disorders but is poorly characterized
mechanistically, so targeted therapeutic interventions remain elusive. A key impediment
has been the lack of validated assessment tools to facilitate translation of promising
findings between preclinical disease models and patients. Apathy is a common symptom
in Huntington’s disease. Due to its established genetic basis and the availability of
defined animal models, this disease offers a robust translational framework for linking
motivated behavior with underlying neurobiology and an ideal context in which to evaluate
a quantitative, translational apathy assessment method. In this study we therefore aimed
to demonstrate the validity of using touchscreen-delivered progressive ratio tasks to
mirror apathy assessment in Huntington’s disease patients and a representative mouse
model. To do this we evaluated Huntington’s disease patients (n = 23) and age-matched
healthy controls (n = 20), and male R6/1 mice (n = 23) and wildtype controls (n =
29) for apathy-like behavior using touchscreen-delivered progressive ratio tasks. The
primary outcome measure of the assessment was breakpoint, defined as the highest
number of touchscreen responses emitted before task engagement ceased. Patients and
R6/1 mice were both found to exhibit significantly reduced breakpoints relative to their
respective control groups, consistent with apathy-like behavior. This performance was
also not associated with motoric differences in either species. These data demonstrate
the utility of touchscreen-delivered progressive ratio tasks in detecting clinically relevant
motivational deficits in Huntington’s disease. This approach may offer a platform from
which clinically relevant mechanistic insights concerning motivation symptoms can be
derived and provide an effective route for translation of promising preclinical findings into
viable therapeutic interventions.
Keywords: Huntington’s disease, apathy, touchscreen, translational, motivation, progressive ratio

1

August 2019 | Volume 10 | Article 858

Heath et al.

Motivation in Huntington’s Disease

INTRODUCTION

Touchscreen-delivered motivation assessments could offer a
route to achieve this goal (26–29). Performance in touchscreen
assessments targeting other cognitive domains in humans
(30, 31) and rodents (32–34) are similarly impacted by
mutations in a homologous disease related gene (Dlg2) (35),
and in Alzheimer’s disease patients and the 3xTgAD rodent
model of the disease (36). Findings derived from these tools
therefore have the potential to facilitate rapid identification of
relevant neurobiological substrates, pathological mechanisms,
and novel therapeutics.
We have capitalized on this approach to assess motivational
deficits in HD using analogous touchscreen-delivered progressive
ratio (PR) tasks in patients and in a well-characterized transgenic
mouse model of this disease. In PR schedules, participants earn
a reward following emission of a defined number of responses.
The number of responses required for each subsequent reward
increases according to a pre-defined sequence. This continues
until the participant reaches their breakpoint, which is defined as
the number of responses emitted for the last reward successfully
earned before responding ceases (37). Breakpoint is taken as
an index of the reinforcing effects of a stimulus (38) and is
based on an effort-cost computation where reward value is
weighed against effort expenditure (39). A PR schedule can
therefore measure specific sub-processes of motivated behavior,
namely reward sensitivity and sustaining effort. These schedules
have been widely used in animals and humans to evaluate
the reinforcing effects of drugs and the impact of varying
dosages (40, 41). More recently, however, their utility in
measuring motivation in neuropsychiatric conditions has been
demonstrated in schizophrenia, where breakpoints have been
related to clinical amotivation as assessed by behavioral scales
(39, 42) and in relevant animal disease models (43, 44).
Here, we utilized a newly developed touchscreen-based PR
task to objectively assess motivation in HD patients (31). This
task is largely non-verbal and the associated cognitive demands
are low, making it suitable for use in a range of clinical
conditions. In parallel, we employed the rodent touchscreen PR
schedule (45, 46) to evaluate motivation in the R6/1 mouse
model. In addition to numerous similarities in paradigm design
and implementation, these assessments provide a variety of
analogous outcome measures thereby facilitating direct interspecies comparison of performance metrics. Taken together, this
study presents an initial characterization of the touchscreen PR
schedule as a tool with utility in HD populations and with high
translational potential for the assessment of motivation in this
disease context.

Apathy is a multidimensional construct that encompasses a
wide range of clinical features, including reductions in goaldirected behavior, cognitive activity, and emotional expression
(1–4). It is a prominent feature of many neurodegenerative
and neuropsychiatric disorders including Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease (HD),
and schizophrenia (5–8).
Huntington’s disease is classically conceptualized with a
triadic presentation of motoric, cognitive, and neuropsychiatric
symptoms (9). Apathy is one of the earliest neuropsychiatric
symptoms (10) with prevalence rates of 34–76% across the
disease course (11–13) and can present in advance of the
motoric symptoms associated with the disease (14). Unlike other
neuropsychiatric features of HD, apathy progressively worsens as
the disease advances (10, 15) and is associated with a broader
decline in other cognitive domains and daily functioning (16).
Despite its prevalence and impact on quality of life for both
patients and caregivers, apathy remains a difficult symptom
to treat effectively in HD, with no successful HD apathy
treatment trial reported to date (17). This is partly due to
the often mixed neuropsychiatric presentation of these patients
and concerns around polypharmacy particularly related to
medication interactions and side-effects leading to exacerbation
of other neuropsychiatric symptoms (14, 18). Beyond these
clinical practice-related concerns, effective treatment of apathy is
also considered challenging as it is linked to a range of etiologies
involving multiple neural systems (19) such that underlying
causal mechanisms remain unknown. Indeed, distinct from
other neuropsychiatric symptoms associated with HD, apathy
has not yet been associated with physiological biomarkers such
as plasma cytokines (20) or white matter fractional anisotropy
(21), potentially indicating a multi-factorial pathophysiological
cascade, though a recent study did report an association with
changes in cortical CB1 R expression (22). Furthermore, objective
measures for apathy, which are needed to detect and monitor
symptom severity and track the effectiveness of interventions, are
lacking. Therefore, identification of viable neuropharmacological
targets and screening of prospective treatments for efficacy is
particularly challenging.
A substantial proportion of apathy-targeted research has
utilized subjective questionnaire assessments. Questionnaires are
problematic for longitudinal tracking of symptoms and for
clinical trials, as they rely on the accuracy of patient self-report
or require an observant and unbiased informant, with some
indications that the extent of correlation between reports of
neuropsychiatric symptomology in HD from patients relative to
informants varies as a function of disease state, suggesting issues
related to patient insight can impact severity estimates (23, 24).
Furthermore, variability in the approach used to evaluate apathy
in HD has been suggested as a contributor to the wide prevalence
rate estimates for this symptom (14). To advance understanding
of apathy in HD and generate efficacious treatment strategies,
there is therefore a pressing need to develop more objective
motivation assessments that can ideally be used both preclinically
and in patients (25).
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MATERIALS AND METHODS
Human Participant Case Selection
Huntington’s disease patients (n = 23) were recruited from
the regional NHS Huntington’s disease service clinic at the
John van Geest Center for Brain Repair, Cambridge, UK.
All had received a diagnostic confidence rating of 4 by an
accredited HD clinician. Of these, 20 were receiving HD
treatment (either monotherapy with olanzapine, amantadine,
tetrabenazine or risperidone; or combinations of these) and
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rated on a five-point scale. LARS-e scores are reported as their
reciprocal percentage, with higher scores indicating increased
levels of apathy.

