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Abstract
Rationale Anhedonia, a deficit in reward processing, is an endophenotype of several neuropsychiatric conditions. Despite its
prevalence and debilitating effects, treatments for anhedonia are lacking, primarily because its underlyingmechanisms are poorly
understood. Dopamine (DA) has been implicated in anhedonia through its role in reward-related learning; glucocorticoid systems
may also be involved in that anhedonia is often preceded by chronic stress.
Objective This study investigated DA and glucocorticoid systems in anhedonia using a rat version of the probabilistic reward
task (PRT).
Methods Adult male Wistar rats were trained on the PRT and then tested following: (1) activation or inhibition of DA activity
induced by amphetamine (AMPH) or pramipexole (PRAMI) injections, (2) chronic mild stress (CMS), or (3) glucocorticoid
system activation (dexamethasone (DEX)) or inhibition (mifepristone (MIFE)).
Results AMPH increased and PRAMI decreased response bias, pointing to enhanced and diminished reward responsiveness with
DA agonism and antagonism, respectively. CMS reduced response bias but only in a subpopulation of rats. DEX also decreased
response bias, suggesting that glucocorticoid processes contribute to anhedonia, although glucocorticoid inhibition (MIFE) had
no effect. None of the manipulations altered the ability to detect and respond to reward-paired stimuli.
Conclusions These results confirm a role of DA in anhedonia and elucidate the contribution of the glucocorticoid system to this
effect. In addition, chronic stress may interfere with normal DA functioning, leading to impaired reward-related learning in
some animals. These findings may direct future treatment of anhedonia by targeting DA and glucocorticoid systems, as well as a
possible interaction between the two.
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Introduction

Anhedonia, a loss of pleasure in previously rewarding activi-
ties, is a component of several mood and personality disor-
ders, as well as a hallmark symptom of schizophrenia and
major depressive disorder (MDD; American Psychiatric
Association 2013). Although anhedonia predicts poor treat-
ment responses in depressive patients (Spijker et al. 2001),
typical first-line pharmacotherapy for MDD (selective 5-HT
reuptake inhibitor (SSRI)) is ineffective in treating this

condition (Price et al. 2009). As a result, individuals with
anhedonia may be forced to endure their symptoms untreated,
leading to greater severity and duration of depressive symp-
toms (Atherton et al. 2015), and increased suicidality (Winer
et al. 2016). The lack of effective treatments for this debilitat-
ing condition reflects the fact that the neurobiological under-
pinnings of anhedonia are poorly understood.

Anhedonia is predominantly characterized by dysfunction
in the mesolimbic dopamine (DA) system (Keller et al. 2013),
which plays a primary role in motivated behaviors (Wise
1980). These behaviors serve to bring an organism into con-
tact with a goal: either a primary reinforcer (e.g., food or sex)
or a conditioned reinforcer which has acquired motivational
significance through association with a primary reinforcer
(Wit and Dickinson 2009). Goal-directed behaviors depend
on effective reward processing in which individuals must rec-
ognize the significance of a particular goal and coordinate
cognitive and behavioral responses to achieve this goal. If
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reward processes are impaired (e.g., as seen in anhedonia),
goal-directed behaviors could be disrupted.

Reward processing is also modified under conditions of
repeated stress (Willner 2005), suggesting that alterations
in glucocorticoid mechanisms may contribute to anhedo-
nia. In support of this idea, the hypothalamic-pituitary-
adrenal (HPA) axis is hyperactive in MDD patients, lead-
ing to hypercortisolemia or a prolonged release of cortisol
into the circulatory system (Gillespie and Nemeroff 2005).
In this condition, glucocorticoid receptors (GRs) are dys-
functional and no longer provide effective negative feed-
back to inhibit further glucocorticoid release from the ad-
renal glands (Pariante and Lightman 2008). The resulting
increase in cortisol levels may impact DA system function,
thereby altering reward processing. Consistent with this
notion, rats that undergo chronic stress show reduced
levels of DA in the nucleus accumbens (NAcc) shell
(Gambarana et al. 1999), an area critical to the control of
behavior by reward-paired cues (Parkinson et al. 1999).

