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Neurobiology of Disease

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

Dan P. Covey,' Hannah M. Dantrassy,' “Natalie E. Zlebnik,' Iness Gildish,' and Joseph F. Cheer'>
Departments of Anatomy and Neurobiology, and 2Psychiatry, University of Maryland School of Medicine, Baltimore, Maryland 21201

Huntington’s disease (HD) is a heritable neurodegenerative disorder caused by expansion of CAG (glutamine) repeats in the HTT gene. A
prodromal stage characterized by psychiatric disturbances normally precedes primary motor symptoms and suppressed motivation
represents one of the earliest and most common psychiatric symptoms. Although dopamine in the nucleus accumbens (NAc) critically
regulates motivation and altered dopamine signaling is implicated in HD, the nature of dopaminergic deficits and contribution to
symptoms in HD is poorly understood. We therefore tested whether altered NAc dopamine release accompanies motivational deficits in
the Q175 knock-in HD mouse model. Q175 mice express a CAG expansion of the human mutant huntingtin allele in the native mouse
genome and gradually manifest symptoms late in life, closely mimicking the genotypic context and disease progression in human HD.
Sub-second extracellular dopamine release dynamics were monitored using fast-scan cyclic voltammetry, whereas motivation was
assessed using a progressive ratio reinforcement schedule. As the response ratio (lever presses per reward) escalated, Q175 mice exerted
less effort to earn fewer rewards versus wild-type (WT). Moreover, dopamine released at reward delivery dynamically encoded increasing
reward cost in WT but not Q175 mice. Deficits were specific to situations of high effortful demand as no difference was observed in
locomotion, free feeding, hedonic processing, or reward seeking when the response requirement was low. This compromised dopami-
nergic encoding of reward delivery coincident with suppressed motivation to work for reward in Q175 mice provides novel, neurobio-
logical insight into an established and clinically relevant endophenotype of prodromal HD.
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Psychiatric impairments in Huntington’s disease (HD) typically manifest early in disease progression, before motor deficits.
However, the neurobiological factors contributing to psychiatric symptoms are poorly understood. We used a mouse HD model
and assessed whether impaired dopamine release in the nucleus accumbens (NAc), a brain region critical to goal-directed behav-
iors, accompanies motivational deficits, one of the most common early HD symptoms. HD mice exhibited blunted motivation to
work for food reward coincident with diminished dopamine release to reward receipt. Motivational and NAc dopaminergic
deficits were not associated with gross motor deficits or impaired food seeking when effortful demands were low. This work
identifies a specific prodromal HD phenotype associated with a prominent and previously unidentified neurobiological

impairment. /

ignificance Statement

rea) by a decade or more (Paulsen etal., 2008; Eppingetal., 2016).
These nonmotor symptoms severely impact daily functioning
and quality of life for HD patients and caregivers (Hamilton et al.,
2003; Papoutsi et al., 2014), but are poorly understood and insuf-

Introduction
Psychiatric deficits in Huntington’s disease (HD) appear early
during a prodromal stage that precedes motor deficits (eg, cho-
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ficiently treated (Frank, 2014). Whereas striatal medium spiny
neuron (MSN) degeneration represents the canonical, histo-
pathological hallmark of HD (Reiner et al., 1988; Vonsattel and
DiFiglia, 1998), altered dopamine input onto striatal MSNs is also
implicated (Klawans et al., 1970; Spokes, 1980) and may promote
early psychiatric impairments (Bickman et al., 1997). However,
the functional nature of dopaminergic deficits and their behav-
ioral relevance in HD remains controversial as estimates of extra-
cellular dopamine levels in HD patients and animal models have
been inconsistent (Cepeda et al., 2014; Schwab et al., 2015). Ad-
dressing this question is particularly important because the only
FDA-approved pharmaceutical treatment option for HD targets
chorea and is confined to agents that inhibit the vesicular mono-
amine transporter-2 (VMAT-2) to disrupt extracellular dopa-
mine release (Venuto et al., 2012).