TABLE 1 | Demographic and clinical characteristics of human participants.
Demographic/clinical
characteristic
N
Sex (M:F)
Age

HD

Control

p-value

23

20

–

Human Progressive Ratio Task

13:10

10:10

–

53.6 (25–76; 14.6)

52.2 (20–81; 20.2)

n.s.

This task is part of the EMOTICOM battery (31) and is
administered on a touchscreen laptop (Dell XT3). A maximum
of 437 trials are possible in this task, each being self-paced with
participants required to press a “Next” button to begin each
trial. The task has three consecutive trial blocks associated with
a progressively smaller reward value (£1, 20p, and 4p).
In each trial, four red squares are presented and participants
are instructed to select the square that differs in size to the
other three. Participants initially need to complete 4 selections
to receive a reward, with this doubling to 8, 16, and 32 responses.
Participants are informed that they can stop performing the task
at any point, but they must then sit facing the screen for any
remaining session time. The task is stopped by pressing a “Quit”
button, which remains available throughout. Participants were
not rewarded with money in this study as performance-based
reimbursement was not permitted by the ethics committee, but
they were instructed to engage as if real money was at stake.
Breakpoint was defined as the number of trials completed
before quitting the task. Other outcome measures included
the post reinforcement pause, defined as the average time
taken to initiate the next trial following a rewarded trial,
and the running rate, defined as the number of responses
emitted per second over the task correcting for the post
reinforcement pause (i.e., responses/total time in seconds minus
post reinforcement pauses).

MMSE (max. 30)

26.0 (19–30; 3.0)

29.7 (28–30; .63)

***

ACE-R (max. 100)

77.6 (56–93; 12.9)

97.2 (96–99; 1.7)

***

CBI-R (max. 180)

53.1 (13–114; 23.7)

Total motor score

28.0 (4–50; 13.9)

Functional activity

18.0 (11–25; 4.3)

Total functional
capacity

8.7 (3–25; 4.8)

Mean (range; standard deviation). n.s., non-significant; ***p < 0.001. MMSE, MiniMental State Examination; ACE-R, Addenbrooke’s Cognitive Examination-Revised; CBI-R,
Cambridge Behavioral Inventory-Revised.

13 were also treated for affective problems (with selective
serotonin reuptake inhibitors or benzodiazepine monotherapy,
or a combination thereof).
Patients were evaluated using the UHDRS and scores
for total functional capacity and functional activity scales as
well as total motor scores were recorded. The Addenbrooke’s
Cognitive Examination-Revised [ACE-R; (47)] was administered
as a measure of general cognition and the Cambridge
Behavioral Inventory-Revised [CBI-R; (48)] was used to evaluate
behavioral symptoms.
Age-matched controls (n = 20) were recruited from a
volunteer panel at the Behavioral and Clinical Neuroscience
Institute, University of Cambridge, UK. Exclusion criteria for
controls were presence of known neurological or psychiatric
disorders, use of psychoactive medications or significant head
injury. Older controls (over 50 years) were screened for cognitive
impairment using the ACE-R with the established cut-off of 88 or
above (47).
The human arm of the study was approved by the local
Research Ethics Committee (reference number 09/H0308/2)
and Cambridge University Hospitals NHS Foundation Trust
Research and Development Department. All participants
provided informed consent in accordance with the Declaration
of Helsinki. See Table 1 for demographic details and
clinical characteristics.

Animals
Male R6/1 mice (52) on the B6CBAF1/J background bred
at the University of Cambridge were utilized in this study.
R6/1 (n = 23; mean CAG repeat length = 120 ± 0.29) and
wildtype (WT) littermate controls (n = 29) were moved from the
breeding facility at 6 weeks of age and housed in the behavioral
assessment facility in mixed genotype groups in a humidityand temperature-controlled housing room with a 12 h lightdark cycle (lights off: 0700). Mice were left undisturbed except
for normal husbandry for 7 days following transfer to allow
facility acclimatization. Cages were changed once weekly and
drinking water bottles twice weekly. All animals experienced
single daily behavioral training sessions 5–7 days per week with
experimenters blind to genotype. All procedures were conducted
during the dark phase of the cycle, reviewed and approved by the
University of Cambridge AWERB and performed in accordance
with the United Kingdom Animals (Scientific Procedures) Act
(1986) and the United Kingdom Animals (Scientific Procedures)
Act (1986) Amendment Regulations 2012.

Apathy Questionnaire Assessment
An informant-rated version of the Apathy Evaluation Scale
(AES) (49) was employed as a clinical apathy measure in the
HD patients. The AES assesses behavioral and psychological
manifestations of apathy over the past 4 weeks and item
frequency is scored on a four-point scale. AES scores are reported
as a percentage, with higher values indicating increased levels
of apathy.
Controls completed a self-rated apathy questionnaire
(LARS-e). Based on the Lille Apathy Rating Scale (LARS)
(50), the LARS-e is modified and extended to be sensitive to
motivational variations in healthy populations (51). Items are
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Food Restriction and Reward Habituation
From 7 weeks of age, animals were regularly handled to habituate
them to the experimenters and weighed daily to establish
stable free-feeding weights. Food restriction to ∼85–90% of
free-feeding weight consisted of providing limited amounts of
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behavioral response. To facilitate habituation, 200 µL of liquid
reward was delivered to the magazine at the start of the session.

standard laboratory chow (RM 3; Special Diet Services, Essex,
UK) daily.
Animals were habituated to the liquid reward used in
the PR assessment (Yazoo Strawberry UHT milkshake;
FrieslandCampina UK, Horsham, UK), by placing a sample in
a small bowl in each cage for two consecutive days immediately
prior to behavioral training. The liquid reward sample was
provided coincident with chow pellet delivery to minimize
neophobia (32).

Initial Operant Training
Initial operant training consisted of one 60 min session in
which animals were trained to associate stimulus offset with
reward delivery. This session consisted of 30 trials in which the
target stimulus (a white square) was presented in the central
touchscreen response aperture. The stimulus was displayed for
30 s and upon stimulus offset a tone (3 kHz, 1,000 ms) was
presented, the magazine illuminated and liquid reward (20 µL)
delivered. The magazine remained illuminated until reward
collection, at which point a 5 s inter-trial interval (ITI) was
enforced. Upon completion of the ITI the next trial began with
stimulus display. If during presentation the animal touched the
target stimulus, it was immediately removed from the screen,
the tone was presented, the magazine was illuminated and a
triple volume of liquid reward (60 µL) was delivered. Mice
were required to collect 30 rewards in a single session before
progression to the next stage of training.

Apparatus
Behavioral assessments were conducted in standard BusseySaksida mouse touchscreen chambers (Campden Instruments
Ltd., Loughborough, UK) as described in detail previously (32–
34). Briefly, these chambers consist of a behavioral arena with a
perforated stainless steel floor and trapezoidal black plastic walls
which open on to a touchscreen (12.1 inch; resolution 800 ×
600). In these chambers, an array of infrared (IR) photo-detection
beams are projected immediately above the surface of the
touchscreen so that animals do not have to exert any mechanical
pressure to successfully register a response. A reward collection
magazine is located on the wall opposite the touchscreen. This
contains an LED which is illuminated upon reward delivery.
Each arena is housed within a dense fibreboard sound
attenuating chamber equipped with an LED house light and a
fan to provide ventilation and mask background noise. Animals
are observed through overhead IR-sensitive cameras and IR
emitters sited along the length of the arena. The chambers are
also equipped with IR photo-detection beams which run across
the floor of the arena (rear beam = 3 cm from magazine port
and front beam = 6 cm from screen) to monitor horizontal
locomotor activity independently of task-specific locomotor
proxy measures. A tone generator and speaker are also located
directly above the behavioral arena.
For this study the standard “5-choice” mask (Campden
Instruments Ltd.) was placed in front of the touchscreen (45, 46).
This mask contains a row of 5 square apertures measuring 4 ×
4 cm, each spaced 1 cm apart and positioned 1.5 cm above the
floor of the arena. The mask was used to guide responding and
minimize unintended screen contact by the mice. The central
response aperture was the only location in which stimuli were
presented in this study.