An understanding of reward processing, including anhedo-
nia, has advanced substantially in the last decade with the
development of the probabilistic reward task (PRT)
(Pizzagalli et al. 2005). In this paradigm, subjects select one
of two stimuli to receive a monetary reward when the payoff
provided by each stimulus is unknown. Over a series of trials,
healthy humans display a response bias to the stimulus yield-
ing a higher probability of reward but have no conscious
awareness of the payoffs associated with each response
(Pizzagalli et al. 2008; Pizzagalli 2014). Patients with anhe-
donia fail to develop a response bias: they respond equally to
both stimuli, indicative of diminished reward responsiveness
(Pizzagalli et al. 2008). A rodent analog of the PRT, designed
and implemented by Markou and colleagues, confirmed that
response bias increases following administration of the DA
agonist, amphetamine (AMPH), and decreases following ad-
ministration of pramipexole (PRAMI), a D2/D3 receptor ago-
nist that decreases DA at low doses via autoreceptor stimula-
tion (Der-Avakian et al. 2013). Moreover, rats repeatedly ex-
posed to a potent naturalistic stressor (social defeat) exhibited
reduced response bias in the PRT (Der-Avakian et al. 2017),
supporting the idea that anhedonia may reflect a maladaptive
interaction between the DA and glucocorticoid systems (Der-
Avakian et al. 2017; Pizzagalli 2014; Vrieze et al. 2013).

The goal of our studywas to further examine the role of DA
and glucocorticoid systems in anhedonia using the rat-based
PRT. Based on previous findings from human and rat studies
(Der-Avakian et al. 2013; Pizzagalli et al. 2009; Santesso et al.
2008) and the fact that DA is highly implicated in reward
responsiveness, we predicted that AMPH would potentiate
response bias and PRAMI would reduce it. We then focused
on the glucocorticoid system, hypothesizing that chronic ex-
posure to unpredictable and mildly aversive stimuli (Willner
et al. 1987) would reduce response bias in the PRT. We also

tested the role of glucocorticoid systems, directly, hypothesiz-
ing that response bias would decrease following injections of
dexamethasone (DEX), a glucocorticoid agonist that produces
chronic activation of the HPA axis (Casarotto and Andreatini
2007), and increase following injections of mifepristone
(MIFE), a glucocorticoid antagonist.

Materials and methods

Subjects

One hundred twenty male Wistar rats (Charles River,
Quebec), weighing 250–275 g at the start of the experiments,
were pair-housed in polycarbonate cages (40.0 × 25.0 ×
22.0 cm) on a 12-h reverse light/dark cycle at 21 °C.
Behavioral training and testing were conducted during the
dark cycle. Water was available ad libitum in the home cage.
Beginning 2 days before training, rats were food restricted
(16 g/rat daily) for the remainder of the experiment. All ex-
perimental procedures were in compliance with the Canadian
Council on Animal Care and were approved by the Queen’s
University Animal Care Committee.

Apparatus

Behavioral training and testing was conducted using operant
chambers (24 × 30 × 29 cm; Med Associates, USA). The
chambers were enclosed by two Plexiglass walls and two steel
walls which surround a metal grid floor. One of the steel walls
contained two retractable levers (6 cm above the floor and
16 cm apart), a food receptacle situated between the two le-
vers, and two stimulus lights (28-V; 4 cm above each lever).
The second wall contained a house light (2 cm from ceiling)
and a speaker. Chambers were located inside a large
wooden enclosure, which ensured darkness and sound
insulation. All responses were recorded electronically
using MED-PC IV software.