Apathy, characterized by diminished motivation to engage
reinforcers, is one of the most common psychiatric symptoms in
HD (Paulsen et al., 2001; Naarding et al., 2009; Tabrizi et al.,
2013; van Duijn et al., 2014). Motivational deficits appear early in
the prodromal stage and worsen over disease progression. The
mesolimbic dopamine system projects onto MSNs in the nucleus
accumbens (NAc) and fundamentally regulates motivated be-
havior (Salamone and Correa, 2002; Salamone et al., 2015), such
that elevating or suppressing NAc dopamine signaling, respec-
tively, increases or decreases the propensity to overcome high
opportunity costs to acquire rewards. Yet, these same manipula-
tions do not affect motor or hedonic aspects of reward consump-
tion, highlighting a specific role for NAc dopamine release in
incentive motivational processing of effortful costs. It remains
unclear, however, whether altered dopamine input to NAc MSN's
accompanies motivational deficits in HD.

In the current study, we simultaneously monitored NAc do-
pamine release and motivation in a mouse model of HD that
possesses high face and construct validity. Specifically, experi-
ments were performed in the knock-in Q175 HD mouse model,
which expresses the human Htt allele containing expanded CAG
repeats (~179) in a heterozygous manner within the native
mouse HTT gene (Menalled et al., 2012). Sub-second extracellu-
lar dopamine concentration dynamics were monitored in the
NAc using fast-scan cyclic voltammetry (FSCV), whereas moti-
vation was quantified using a progressive ratio (PR) reinforce-
ment schedule. During the PR task, the number of lever presses
required to earn sucrose pellet reinforcement increased on each
successive trial, whereas reward magnitude remained fixed. Q175
mice exerted less effort (lever presses) to acquire fewer rewards
and exhibited compromised dopaminergic encoding of reward
delivery specifically when response cost was greatest. No differ-
ence, however, was observed in hedonic processing of taste, food
seeking under low cost conditions, or locomotion, indicating a
selective disruption in the motivation to overcome effortful costs
to gain reward. Collectively, this work identifies a prodromal HD
phenotype associated with a specific deficit in sub-second dopa-
mine release in the NAc.

Materials and Methods

Animals. All mice (20-30 g) were male and received from Jackson Lab-
oratories at 30 weeks of age. Dopamine measures during the PR task were
obtained from heterozygous Q175 mice (n = 12) and wild-type (WT;
n = 8) littermates. A separate cohort of Q175 (n = 19) and WT (n = 14)
mice were used to compare feeding behavior and locomotion. Mice were
housed in a temperature-controlled room maintained on a reverse 12 h
light/dark cycle (07:00-19:00 h). Following surgery, mice were housed
individually and allowed ad libitum access to water and food. Mice were
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restricted to 85-90% bodyweight for the duration of behavioral mea-
sures. All experiments were conducted in the animal’s light cycle. Animal
care and experimental procedures conformed to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Use and Care Committee at the
University of Maryland, Baltimore.

Carbon-fiber microelectrodes. Chronically implantable electrodes were
constructed as previously described (Clark et al., 2010). Individual car-
bon fibers (r = 3.5 um, Hexcel) were aspirated into a 5-mm-length
segment of fused silica. The seal between the silica and carbon fiber was
created by applying a two-part epoxy (Super Glue; TQs12 Epoxy). The
exposed carbon fiber was then cut to ~150 wm and a silver connector was
attached on the opposite end for conductivity.

Surgery. Mice were anesthetized with isoflurane in O, (4% induction and
1% maintenance) and implanted with a chronic voltammetry electrode tar-
geting the NAc core (+1.2 AP, +1.1 ML, —3.7 DV relative to bregma) and a
Ag/AgCl reference electrode in the contralateral superficial cortex. All com-
ponents were permanently affixed with dental cement.

Recording sessions. FSCV was used to monitor dopamine by applying a
triangular waveform (—0.4 Vto +1.3 V at 400 V/s) at 10 Hz to implanted
carbon fiber microelectrodes. Principal component regression (PCR)
was used to statistically extract the dopamine component from the vol-
tammetric recording of current (Heien et al., 2005; Keithley et al., 2009).
The training set for PCR consisted of five background-subtracted dopa-
mine, and five basic pH shift voltammograms. Measured current was
converted to concentration based on a dataset developed in vitro using a
flow cell apparatus to quantify dopamine oxidation current versus non-
faradaic background current (Roberts et al., 2013 ). Electrochemical mea-
sures were normalized or “background-subtracted” relative to 0.5 s
preceding reward delivery and compared across the PR session and ani-
mals. Measured current following reward presentation was plotted
across the applied potential to generate “cyclic voltammograms” (CVs),
which display the electrochemical properties of the recorded analyte.
Individual CVs pertaining to the reward-evoked dopamine signal were
obtained from the current at the maximal dopamine oxidation potential
(~0.65 V) during the 3 s period following reward presentation. Sequen-
tial CVs were plotted across time in color plots. Individual CVs and color
plots were binned into thirds of each animal’s PR session and averaged
across all animals in each group, and therefore reflect all trials from all
animals.