Fixed Ratio Training
Animals were then introduced to the fixed ratio (FR) contingency
as described previously (46). Initially this consisted of a single
session of FR 1 training in which the white square stimulus was
presented in the central touchscreen response aperture until the
animal made a response in that location. Responding resulted
in stimulus removal, tone presentation, magazine illumination
and reward delivery (20 µL). Animals were given 12 trials of
this contingency with a maximum session time of 60 min and a
4.5 s ITI.
The day after successful completion of 12 FR 1 trials, animals
progressed to the FR 2 schedule. This was identical to the FR
1 schedule except that two screen touches were required for
each reward delivery. In this schedule, the first screen touch
resulted in brief (500 ms) removal of the target stimulus and
delivery of a “chirp” tone (3 kHz, 10 ms) to indicate that a
response had been successfully registered. The second screen
touch had the same consequences as in the FR 1 schedule.
Animals were required to complete 6 FR 2 trials (thereby
emitting the same total number of responses as in the FR 1
schedule) to successfully complete this training phase. Upon
completion of FR 2 training, animals were moved to the FR
3 schedule in which three responses were required for each
reward delivery. The other parameters of this program were
identical to the FR 2 schedule, except that animals were required
to complete 4 trials under this contingency to standardize the
total number of responses emitted in each FR training phase
to 12.
Upon completion of FR contingency training and to ensure
performance stability, animals were given a further seven
consecutive sessions of the FR 3 schedule. The parameters of
these sessions were identical to those used previously, except
that the maximum number of trials permitted was increased to
8 to ensure responding was sustainable. Upon completion of
these sessions, animals were rested for up to 3 days to allow
any mice delayed in training to successfully reach the necessary

Touchscreen Behavioral Chamber Training
Mice were first habituated to the chambers and then underwent
initial operant training to associate stimulus offset with
reward delivery in the magazine unit positioned opposite the
touchscreen. A fixed ratio (FR) schedule requiring an invariant
number of touchscreen responses to yield reward delivery was
then introduced. Reward volume was set at 20 µL throughout.

Behavioral Chamber Habituation
Mice were habituated to the chambers with a single 20 min
session in which the animals were placed in the chambers and
locomotor beam breaks, magazine entries, and screen touches
were recorded. There were no programmed consequences for any

Frontiers in Neurology | www.frontiersin.org
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Statistical Analyses

performance criteria. All animals were then given two further 8
trial sessions of the FR 3 schedule and permitted to progress to
the PR assessment upon completion of 8 trials in a single session.
This training protocol resulted in one R6/1 animal being delayed
by a single session.

Analyses were conducted using the open-source statistical
environment R (58). Variables were checked for normality using
the Shapiro-Wilk test. For the human participants, data were
compared using Mann-Whitney U-tests. Cohen’s d effect size was
computed for all comparisons. Correlations were analyzed using
Spearman rank coefficients. For the rodent data, Welch’s two
sample t-tests were applied. Unless otherwise indicated, data are
presented as mean ± standard error of the mean. The Bonferroni
correction for multiple comparisons was applied as necessary,
and all analyses are two-tailed at an α level of 0.05.

Progressive Ratio Assessment
PR assessment was conducted as previously reported (45, 46).
The schedule parameters used were identical to those established
in the FR contingency training, except that upon successful
completion of a trial the subsequent response requirement for
reward delivery was increased on a linear +2 basis (i.e., a PR
2 schedule requiring 1, 3, 5, 7, 9 responses, etc.). To minimize
differential reward exposure, a limit of 45 trials was applied
in these sessions. An inactivity timeout was also enforced that
specified if an animal did not make a screen response after 5 min
of stimulus display or make a magazine entry within 5 min of
reward delivery, the behavioral session ended and the mouse was
removed from the chamber.
Breakpoint was operationally defined as the number of
responses emitted to obtain the last reward before inactivity
time out or session completion. The total number of screen
responses was also analyzed to enable assessment of responses
emitted beyond those required for the last successfully completed
trial. Response rate was calculated via conversion of the interreinforcer interval to rate per trial (53–55). Rates for individual
subjects were fitted with a negative exponential function y = a−bx
where y represents response rate, a represents y intercept, –b
represents decay, and x represents trials (44, 55, 56). The intercept
(a) and decay (–b) parameters were then extracted and tested for
between-group statistical significance.
Animals were given three consecutive PR 2 sessions and the
mean performance of each animal was used for analysis. PR
data were collected when the animals were 11 weeks of age to
ensure that the well-characterized age-dependent impairment in
motor output in this strain (52) did not confound any observed
differences in task performance.

RESULTS
Huntington’s Disease Patients Show
Reduced Motivation on the Touchscreen
PR Task
Patients demonstrated a significantly reduced breakpoint value
relative to controls (Control mean: 312.9 ± 146.4 (SD); Patient
mean: 110.4 ± 111.8 (SD); U = 394.0, p < 0.001, d = 1.6)
(Figure 1A). Running rate was also significantly reduced in the
patient group (Control: 0.5 ± 0.1 responses per second; Patient:
0.2 ± 0.1 responses per second; U = 17.0, p < 0.001, d = 2.2).
Post reinforcement pause was significantly elevated in patients
(Control: 0.95 ± 0.42 s; Patient: 2.6 ± 1.2 s; U = 56.0, p < 0.001,
d = 1.4).
Breakpoints in the patient group were highly correlated with
their total functional capacity, a global indicator of functional
decline in everyday activities with lower scores indicating more
severe impairment (r = 0.45, p < 0.05), but not with their
UHDRS total motor scores (r = −0.37, p = 0.09). Furthermore,
neither total functional capacity or UHDRS total motor scores
were significantly correlated with the post reinforcement pause
or running rate (p values > 0.17).

Questionnaire-Derived Apathy Levels
Correlate With PR Performance
The mean control group apathy score using LARS-e was 27.9 ±
7.2%. The mean apathy score in the patient group using AES
was 61.9 ± 15.3%. A significant negative correlation was detected
between apathy questionnaire score (higher indicating greater
apathy) and PR breakpoint value across the groups (r = −0.52,
p < 0.001) (Figure 1B), suggesting that higher levels of everyday
apathy were associated with reduced motivation in the PR task.

Locomotor Activity Assessment
The locomotor capabilities of the animals used in this study were
also evaluated on the same day as the final PR assessment session.
For this assessment the touchscreen chambers were converted
to the “autoshaping” configuration (32, 57) to provide a distinct
context for the animals. In this configuration the magazine was
moved to a central location directly in front of the touchscreen
and the five aperture mask was replaced with a two aperture
version with one aperture on either side of the magazine. To
further enhance the contextual difference, the houselight was
illuminated during this assessment. In this evaluation, mice
were placed in the chambers for 10 min and in that time the
number of locomotor activity beam breaks, magazine entries and
screen touches was recorded. This provides a proxy assessment of
locomotor activity based on the exploration of a relatively novel
environment and should not be confounded by factors related to
the PR assessment. It therefore provides a reliable evaluation of
motoric capabilities.