Apparatus. Mice were tested in operant chambers (21.6 X 17.6 X 14
cm; Med Associates) housed within sound-attenuating enclosures. Each
chamber was equipped with two retractable levers (located 2 cm above
the floor) and one LED stimulus light located above each lever (4.6 cm
above the lever). An external food magazine was connected to a dis-
penser, centrally located between the two levers that delivered sucrose
pellets (14 mg; Bio-Serv). A houselight and a white-noise speaker (80 dB,
masking noise background) were located on the opposite wall.

Behavioral testing. Mice were initially trained under a fixed-ratio (FR)
1 schedule with a 10 s timeout and switched to PR after stable responding
was established (<15% variation in response rate across 3 consecutive
sessions). The PR schedule of positive reinforcement was used to quan-
tify the effort animals were willing to expend for a reward (Hodos, 1961).
The number of lever presses required to earn each reward (ie, response
ratio) increased exponentially on successive trials [response ratio =
(5% e (0:2 > reward number) _ 5)], yielding ratios of 1, 2, 4, 6, 9, 12, 15, 20,
25, 32, 40, 50, 62, 77, 95, 118, etc, after rounding to the closest integer.
The final ratio attained (ie, breakpoint) is a metric of inherent motivation
for the reward. FSCV recordings were performed after individual animals
displayed stable responding on the PR task (varying by no more than *1
response ratio over 3 consecutive sessions). Session onset was signaled by
both levers extending and illumination of the house light and cue light
above the active lever. Responses on the inactive lever were recorded but
had no programmed consequences. Upon reaching the response require-
ment on each trial, a single pellet was delivered while both levers retracted
and lights dimmed for a 10 s period before the next trial began. Sessions
were terminated after 20 min passed without reward delivery.

To assess feeding under free-access conditions, mice were restricted to
85-90% bodyweight and given 1 h ad libitum access to sucrose pellets
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Q175 mice display compromised motivation and reward-evoked dopamine release in the NAc. A, Representative cumulative response record during a PR session in the two genotypes.

Vertical ticks demarcate reward receipt. B, Mean (+ SEM) breakpointsin WT (n = 8) and Q175 (n = 12) mice. , Mean dopamine concentration ([DA]; + SEM) across all trials. D, Mean of the single,

largest dopamine concentration increase (+ SEM) in each animal. **p << 0.01, ***p < 0.001.

once/d for 3 d. To measure hedonic processing, a saccharin preference
test was performed under ad libitum feeding conditions, (Harkin et al.,
2002; Sclafani et al., 2010). WT and Q175 mice were given a series of
two-bottle choice tests between saccharin and water. To obtain a concen-
tration—response function, seven saccharin concentrations (% saccharin;
0%, 0.01%, 0.03%, 0.1%, 0.3%, 1%, and 3% w/v) were presented con-
currently with water. Each concentration was presented for 2 d each in
increasing order of concentration, and average 24 h intake of saccharin
was compared with intake of water to obtain percentage saccharin pref-
erence [ (24 h saccharin intake)/(24 h saccharin + water intake) X 100] at
each concentration. Placement of the water and saccharin container was
counterbalanced across animals and alternated on the second day. To
assess overall motor function, an open-field locomotor test was per-
formedina 1l X 1 m arena for 1 h. Behavior was recorded with a digital
video camera, positioned overhead. Data were analyzed using TopScan
systems (Cleversys).

Statistics. Individual voltammetric recordings of dopamine concentra-
tion and behavioral measures were compared across the PR session (time
factor) and between genotypes (group factor) using a two-way repeated-
measures ANOVA. FR1 behavior was also compared between genotypes
(group factor) and the first four FR1 sessions (time factor) using a two-
way repeated-measures ANOVA. Saccharin preference (%) was also
compared between genotypes and across saccharin concentrations using
a two-way repeated-measures ANOVA. Holm-Sidak post hoc tests were
used to make comparisons between groups when main effects or the
interaction were significant. Breakpoint, maximal reward-evoked dopa-
mine concentrations, locomotion, sucrose consumption, and body-
weight were compared using Student’s ¢ tests. Deming regression was
used to compare active presses or time to complete each trial versus
reward-evoked dopamine concentrations across the final eight trials of
each animal’s PR session. This analysis is used when error is present in
both x and y dimensions and tests whether the slope of this relationship
differs from zero. Statistical tests were performed with SigmaPlot (v12.5)
and significance was set at p < 0.05.

Results

Suppressed motivation and NAc dopamine release in

Q175 mice

Q175 mice displayed compromised motivation for a sucrose pel-
let reinforcer. Figure 1A depicts a cumulative record of active
lever presses in Q175 and WT mice during representative PR
sessions. Responding diverges as the session progresses and Q175
mice exert less effort, as demonstrated by the significantly lower
breakpoint (Fig. 1B), to earn fewer rewards (WT: 20.5 = 0.5
pellets, Q175: 16.7 £ 1.1 pellets; p < 0.05). To assess whether
differences in dopamine function accompany motivational defi-

cits, we recorded sub-second dopamine release in the NAc with
FSCV during the PR task. The average dopamine concentration
following reward receipt was significantly greater in WT versus
Q175 mice (Fig. 1C). Moreover, the single, largest dopamine re-
lease event elicited by reward receipt during the entire PR session
was significantly greater, on average, in WT versus Q175 mice
(Fig. 1D), suggesting compromised dopaminergic function in
this HD model.

To compare changes in dopamine release as the PR session
progresses, data were binned into thirds of the session according
to the total number of trials for each animal. This allows the same
proportion of the PR session to be compared across animals,
despite a greater overall number of trials in WT mice due to a
higher breakpoint. In WT mice, average dopamine release evoked
by reward receipt increased as the PR session progressed (Fig. 2).
Average CVs (Fig. 2, inset) and pseudo-color plots (Fig. 2, bot-
tom) verify that the recorded analyte was dopamine The concen-
tration of dopamine released during the “Early” and “Middle”
trials was similar, whereas a large increase occurred during “Late”
trials when the response cost was greatest. Figure 3 displays do-
pamine released to reward receipt in Q175 mice. In contrast to
WT mice (Fig. 2), the amount of dopamine released did not
change as the PR session progressed (Fig. 3). Statistical analysis
confirmed that Q175 mice exhibit compromised dopaminergic
encoding of reward delivery (Fig. 4). Reward-evoked dopamine
release, divided into thirds of the PR session, was significantly
different between genotypes and across the session (Fig. 4A: ge-
notype X epoch: F, 55, = 7.55, p < 0.01). Genotypic differences
were due to increased reward-evoked dopamine release during
the final third of the session (Late trials) in WT mice versus earlier
time points and versus Q175 mice at the final time point. In
contrast, no difference in dopamine release was observed in Q175
mice across the PR session (all p values >0.20).

Dopaminergic deficits emerge as effortful demands increase

The final trials of the PR session encompass the highest effortful
demands and the breakpoint reflects each animal’s inherent will-
ingness to no longer meet these demands. Moreover, the largest
difference in dopamine release between genotypes occurred in
response to reward receipt late in the PR session (Fig. 4A4). We
therefore further assessed how dopamine encodes behavior dur-
ing the final eight completed trials of each animal’s PR session
(Wanatetal., 2010). As mice reached their individual breakpoint,
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Figure2.

NAcdopamine release dynamically encodes reward delivery across PR session in WT mice (n = 8). Mean (+SEM) dopamine concentration across all WT mice aligned to reward delivery

(vertical dashed line at 5 s) and divided into thirds of the entire session for each animal. Inset, Mean (+SEM) cyclic voltammograms across all WT mice during the peak dopamine concentration
following reward delivery. Bottom, Pseudo-color plots of cyclic voltammograms displaying changes in current across the applied potential (E) plotted over time and averaged across all WT mice.

reward-evoked dopamine release differed between Q175 and WT
mice and across trials (Fig. 4B; genotype: F(; 1,4 = 11.13, p <
0.01; trial: F; 1,5 = 4.36, p < 0.001). Dopamine release was
greater in WT mice during the last trial versus all prior time
points and versus Q175 mice during the final five trials. No
change was observed at any time point in Q175 mice (all p values
>0.58).