Frontiers in Neurology | www.frontiersin.org

R6/1 Transgenic Mice Exhibit Reduced
Motivation in the Touchscreen PR
Assessment at 11 Weeks of Age
R6/1 mice were significantly less motivated to obtain the palatable
strawberry milkshake reward relative to wildtype littermates as
assessed by breakpoint [mean WT breakpoint: 19.92 ± 1.38;
mean R6/1 breakpoint: 12.94 ± 1.00; t (48.162) = 4.0879; p <
0.001; d = 1.09; Figure 2A] and total screen touches [mean WT
total touches: 134.78 ± 16.63; mean R6/1 total touches: 65.28
± 7.94; t (39.603) = 3.7714; p < 0.001; d = 0.97; Figure 2B].
Post reinforcement pause was also significantly elevated in the
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FIGURE 1 | Human progressive ratio breakpoint and correlation with questionnaire apathy scores. (A) Average breakpoint for controls and HD patients; ***p < 0.001.
(B) Levels of questionnaire-determined apathy for controls and patients (LARS-e and AES) correlate with progressive ratio breakpoint.

touchscreen [WT: 79.93 ± 7.50; R6/1: 75.82 ± 7.29; t (48.358) =
−0.39318; p = 0.6959], the number of ambulatory transitions
from the touchscreen to the magazine [WT: 16.28 ± 1.19; R6/1:
14.32 ± 1.33; t (45.944) = −1.0941; p = 0.2796], the number of
touches recorded on the left side of the touchscreen [WT: 55.14 ±
3.52; R6/1: 51.77 ± 3.95; t (45.899) = −0.63641; p = 0.5277] and the
number of touches recorded on the right side of the touchscreen
[WT: 49.24 ± 3.68; R6/1: 56.77 ± 5.82; t (36.74) = 1.0932; p =
0.2814]. A numerical but non-significant increase in the number
of magazine entries made by the R6/1 animals was detected [WT:
9.86 ± 1.35; R6/1: 19.82 ± 4.90; t (24.2) = 1.9605; p = 0.06155].
Age-dependent changes in body weight have also been
reported in the R6/1 mice (52) and as this PR assessment was
based on the collection of a palatable strawberry milkshake
reward it was important to exclude this factor as a contributor
to the observed performance impairment. Comparison of body
weight during the PR assessment, when expressed as the mean
(WT: 22.95 ± 0.33g; R6/1: 22.54 ± 0.42 g; p = 0.4459) or as the
mean percentage of free feeding weight (WT: 89.03 ± 0.90; R6/1:
87.64 ± 0.67; p = 0.2213), revealed no significant differences
between the genotypes.

R6/1 animals relative to WT [mean WT PRP: 13.73 ± 1.07;
mean R6/1 PRP: 27.84 ± 2.56; t (29.606) = −5.0861; p < 0.001;
d = −1.53; Figure 2C].

R6/1 Transgenic Mice Exhibit Reduced
Maximal Operant Output in Touchscreen
PR
Comparison of the estimated peak PR response rate, which
represents the projected maximum possible rate of touchscreen
responding, indicated a significant reduction in R6/1 animals
relative to wildtype littermates, consistent with a lower intrinsic
motivational baseline [WT: 22.76 ± 1.08; R6/1: 12.45 ± 1.03;
t (45.687) = 6.892; p < 0.001; d = 1.96; Figure 2D]. In contrast,
comparison of the response decay rate, which represents the
decline in the rate of touchscreen responding across the PR
session, revealed no significant effect of genotype [WT: 0.20
± 0.014; R6/1: 0.25 ± 0.037; t (26.075) = −1.159; p = 0.2568;
Figures 2E,F].

Touchscreen PR Performance Was Not
Confounded by Generalized Locomotor
Disturbance or Body Weight Changes in
R6/1 Mice

DISCUSSION
In this study, we have demonstrated the potential of a fully
quantitative, touchscreen-delivered motivational assessment to
detect apathy-like behavior in HD patients and a wellcharacterized rodent disease model.
Specifically, we have shown that manifest HD patients exhibit
lower breakpoints relative to healthy controls in a touchscreen PR
assessment. Critically, task performance was related to everyday
levels of apathy as determined by behavioral questionnaires, but
not motor scores. Using an analogous rodent touchscreen PR
assessment, we found that the R6/1 transgenic HD mouse model
exhibited lower breakpoints relative to wildtype littermates in the
absence of any generalized locomotor disturbance.
Our finding of increased apathy in patients on an established
questionnaire is consistent with previous studies (7, 10, 13). The
extent of apathy on such scales has been related to reduced quality

R6/1 touchscreen PR performance was assessed at 11 weeks of
age which is ∼4 weeks prior to the onset of any reported motor
deficits in this HD model (52). To confirm the absence of any
potentially confounding motoric deficits, the locomotor activity
of the animals was assessed in a novel configuration of the
touchscreen chamber.
No significant differences were detected between R6/1 and
WT littermates across several measures including the number
of infrared beam breaks across the chamber floor adjacent to
the reward magazine [WT: 26.69 ± 2.27; R6/1: 26.68 ± 3.01;
t (41.715) = −0.0569; p = 0.9549], the number of infrared beam
breaks across the floor of the chamber adjacent to the left side of
the touchscreen [WT: 80.31 ± 5.28; R6/1: 94.05 ± 9.55; t (33.475)
= 1.2585; p = 0.2169], the number of infrared beam breaks
across the floor of the chamber adjacent to the right side of the

Frontiers in Neurology | www.frontiersin.org

6

August 2019 | Volume 10 | Article 858

Heath et al.

Motivation in Huntington’s Disease

FIGURE 2 | Progressive ratio performance in R6/1 and wildtype mice. Rodent progressive ratio performance: (A) breakpoint; (B) total screen touches; (C)
post-reinforcement pause; (D) predicted peak performance; and (E,F) decay rate. WT, wildtype; R6/1, HD model; *p < 0.05; ***p < 0.001; ns, non-significant.