In naturalistic settings, effortful requirements and delay to
reinforcement both function as costs during reward seeking (Ste-
vens et al., 2005). This is reflected in the PR schedule, as each
successive trial incorporates increasing effortful (ie, lever press
response ratio) and temporal (ie, time to complete response ra-
tio) costs that are necessarily linked (Wanat et al., 2010). Indeed,
the number of lever presses and time to complete each trial in-
creased exponentially during the final eight trials of each animal’s
PR session and were highly correlated (r = 0.995, 7= 0.989 in WT
and Q175, respectively). To assess whether dopamine release or
behavior differentially respond to terminal costs in Q175 versus
WT mice, we compared the number of lever presses (ie, response
ratio; Fig. 4C) and time to complete each trial (Fig. 4D) as mice
approached their individual breakpoint. Lever press count signif-
icantly differed across trials and between genotypes (Fig. 4C; ge-
notype X trial: F; 1,5 = 5.02, p < 0.001) and was significantly
greater in WT versus Q175 mice during the final 3 trials, in agree-
ment with a greater overall breakpoint (Fig. 1). Although the time
to complete each trial increased (Fig. 4C; time: F(; ;,¢) = 54.93,
p < 0.001), surprisingly, this did not differ between genotypes
(genotype: F(; 156) = 3.02, p = 0.10; time X genotype: F(; 156) =

0.54, p = 0.80), despite Q175 mice completing fewer lever
presses, reflecting a lower response rate. Thus, Q175 mice exert
less effort but incur similar temporal costs per reinforcer.

To assess how dopamine encodes effortful and temporal costs,
reward-evoked dopamine concentrations during the final eight
trials were compared with number of lever presses (Fig. 4E) and
time (Fig. 4F) per completed trial. Dopamine was highly and
positively (ie, slope > 0) correlated with both time and lever
presses in WT mice. In contrast, although dopamine was corre-
lated with time in Q175 mice the slope of this relationship versus
zero did not reach statistical significance (p = 0.054) due to the
signal not changing over time. Alternatively, a significant positive
relationship was observed relative to lever presses (p = 0.036),
suggesting a slightly stronger association between dopamine and
effortful versus temporal costs in Q175 mice. Nevertheless, the
small dynamic range of the dopamine signal for both compari-
sons, particularly when compared with WT, suggests a profound
disruption in dopaminergic encoding of reward-associated costs
in Q175 mice.

Although the lower dopamine response to reward observed in
the Q175 mice may indicate compromised dopaminergic func-
tion, it may also reflect the distinct experience of the two groups.
Indeed, prior work demonstrates that reward-evoked dopa-
mine release in the NAc increases as a function of the delay to
receive reward (Wanat et al., 2010). Thus, differences might not
arise from an altered dopamine system, per se, but may reflect the
larger temporal delays and response ratios endured by WT mice.
In support of this hypothesis, as the PR session progressed,
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Figure3.

Suppressed dopaminergic encoding of reward delivery in Q175 mice (n = 12). Mean (+ SEM) dopamine concentration across all Q175 mice aligned to reward delivery (vertical dashed

line at 5 5) and divided into thirds of the entire session for each animal. Inset, Mean (+ SEM) cyclic voltammograms across all Q175 mice during the peak dopamine concentration following reward
delivery. Bottom, Pseudo-color plots of cyclic voltammograms plotted over time and averaged across all Q175 mice.

the amount of dopamine released to reward receipt (Fig. 5A) and
the proportion of mice reaching their individual breakpoints
(Fig. 54, inset) sharply diverged. This rapid decline in the num-
ber of Q175 mice may confound interpretations of differences in
dopamine function during these later trials. To assess whether
dopamine function is indeed suppressed in Q175 mice, reward-
evoked dopamine release was assessed in a subset of mice (7 of 8
WT; 7 of 12 Q175) that completed at least 16 trials (Fig. 5B),
permitting direct comparisons under identical response require-
ments. Similar to what was observed when data were normalized
to each animal’s breakpoint (Fig. 4B), dopamine released to the
reward diverged in the two groups as the PR session progressed
(genotype: F(; 150y = 4.86, p = 0.048; trial: F(;5 50y = 3.27, p <
0.001; genotype X trial: F(;5,50) = 1.72, p = 0.05). The average
reward-evoked dopamine release and the maximal dopamine re-
lease to a given reward across these matched trials was signifi-
cantly greater in WT versus Q175 mice (Fig. 5B, inset), in
agreement with the comparison across all animals and trials
(Fig. 1). Moreover, although the time to complete each response
ratio increased on successive trials, this did not differ across
groups (genotype: F(; 1509y = 0.25, p = 0.63; trial: F(;5 159y = 20.22,
p < 0.001; genotype X trial: F(;5 150y = 1.09, p = 0.37, data not
shown), similar to the prior analysis (Fig. 4D). Thus, dopa-
mine released to reward receipt increases as a function of ef-
fortful demands in WT, but not Q175 mice, and this is
associated with an increased propensity to overcome these
demands.