with concerns around medications used in HD potentially
exacerbating neuropsychiatric symptom severity (14) means we
cannot rule out the possibility that the magnitude of apathy
detected in some of the patients here may have been enhanced by
their medication profile. In order to fully disentangle the relative
contributions of medication and pathophysiology to the level of
motivation quantitated by touchscreen PR in HD, assessment of
cohorts with uniform pharmacotherapeutic profiles or cohorts in
which medication is temporarily suspended will be necessary in
future studies.
The impaired PR performance exhibited by the R6/1 mice,
ahead of any motor deficits, further increases the face and
construct validity of these animals as a means to explore HD
motivational deficits (60). Impairments in motivation to earn
reward have been reported in other HD rodent models including
the BAC HD, z_Q175 KI and Hdh mouse strains (61–65)
and the BACHD rat (66–68). Given that the R6/1 mouse is
widely studied, particularly with respect to novel therapeutics,
it offers a powerful platform, in combination with the PR task,
to deliver novel insights into the pathophysiological mechanisms
underlying this early onset HD symptom and to evaluate
potential therapeutic avenues.
The striking consistency between the human and rodent PR
data observed here complements findings in touchscreen studies
targeting other cognitive domains involving humans and mice
carrying mutations in a schizophrenia-related gene (35, 69)
and in Alzheimer’s patients and a rodent disease model (26,
36). Our findings establish the utility of this approach in the
context of Huntington’s disease. As such, touchscreen PR may

of life (59), highlighting the importance of apathy as a therapeutic
target. The correlation between PR breakpoint and the AES we
identified suggests that touchscreen PR may provide an effective
approach to objectively measure apathy in HD. On the basis
that apathy severity can be quantitated using this approach,
touchscreen PR may ultimately be a useful tool to objectively
assess motivation deficits in future studies that can inform the
mechanistic basis of apathy and serve as an outcome measure in
interventional studies.
Our patient group comprised a convenience sample of
individuals attending our HD clinic, and therefore represents a
wide range of disease stages. The degree of patient engagement
with the task that we observed here highlights the potential
for the touchscreen PR platform to be used for longitudinal
motivational assessment of patients across the whole disease
course. It will be important in future work to further validate
the task in cohorts at discrete disease stages to determine its
sensitivity to detect motivational deficits, particularly in the
prodromal phase when such deficits may be subtle. Following
such prodromal patients longitudinally using the touchscreen PR
platform represents a further important future validation study,
as does appropriate evaluation of test-retest reliability.
Given that our patient cohort was a convenience sample,
a wide range of different pharmacotherapies was represented.
That touchscreen PR was able to detect a motivational
impairment emphasizes the point that current HD treatment
approaches are unable to effectively ameliorate the apathy
associated with this condition (10, 14, 17). However, the
pharmacotherapeutic heterogeneity in the sample, coupled
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history of PR schedules in studies of non-human species (37, 74)
and the resulting substantial evidence base covering the effects
of a range of manipulations on performance, combined with the
recent implementation of PR schedules in humans (31, 74), such
validation studies for PR are now eminently feasible. Indeed,
with these considerations in mind, an important development
will therefore be to apply this translational paradigm in a cohort
of premanifest individuals who are not yet exhibiting the motor
signs of HD. Such a group would more closely reflect the
early stage deficits we have shown in the 11 week old R6/1
mice here.
Taken together, we have established the utility of touchscreen
PR as an approach for the objective, fully quantitative assessment
of motivation in HD. To develop apathy-targeted therapeutics for
HD and other neuropsychiatric disorders, it will be necessary to
identify the specific sub-processes of motivated behavior that are
disrupted as well as the underlying circuitry and neurochemical
alterations. It follows that sound translational models in which
putative therapeutics can be evaluated will be essential for
progress in this area. The cross-species validated touchscreen PR
paradigm, as a proxy measure for apathy, has the potential to
address these needs and ultimately support improved treatments
for this symptom in Huntington’s disease and other disorders.

ultimately facilitate apathy-targeted therapeutic translation in
HD by standardizing the assessment and output measures used
to evaluate motivation in both patient and model systems.
A challenge of evaluating motivation using effort expenditure
tasks in movement disorder patients and corresponding rodent
models is the potential for confounding due to generalized
motor slowing and motor impairment. While the reduced
breakpoint observed in patients here was accompanied by
reduced running rate and increased post reinforcement pause,
PR task performance was not significantly correlated with clinical
assessment scores of motor function. These results suggest that
gross motoric deficits are unlikely to account for the observed
PR deficits.
Similarly, the R6/1 model is known to develop significant
motoric dysfunction (52) which could likewise contribute to
PR performance deficits. However, when general locomotor
activity was assessed, no significant impairments were observed.
Consistent with the patient data, R6/1 mice also exhibited a
significantly increased post-reinforcement pause—a parameter
that typically is associated with changes in motivational state
as opposed to locomotor activity (70, 71). Indeed, given this
absence of a motoric impairment in the transgenic animals,
the significant reduction in estimated peak response rate in
the R6/1 group observed here is therefore consistent with a
lower intrinsic motivational baseline in these animals (55).
Taken together, these observations indicate that the profound
impairment in PR performance detected in the R6/1 animals was
not due to motor impairment but rather represents a genuine
motivational deficit.
In this study, we have demonstrated the utility of the
touchscreen PR paradigm in a representative clinical sample of
HD and detected the expression of an apathy-like phenotype
in a well-characterized rodent model of the disease. Future
studies employing this approach are now required to measure
apathy at different disease stages in both clinical and preclinical contexts. More broadly, the findings reported here
highlight the potential for the touchscreen PR schedule to
provide an important platform upon which to investigate
the neurobiological underpinnings of disrupted motivation
and to evaluate novel interventions intended to ameliorate
such disruptions across a range of neurodegenerative and
neuropsychiatric disorders. These findings also indicate the
capacity for the touchscreen PR schedule to be leveraged
for either forward or reverse translational studies in
this area.
However, these conclusions should be tempered by noting
the assessment of a convenience patient sample here, which
represents heterogenous disease state and pharmacotherapeutic
administration profiles. Similarly, while this study contributes
crucial further evidence of the cross-species translational
capabilities of touchscreen delivered cognitive assessments (26,
35, 36, 69) the considerable degree of face validity between the
human and non-human touchscreen assessments achieved here
does not, in the absence of further validation, guarantee the
presence of similar levels of construct and predictive validity.
Efforts to evaluate construct and predictive validity are advancing
for a range of touchscreen tasks (72, 73) and given the long

Frontiers in Neurology | www.frontiersin.org

DATA AVAILABILITY
The mouse raw data supporting the conclusions of this
manuscript will be made available by the authors, without undue
reservation, to any qualified researcher. The data from human
participants cannot be made available as the ethics did not cover
open data sharing.

AUTHOR CONTRIBUTIONS
CH, CO’C, BP, and SM organized and performed experiments.
CH, BP, and CO’C designed and performed statistical analyses
which were reviewed by the other authors and wrote the first
draft of the manuscript. RB, BS, TR, LS, and TB provided key
resources, access to critical research infrastructure and oversight
of the project. CH and CO’C made revisions based on the review
and critique provided by all the other authors. All the authors
contributed to the conception and design of the study. BS and
TR are co-inventors of the Human Touchscreen Progressive
Ratio Task.

FUNDING
CH, LS, and TB were supported by an NC3Rs Project Grant
(NC/N001451/1). CO’C was supported by a National Health
and Medical Research Council of Australia Neil Hamilton
Fairley Fellowship (GNT1091310) and by the Wellcome Trust
(200181/Z/15/Z). BP was supported by a Medical Research
Council Ph.D. studentship. RB was supported by an NIHR
award of a Biomedical Research Center to Addenbrooke’s
Hospital/University of Cambridge. SM was supported by an
NIHR Rare Diseases Translational Research Collaboration

8

August 2019 | Volume 10 | Article 858

Heath et al.

Motivation in Huntington’s Disease

and Wellcome Trust (G00001354) and by the Wellcome
Trust grant, TREAT-HD - targeting neurodegeneration in HD,
RG88257 (RNAG/449).

fellowship. TR and BS were supported by the MRC under
Grant MR/J011894/1. The Behavioral and Clinical Neuroscience
Institute was supported by a joint award from the MRC

REFERENCES
18.

1. Marin RS. Apathy: a neuropsychiatric syndrome. J Neuropsychiatry Clin
Neurosci. (1991) 3:243–54. doi: 10.1176/jnp.3.3.243
2. Levy R, Dubois B. Apathy and the functional anatomy of the
prefrontal cortex-basal ganglia circuits. Cereb Cortex. (2006) 16:916–28.
doi: 10.1093/cercor/bhj043
3. Starkstein SE, Leentjens AFG. The nosological position of apathy in
clinical practice. J Neurol Neurosurg Psychiatry. (2008) 79:1088–92.
doi: 10.1136/jnnp.2007.136895
4. Robert P, Onyike CU, Leentjens AFG, Dujardin K, Aalten P, Starkstein
S, et al. Proposed diagnostic criteria for apathy in Alzheimer’s disease
and other neuropsychiatric disorders. Eur Psychiatry. (2009) 24:98–104.
doi: 10.1016/j.eurpsy.2008.09.001
5. Krishnamoorthy A, Craufurd D. Treatment of apathy in Huntington’s disease
and other movement disorders. Curr Treat Options Neurol. (2011) 13:508–19.
doi: 10.1007/s11940-011-0140-y
6. Foussias G, Agid O, Fervaha G, Remington G. Negative symptoms of
schizophrenia: clinical features, relevance to real world functioning and
specificity versus other CNS disorders. Eur Neuropsychopharmacol. (2014)
24:693–709. doi: 10.1016/j.euroneuro.2013.10.017
7. Mason S, Barker RA. Rating apathy in Huntington’s disease: patients and
companions agree. J Huntingt Dis. (2015) 4:49–59. doi: 10.3233/JHD-140133
8. Cummings J, Friedman JH, Garibaldi G, Jones M, Macfadden W, Marsh
L, et al. Apathy in neurodegenerative diseases: recommendations on the
design of clinical trials. J Geriatr Psychiatry Neurol. (2015) 28:159–73.
doi: 10.1177/0891988715573534
9. Ramos ARS, Garrett C. Huntington’s disease: premotor phase. Neurodegener
Dis. (2017) 17:313–22. doi: 10.1159/000481172
10. van Duijn E, Craufurd D, Hubers AAM, Giltay EJ, Bonelli R, Rickards
H, et al. Neuropsychiatric symptoms in a European Huntington’s disease
cohort (REGISTRY). J Neurol Neurosurg Psychiatry. (2014) 85:1411–8.
doi: 10.1136/jnnp-2013-307343
11. van Duijn E, Kingma EM, van der Mast RC. Psychopathology in verified
Huntington’s disease gene carriers. J Neuropsychiatry Clin Neurosci. (2007)
19:441–8. doi: 10.1176/jnp.2007.19.4.441
12. Tabrizi SJ, Langbehn DR, Leavitt BR, Roos RA, Durr A, Craufurd D, et
al. Biological and clinical manifestations of Huntington’s disease in the
longitudinal TRACK-HD study: cross-sectional analysis of baseline data.
Lancet Neurol. (2009) 8:791–801. doi: 10.1016/S1474-4422(09)70170-X
13. Martinez-Horta S, Perez-Perez J, van Duijn E, Fernandez-Bobadilla R,
Carceller M, Pagonabarraga J, et al. Neuropsychiatric symptoms are very
common in premanifest and early stage Huntington’s Disease. Parkinsonism
Relat Disord. (2016) 25:58–64. doi: 10.1016/j.parkreldis.2016.02.008
14. Anderson KE, van Duijn E, Craufurd D, Drazinic C, Edmondson M,
Goodman N, et al. Clinical management of neuropsychiatric symptoms of
huntington disease: expert-based consensus guidelines on agitation, anxiety,
apathy, psychosis and sleep disorders. J Huntingt Dis. (2018) 7:355–66.
doi: 10.3233/JHD-180293
15. Thompson JC, Harris J, Sollom AC, Stopford CL, Howard E, Snowden
JS, et al. Longitudinal evaluation of neuropsychiatric symptoms in
Huntington’s disease. J Neuropsychiatry Clin Neurosci. (2012) 24:53–60.
doi: 10.1176/appi.neuropsych.11030057
16. Tabrizi SJ, Scahill RI, Owen G, Durr A, Leavitt BR, Roos RA, et al.
Predictors of phenotypic progression and disease onset in premanifest
and early-stage Huntington’s disease in the TRACK-HD study: analysis
of 36-month observational data. Lancet Neurol. (2013) 12:637–49.
doi: 10.1016/S1474-4422(13)70088-7
17. Goh AM, Wibawa P, Loi SM, Walterfang M, Velakoulis D,
Looi JC. Huntington’s disease: neuropsychiatric manifestations

Frontiers in Neurology | www.frontiersin.org

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

9

of Huntington’s disease. Australas Psychiatry. (2018) 26:366–75.
doi: 10.1177/1039856218791036
Edlinger M, Seppi K, Fleischhacker W, Hofer A. Treatment of psychotic
and behavioral symptoms with clozapine, aripiprazole, and reboxetine in a
patient with Huntington’s disease. Int Clin Psychopharmacol. (2013) 28:214–6.
doi: 10.1097/YIC.0b013e328361e145
Pagonabarraga J, Kulisevsky J, Strafella AP, Krack P. Apathy in Parkinson’s
disease: clinical features, neural substrates, diagnosis, and treatment. Lancet
Neurol. (2015) 14:518–31. doi: 10.1016/S1474-4422(15)00019-8
Bouwens JA, van Duijn E, Cobbaert CM, Roos RAC, van der Mast RC,
Giltay EJ. Plasma cytokine levels in relation to neuropsychiatric symptoms
and cognitive dysfunction in Huntington’s disease. J Huntingt Dis. (2016)
5:369–77. doi: 10.3233/JHD-160213
Gregory S, Scahill RI, Seunarine KK, Stopford C, Zhang H, Zhang J, et al.
Neuropsychiatry and white matter microstructure in Huntington’s disease. J
Huntingt Dis. (2015) 4:239–49. doi: 10.3233/JHD-150160
Ceccarini J, Ahmad R, Van de Vliet L, Casteels C, Vandenbulcke M,
Vandenberghe W, et al. Behavioral symptoms in premanifest Huntington
disease correlate with reduced frontal CB1R levels. J Nucl Med. (2019) 60:115–
21. doi: 10.2967/jnumed.118.210393
Baake V, van Duijn E, Roos RAC. Huntington’s disease gene expansion carriers
are aware of their degree of apathy. J Neuropsychiatry Clin Neurosci. (2018)
30:183–7. doi: 10.1176/appi.neuropsych.18020031
Andrews SC, Craufurd D, Durr A, Leavitt BR, Roos RA, Tabrizi SJ, et al.
Executive impairment is associated with unawareness of neuropsychiatric
symptoms in premanifest and early Huntington’s disease. Neuropsychology.
(2018) 32:958–65. doi: 10.1037/neu0000479
Chong TT-J, Husain M. Chapter 17 - The role of dopamine in the
pathophysiology and treatment of apathy. In: Knecht S, Studer B, editors.
Progress in Brain Research, MotivationTheory, Neurobiology and Applications.
Elsevier (2016). p. 389–426. Available online at: http://www.sciencedirect.
com/science/article/pii/S0079612316300607 (accessed November 22, 2016).
Romberg C, Mattson MP, Mughal MR, Bussey TJ, Saksida LM.
Impaired attention in the 3xTgAD mouse model of Alzheimer’s
disease: rescue by donepezil (Aricept). J Neurosci. (2011) 31:3500–7.
doi: 10.1523/JNEUROSCI.5242-10.2011
Romberg C, Horner AE, Bussey TJ, Saksida LM. A touch screenautomated cognitive test battery reveals impaired attention, memory
abnormalities, and increased response inhibition in the TgCRND8
mouse model of Alzheimer’s disease. Neurobiol Aging. (2013) 34:731–44.
doi: 10.1016/j.neurobiolaging.2012.08.006
Nilsson SRO, Celada P, Fejgin K, Thelin J, Nielsen J, Santana N,
et al. A mouse model of the 15q13.3 microdeletion syndrome shows
prefrontal neurophysiological dysfunctions and attentional impairment.
Psychopharmacology. (2016) 233:2151–63. doi: 10.1007/s00213-016-4265-2
Nilsson SRO, Fejgin K, Gastambide F, Vogt MA, Kent BA, Nielsen V,
et al. Assessing the cognitive translational potential of a mouse model of
the 22q11.2 microdeletion syndrome. Cereb Cortex. (2016) 26:3991–4003.
doi: 10.1093/cercor/bhw229
Barnett JH, Blackwell AD, Sahakian BJ, Robbins TW. The paired associates
learning (PAL) test: 30 years of CANTAB translational neuroscience from
laboratory to bedside in dementia research. Curr Top Behav Neurosci. (2016)
28:449–74. doi: 10.1007/7854_2015_5001
Bland AR, Roiser JP, Mehta MA, Schei T, Boland H, Campbell-Meiklejohn
DK, et al. EMOTICOM: a neuropsychological test battery to evaluate emotion,
motivation, impulsivity, and social cognition. Front Behav Neurosci. (2016)
10:25. doi: 10.3389/fnbeh.2016.00025
Horner AE, Heath CJ, Hvoslef-Eide M, Kent BA, Kim CH, Nilsson SRO, et
al. The touchscreen operant platform for testing learning and memory in rats
and mice. Nat Protoc. (2013) 8:1961–84. doi: 10.1038/nprot.2013.122