Motivational deficit is specific to situations of high

effortful demand

A number of biological factors contribute to motivated feeding,
including hedonic processing, appetite, and motor function. To
better understand the amotivational state in Q175 mice, we as-
sessed individual dimensions of food taking (Fig. 5). WT and
Q175 mice displayed a similar preference for a sweet substance as
assessed by the saccharin preference test (Fig. 5A; % sach: Fq g6
= 16.96, p < 0.001), but this did not differ between genotypes
(genotype: F(; 156y = 0.005, p = 0.94; % sach X genotype: F4 56
=0.31, p = 0.93), indicating similar levels of hedonic processing.
Both groups also consumed similar quantities of sucrose under
free-feeding conditions (Fig. 5B; p = 0.65). Average bodyweight
(Fig. 5C; p = 0.14) and open-field locomotion (Fig. 5D; p = 0.69)
were also comparable, suggesting similar energetic stores and
motor capacity, respectively, in both groups. Finally, the number
of lever presses during the first 4 d of training on an FR1 schedule
of reinforcement increased across sessions (Fig. 5E; day: F; 54y =
72.29, p < 0.001), but this did not differ between genotypes (ge-
notype: F(, 54y = 3.67, p = 0.08; day X genotype: F; 5,y = 2.07,
p = 0.12). Thus, Q175 mice exhibit no deficit in the acquisition or
expression of appetitive behavior when response costs are low.

Discussion

Altered dopaminergic function has long been implicated in HD,
but the precise nature of dopamine deficits and the behavioral
relevance to HD symptoms has been difficult to determine. By



4998 - J. Neurosci., May 4, 2016 - 36(18):4993-5002

45 #
I WT —
1 Q175
E 30 -
— *k%
é *%k%
15
0 J
Early Middle Late
C
500 -
*k%k
» 400 - Ed
(]
% 300
o #
o 200 - i
g
Q 100 7 T
-
0 - *x%
L WV W S W 8
Vfb”\,og\p”\;b”\p"\o"vfb"vo”
ETDADEDNN
AT S G S o aS
Completed Trials
E
60 1 @ Wr:r=0.92"
O Q175:r=0.70 e
g —
/ —
< — 4
o
~ %
2o

200 400 600 800 1000
Time to complete trial (s)

Figure 4.

Covey et al. ® Dopamine and Motivational Deficits in Huntington’s

B
60 4 © Q175
s
c
— 40 - it
S
T 201 M
A P T e
AN NN
EN b\/ v
AT E G ot S
Completed Trials
D
© 1000 1
©
S 800 -
]
2 600 -
[o
g 400 -
(8]
S 200 -
[]
€
S W
BB BB BE LS
RPN
STAV S G B DS
Completed Trials
F
60 1 @ wr: r=0.90"
o Q175:r=071* @
s s
S 40 o« 60
<
(=} =
20 - W
>0 =8
100 200 300 400

Lever presses per completed trial

Dopaminergic encoding of effortful costs is compromised in Q175 mice. A, Mean dopamine concentration (+SEM) following reward delivery divided into thirds of the PR session.

B, Mean dopamine concentration (+SEM) aligned to the last trial increased with escalating costs as WT mice (n = 8), but not Q175 mice (n = 12), reached their respective breakpoints. ¢, WT mice
exerted more effort but (D) incurred similar temporal costs versus Q175 mice. E, Temporal costs correlated with the amount of dopamine released by reward in WT, but not Q175 mice. F, Effortful
costs correlated with the amount of dopamine released by reward in WT and Q175 mice. ***p << 0.001, *p << 0.05 versus WT (within-group comparison). ###p << 0.001, ##p << 0.01, #p << 0.05

versus Q175 (between-group comparison).

simultaneously monitoring sub-second dopamine release dy-
namics and motivated behavior in an HD mouse model, this
work identifies a dopaminergic deficit associated with a specific
and major behavioral symptom of prodromal HD. We found that
compromised dopaminergic encoding of reward delivery by
phasic dopamine release in the NAc was associated with a pro-
nounced motivational deficit in Q175 mice. Differences versus
WT cannot be explained by an alteration in the rewarding or

hedonic value of the food reinforcer, locomotion, or temporal
cost. Rather, the dopaminergic deficit in Q175 mice is specifically
associated with reduced willingness to overcome effortful costs to
gain reinforcement.

Dopamine dysfunction in HD
Dopamine dysfunction is a recognized pathogenic feature of HD
but is poorly characterized. Historically, a hyperdopaminergic
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following reward delivery ina subset of animals matched according to the same response ratio. Inset, Mean dopamine concentration (+ SEM) across all trials and mean of the single largest dopamine

concentration increase (+SEM) in each animal.
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state was hypothesized to underlie the dyskinetic movements that
characterize Huntington’s chorea (Klawans et al., 1970; Bird,
1980; Spokes, 1980). However, more recent measures demon-
strate reduced dopaminergic markers in postmortem tissue from
HD patients (Yohrling et al., 2003; Bédard et al., 2011) and
positron emission tomography measures show reduced striatal
VMAT-2 (Bohnen et al., 2000), dopamine receptor (D1 and D2-
type), and dopamine transporter (DAT) function in asymptom-
atic HD mutation carriers (Richfield et al., 1991; Weeks et al.,
1996; van OQostrom et al., 2009). Moreover, decreased striatal
dopaminergic indices predict early cognitive decline in presymp-
tomatic and early stage HD patients (Bickman et al., 1997) and
progressively deteriorate as symptoms worsen over the duration
of illness (Ginovart et al., 1997). Although general consensus has
been that the NAc region of the striatum is relatively spared at the
expense of the caudate nucleus and putamen, decreased NAc
dopaminergic markers are also observed in HD (Bédard et al.,
2011).

Preclinical studies using HD animal models also support sup-
pressed dopamine function (but see, Jahanshahi et al., 2010). In
particular, microdialysis measures show decreased extracellular
dopamine concentration in the striatum of R6/1 or R6/2 mice

(Hickey et al., 2002; Petersén et al., 2002; Callahan and Aber-
crombie, 2011), both of which represent more aggressive HD
models compared with Q175. Moreover, temporally resolved
FSCV measures of electrically evoked dopamine release in striatal
brain slices (Johnson et al., 2006; Ortiz et al., 2010, 2012) or
individual vesicular release events in cell isolates (Johnson et al.,
2007) from R6/2 mice demonstrate compromised exocytotic re-
lease mechanisms, but intact DAT function (but see, Ortiz et al.,
2011), suggesting intact terminal expression of DAT, indicative
of intact dopaminergic innervation. Compromised exocytosis
may result from reduced dopamine content per vesicle (Johnson
et al., 2007), fewer vesicles, or disrupted mobilization of reserve
vesicular pools (Ortiz et al., 2010). One possibility is that aggre-
gates of the Htt protein, which can impair vesicular protein
function (Morton et al., 2001; Li et al., 2003), disrupt vesicular
mobilization, and dopamine release.

Compromised vesicular dopamine release may underlie the
suppressed dopaminergic encoding of reward observed in the
current study. Although dopamine release in WT mice increased
as a function of response cost, dopamine release was fixed across
the session in Q175 mice. Static dopamine release despite increas-
ing response costs in Q175 mice suggests that a ceiling effect
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narrows the dynamic range of the dopamine signal. Suppressed
vesicular release mechanisms are implicated because the peak
concentration of these phasic dopamine signals is dependent on
the integrity of releasable dopamine stores (Covey et al., 2013).
The nature of the PR task and FSCV monitoring of dopamine
release were necessary for revealing this pronounced deficit. Be-
cause reward-evoked dopamine release during Early and Middle
sessions was similar, compromised dopamine signaling may not
have been detected using a low effort instrumental task, which
Q175 and WT mice performed at a similar level (Fig. 5E).
Moreover, the sub-second dopamine measures afforded by FSCV
revealed a precise circumstance when dopaminergic deficits
emerge, in response to reward receipt under conditions of high
motivational demand. Alternative neurochemical monitoring
approaches with low temporal resolution, such as microdialysis
or PET, are unlikely to detect this specific difference.