August 2019 | Volume 10 | Article 858

Heath et al.

Motivation in Huntington’s Disease

33. Mar AC, Horner AE, Nilsson SRO, Alsiö J, Kent BA, Kim CH, et al. The
touchscreen operant platform for assessing executive function in rats and
mice. Nat Protoc. (2013) 8:1985–2005. doi: 10.1038/nprot.2013.123
34. Oomen CA, Hvoslef-Eide M, Heath CJ, Mar AC, Horner AE, Bussey
TJ, et al. The touchscreen operant platform for testing working memory
and pattern separation in rats and mice. Nat Protoc. (2013) 8:2006–21.
doi: 10.1038/nprot.2013.124
35. Nithianantharajah J, McKechanie AG, Stewart TJ, Johnstone M, Blackwood
DH, St Clair D, et al. Bridging the translational divide: identical cognitive
touchscreen testing in mice and humans carrying mutations in a diseaserelevant homologous gene. Sci Rep. (2015) 5:14613. doi: 10.1038/srep14613
36. Romberg C, Bussey TJ, Saksida LM. Paying more attention to
attention: towards more comprehensive cognitive translation using
mouse models of Alzheimer’s disease. Brain Res Bull. (2013) 92:49–55.
doi: 10.1016/j.brainresbull.2012.02.007
37. Hodos W. Progressive ratio as a measure of reward strength. Science. (1961)
134:943–4. doi: 10.1126/science.134.3483.943
38. Stafford D, LeSage MG, Glowa JR. Progressive-ratio schedules of drug delivery
in the analysis of drug self-administration: a review. Psychopharmacology.
(1998) 139:169–84. doi: 10.1007/s002130050702
39. Strauss GP, Whearty KM, Morra LF, Sullivan SK, Ossenfort KL, Frost KH.
Avolition in schizophrenia is associated with reduced willingness to expend
effort for reward on a Progressive Ratio task. Schizophr Res. (2016) 170:198–
204. doi: 10.1016/j.schres.2015.12.006
40. Roane HS. On the applied use of progressive-ratio schedules of reinforcement.
J Appl Behav Anal. (2008) 41:155–61. doi: 10.1901/jaba.2008.41-155
41. Stoops WW. Reinforcing effects of stimulants in humans: sensitivity of
progressive-ratio schedules. Exp Clin Psychopharmacol. (2008) 16:503–12.
doi: 10.1037/a0013657
42. Wolf DH, Satterthwaite TD, Kantrowitz JJ, Katchmar N, Vandekar L,
Elliott MA, et al. Amotivation in schizophrenia: integrated assessment with
behavioral, clinical, and imaging measures. Schizophr Bull. (2014) 40:1328–37.
doi: 10.1093/schbul/sbu026
43. Drew MR, Simpson EH, Kellendonk C, Herzberg WG, Lipatova O,
Fairhurst S, et al. Transient overexpression of striatal D2 receptors impairs
operant motivation and interval timing. J Neurosci. (2007) 27:7731–9.
doi: 10.1523/JNEUROSCI.1736-07.2007
44. Ward RD, Simpson EH, Kandel ER, Balsam PD. Modeling
motivational deficits in mouse models of schizophrenia: behavior
analysis as a guide for neuroscience. Behav Process. (2011) 87:149–56.
doi: 10.1016/j.beproc.2011.02.004
45. Heath CJ, Bussey TJ, Saksida LM. Motivational assessment of mice using
the touchscreen operant testing system: effects of dopaminergic drugs.
Psychopharmacology. (2015) 232:4043–57. doi: 10.1007/s00213-015-4009-8
46. Heath CJ, Phillips BU, Bussey TJ, Saksida LM. Measuring motivation
and reward-related decision making in the rodent operant
touchscreen system. Curr Protoc Neurosci. (2016) 74:8.34.1–8.34.20.
doi: 10.1002/0471142301.ns0834s74
47. Mioshi E, Dawson K, Mitchell J, Arnold R, Hodges JR. The Addenbrooke’s
Cognitive Examination Revised (ACE-R): a brief cognitive test battery
for dementia screening. Int J Geriatr Psychiatry. (2006) 21:1078–85.
doi: 10.1002/gps.1610
48. Wear HJ, Wedderburn CJ, Mioshi E, Williams-Gray CH, Mason SL,
Barker RA, et al. The Cambridge behavioural inventory revised. Dement
Neuropsychol. (2008) 2:102–7. doi: 10.1590/S1980-57642009DN20200005
49. Marin RS, Biedrzycki RC, Firinciogullari S. Reliability and validity
of the Apathy evaluation scale. Psychiatry Res. (1991) 38:143–62.
doi: 10.1016/0165-1781(91)90040-V
50. Sockeel P, Dujardin K, Devos D, Denève C, Destée A, Defebvre L. The Lille
apathy rating scale (LARS), a new instrument for detecting and quantifying
apathy: validation in Parkinson’s disease. J Neurol Neurosurg Psychiatry.
(2006) 77:579–84. doi: 10.1136/jnnp.2005.075929
51. Bonnelle V, Veromann K-R, Burnett Heyes S, Lo Sterzo E, Manohar S, Husain
M. Characterization of reward and effort mechanisms in apathy. J Physiol
Paris. (2015) 109:16–26. doi: 10.1016/j.jphysparis.2014.04.002
52. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C,
et al. Exon 1 of the HD gene with an expanded CAG repeat is sufficient to