Compromised NAc dopamine release selectively accompanies

disrupted motivational aspects of food seeking

Extensive work on the role of NAc dopamine in instrumental
behavior suggests that relatively greater dopaminergic encoding
of response costs in WT mice supported an increased propensity
to invest effort to obtain rewards. The NAc has traditionally been
conceptualized as a “limbic-motor interface” (Mogenson et al.,
1980) by allowing information related to motivation and
emotion to influence basal ganglia motor circuits. Dopamine re-
lease in the NAc is critical to this process and acts to facilitate the
persistence of responding when response costs are high (Salam-
one et al., 2015), such as during the final trials of the PR task.
Alternatively, disrupting NAc dopamine function does not alter
food seeking when response costs are low (Aberman et al., 1998;
Aberman and Salamone, 1999; Salamone et al., 2001; Ishiwari et
al., 2004) or the motivation to overcome temporal costs for rein-
forcement (Mingote et al., 2005), indicating a selective role in
motivating effortful decisions. The degree to which dopamine
released to the reward on successive PR trials reflected the prior
circumstance (ie, response or delay cost) or acts to influence
future responding remains unclear; although these functions are
not mutually exclusive (Hamid et al., 2016). Nevertheless, com-
promised dopamine release in Q175 mice despite comparable
effortful and temporal costs incurred during PR (Figs. 4, 5), nor-
mal responding under “low-cost” conditions during the FR1
schedule, and intact motor, ingestive, and hedonic aspects of
food seeking (Fig. 6) suggests a critical and highly specific role for
compromised reward-evoked NAc dopamine release in the amo-
tivational phenotype of Q175 mice. Moreover, prior work indi-
cates that Q175 mice, at the age assessed in the current study, do
not exhibit deficits in muscle strength (Menalled et al., 2012), but
progressive motor impairments including reduced locomotion
and coordination have been reported in this mouse strain at later
ages that may be further exacerbated during the dark cycle (Me-
nalled et al., 2012). However, the intact motor function and nor-
mal feeding behavior observed in the current study suggests that
motivation, specifically to overcome effortful costs, and dopami-
nergic deficits are linked and may arise early in a prodromal HD
state before full phenoconversion.

Amotivational syndrome in HD

Apathy, a disorder of motivation characterized by diminished
goal-directed behavior is one of the most common psychiatric
symptoms in HD (Hamilton et al., 2003; Naarding et al., 2009).
Although frequently associated with depression, motivational
deficits represent a distinct disorder (Naarding et al., 2009)
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driven by unique neural mechanisms. Indeed, Q175 mice exhib-
ited suppressed motivation but normal “liking” of a reward, as
demonstrated by the saccharin preference test, a common test for
depressive symptoms (Harkin etal., 2002). Based on the concom-
itant decrease in NAc dopamine release, we hypothesize that
compromised phasic dopamine function in situations of high
motivational demand is more specifically associated with the
amovitational phenotype seen in HD. Paradoxically, the only
FDA-approved treatment for HD is the dopamine-depleting
agent, tetrabenazine (TBZ; Huntington Study Group, 2006; Pale-
acu, 2007; Frank, 2010). Although effective for suppressing cho-
rea, TBZ is associated with several adverse side effects (Frank,
2014; Killoran and Biglan, 2014). Moreover, in WT rats, TBZ
suppresses the propensity to overcome high response costs to
gain rewards (Nunes et al., 2013; Randall et al., 2014), an effect
also observed following NAc dopamine depletions (Aberman et
al., 1998; Aberman and Salamone, 1999; Salamone et al., 2001;
Ishiwari et al., 2004). Thus, findings from the current study,
which suggest that disrupted dopamine function in HD pro-
motes an amotivational phenotype, indicate that blocking dopa-
mine function with TBZ to treat chorea may exacerbate
psychiatric symptoms, such as apathy.

Conclusions

Opverall, this work demonstrates that compromised dynamic en-
coding of reward delivery by NAc dopamine release accompanies
motivational deficits in Q175 HD mice, identifying a specific
neurobiological factor associated with a prominent psychiatric
impairment in HD. These findings broaden our limited under-
standing of non-motor aspects of HD and inform future treat-
ment targets for reducing the impact of this devastating disorder.
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