Frontiers in Neurology | www.frontiersin.org

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

10

cause a progressive neurological phenotype in transgenic mice. Cell. (1996)
87:493–506. doi: 10.1016/S0092-8674(00)81369-0
Bradshaw CM, Killeen PR. A theory of behaviour on progressive
ratio schedules, with applications in behavioural pharmacology.
Psychopharmacology. (2012) 222:549–64. doi: 10.1007/s00213-012-2771-4
Olarte-Sánchez CM, Valencia-Torres L, Cassaday HJ, Bradshaw CM,
Szabadi E. Quantitative analysis of performance on a progressive-ratio
schedule: effects of reinforcer type, food deprivation and acute treatment
with 19 -tetrahydrocannabinol (THC). Behav Process. (2015) 113:122–31.
doi: 10.1016/j.beproc.2015.01.014
Phillips BU, Heath CJ, Ossowska Z, Bussey TJ, Saksida LM. Optimisation
of cognitive performance in rodent operant (touchscreen) testing:
evaluation and effects of reinforcer strength. Learn Behav. (2017) 45:252–62.
doi: 10.3758/s13420-017-0260-7
Bailey MR, Jensen G, Taylor K, Mezias C, Williamson C, Silver R, et al. A
novel strategy for dissecting goal-directed action and arousal components of
motivated behavior with a progressive hold-down task. Behav Neurosci. (2015)
129:269–80. doi: 10.1037/bne0000060
Bussey TJ, Everitt BJ, Robbins TW. Dissociable effects of cingulate
and medial frontal cortex lesions on stimulus-reward learning using
a novel Pavlovian autoshaping procedure for the rat: implications
for the neurobiology of emotion. Behav Neurosci. (1997) 111:908–19.
doi: 10.1037/0735-7044.111.5.908
R Core Team (2013). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.
Ready RE, Mathews M, Leserman A, Paulsen JS. Patient and caregiver
quality of life in Huntington’s disease. Mov Disord. (2008) 23:721–6.
doi: 10.1002/mds.21920
Mo C, Renoir T, Hannan AJ. Novel ethological endophenotypes in a
transgenic mouse model of Huntington’s disease. Behav Brain Res. (2015)
276:17–27. doi: 10.1016/j.bbr.2014.04.003
Oakeshott S, Port R, Cummins-Sutphen J, Berger J, Watson-Johnson
J, Ramboz S, et al. A mixed fixed ratio/progressive ratio procedure
reveals an apathy phenotype in the BAC HD and the z_Q175 KI
mouse models of Huntington’s disease. PLoS Curr. (2012) 4:e4f972cffe82c0.
doi: 10.1371/4f972cffe82c0
Curtin PCP, Farrar AM, Oakeshott S, Sutphen J, Berger J, Mazzella
M, et al. Cognitive training at a young age attenuates deficits in
the zQ175 mouse model of HD. Front Behav Neurosci. (2016) 9:361.
doi: 10.3389/fnbeh.2015.00361
Covey DP, Dantrassy HM, Zlebnik NE, Gildish I, Cheer JF. Compromised
dopaminergic encoding of reward accompanying suppressed willingness to
overcome high effort costs is a prominent prodromal characteristic of the
Q175 mouse model of Huntington’s disease. J Neurosci. (2016) 36:4993–5002.
doi: 10.1523/JNEUROSCI.0135-16.2016
Covey DP, Dantrassy HM, Yohn SE, Castro A, Conn PJ, Mateo
Y, et al. Inhibition of endocannabinoid degradation rectifies
motivational and dopaminergic deficits in the Q175 mouse model of
Huntington’s disease. Neuropsychopharmacology. (2018) 43:2056–63.
doi: 10.1038/s41386-018-0107-8
Yhnell E, Dunnett SB, Brooks SP. A longitudinal operant assessment
of cognitive and behavioural changes in the HdhQ111 mouse
model of Huntington’s disease. PLoS ONE. (2016) 11:e0164072.
doi: 10.1371/journal.pone.0164072
Jansson EKH, Clemens LE, Riess O, Nguyen HP. Reduced motivation
in the BACHD rat model of Huntington disease is dependent on
the choice of food deprivation strategy. PLoS ONE. (2014) 9:e105662.
doi: 10.1371/journal.pone.0105662
Clemensson EKH, Clemensson LE, Fabry B, Riess O, Nguyen HP. Further
investigation of phenotypes and confounding factors of progressive ratio
performance and feeding behavior in the BACHD rat model of Huntington
disease. PLoS ONE. (2017) 12:e0173232. doi: 10.1371/journal.pone.0173232
Clemensson EKH, Clemensson LE, Fabry B, Flunkert S, Riess O, Wronski
R, et al. Correction: further investigation of phenotypes and confounding
factors of progressive ratio performance and feeding behavior in the
BACHD rat model of Huntington disease. PLoS ONE. (2019) 14:e0213755.
doi: 10.1371/journal.pone.0213755

August 2019 | Volume 10 | Article 858

Heath et al.

Motivation in Huntington’s Disease

74. Phillips BU, Lopez-Cruz L, Saksida LM, Bussey TJ. Translational tests
involving non-reward: methodological considerations. Psychopharmacology.
(2019) 236:449–61. doi: 10.1007/s00213-018-5062-x

69. Nithianantharajah J, Komiyama NH, McKechanie A, Johnstone M,
Blackwood DH, St Clair D, et al. Synaptic scaffold evolution generated
components of vertebrate cognitive complexity. Nat Neurosci. (2013)
16:16–24. doi: 10.1038/nn.3276
70. Felton M, Lyon DO. The post-reinforcement pause. J Exp Anal Behav. (1966)
9:131–4. doi: 10.1901/jeab.1966.9-131
71. Linden J, Plumier J-C, Fassotte L, Ferrara A. Focal cerebral ischemia
impairs motivation in a progressive FR schedule of reinforcement
in mice. Behav Brain Res. (2015) 279:82–6. doi: 10.1016/j.bbr.2014.
10.042
72. Bussey TJ, Holmes A, Lyon L, Mar AC, McAllister KAL, Nithianantharajah
J, et al. New translational assays for preclinical modelling of cognition
in schizophrenia: the touchscreen testing method for mice and rats.
Neuropharmacology. (2012) 62:1191–203. doi: 10.1016/j.neuropharm.2011.
04.011
73. Hvoslef-Eide M, Mar AC, Nilsson SRO, Alsiö J, Heath CJ,
Saksida
LM,
et
al.
The
NEWMEDS
rodent
touchscreen
test
battery
for
cognition
relevant
to
schizophrenia.
Psychopharmacology. (2015) 232:3853–72. doi: 10.1007/s00213-0154007-x

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest Statement: TR discloses consultancy with Cambridge
Cognition, H. Lundbeck A/S, Unilever and Mundipharma and has research grants
with H. Lundbeck A/S and Shionogi. BS consults for Cambridge Cognition, PEAK,
and Mundipharma. LS and TB consult for Campden Instruments, Ltd.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2019 Heath, O’Callaghan, Mason, Phillips, Saksida, Robbins, Barker,
Bussey and Sahakian. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

11

August 2019 | Volume 10 | Article 858