Drugs

Rats were injected with D-amphetamine sulfate (AMPH;
Sigma, St. Louis, MO) or pramipexole dihydrocloride
(PRAMI; Sigma-Aldrich, USA) at doses of 0.1 mg/kg and
0.5 mg/kg, based on a previous study (Der-Avakian et al.
2013).Mifepristone (MIFE; Sigma-Aldrich, USA) was tested
at doses of 15, 30, and 45 mg/kg (Mahoney et al. 2016) and
dexamethasone (DEX; Sigma-Aldrich, USA) at a 5 mg/kg
dose (Casarotto and Andreatini 2007). All drugs were dis-
solved in 0.9% physiological saline with the exception of
MIFE, which was dissolved in 10% Tween 80 dissolved in
saline. Control injections (i.e., 0 dose) were either saline or
TWEEN, depending on the drug group. All drugs were
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administered in a volume of 1 ml/kg and injections were in-
traperitoneal with the exception of PRAMI, which was admin-
istered subcutaneously.

Procedure

Rats were trained and tested in the PRT using a protocol de-
scribed previously (Der-Avakian et al. 2013). Briefly, all rats
underwent five stages of training, as outlined below, and were
then tested in one of three experiments.

Training

In stage 1, rats were trained to respond for sucrose pellets on a
fixed ratio (FR) 1 schedule of reinforcement using the right or
left lever (counterbalancedwithin groups).When rats received
100 rewards within a 60-min session, the procedure was re-
peated the next day with the other lever. The average duration
of stage 1 training was 3 days.

In stage 2, rats learned to associate a 5 kHz, 60-dB tone of
different durations (0.5 s or 2 s) with either the right or left
lever (counterbalanced within groups). On each trial (separat-
ed by 5–8 s), one lever was extended, the corresponding tone
sounded, and rats were reinforced for responding within 5 s. If
no response was recorded in this period, the lever was
retracted, the house light was illuminated, and an omission
was recorded. Following a correct response, the lever retracted
and a sucrose pellet was presented. Success was defined as
100 trials in 60 min with 80% success rate (< 20% omissions)
for three consecutive days. The average duration of stage 2
training was 5 days.

In stage 3, both levers were extended and rats were rein-
forced only for responses on the correct lever (e.g., left lever
for 0.5-s duration tone). Following an omitted or incorrect
response, the previous trial was repeated until a correct re-
sponse was recorded. Omissions or incorrect responses were
signaled by illumination of the house light during the inter-
trial interval. This stage of training continued for five sessions,
regardless of accuracy.

In stage 4, both levers were extended and the two-tone
durations were presented randomly throughout the session.
Correct responses were reinforced with a sucrose pellet.
Success was defined as 100 trials in 60 min with 70% accu-
racy (< 30% omissions or incorrect responses) for three con-
secutive days. The average duration of stage 4 training was
11 days.

In stage 5, the final stage, the house light no longer signaled
an omitted or incorrect response. The criterion for completion
of stage 5 training was 70% accuracy for five consecutive
days. Rats were removed from the experiment if they did not
reach this criterion within 15 days from the start of stage 5.
The average duration of stage 5 training was 10 days.

Testing

Prior to testing, rats were randomly assigned to either ex-
perimental (drug or CMS) or control (SAL or no stress)
conditions. During testing, the difference in tone durations
was more ambiguous than during training (i.e., 0.9 s and
1.6 s). In addition, one stimulus was reinforced at 60% rate
(rich stimulus) and one at 20% rate (lean stimulus) over
100 trials. This matches a 3:1 reinforcement ratio used in
the human PRT (Pizzagalli et al. 2008). The assignment of
tone duration to rich or lean stimuli was counterbalanced
within groups.

Experiment 1: dopaminergic mechanisms in anhedonia

Thirty-six rats were divided into three groups: AMPH
(n = 12), PRAMI (n = 12), or SAL (n = 12). To habituate rats
to the injection procedure and drug, each animal received a
saline injection 4 days prior to testing and a drug injection
(AMPH, PRAMI, or SAL according to group assignment)
2 days prior to testing. On test day, AMPH was administered
15 min prior to testing and PRAMI was administered 60 min
prior to testing. Half of the SAL group received injections at
each time point.

Experiment 2: investigating chronic mild stress in anhedonia

Twenty-four rats were divided into chronic mild stress (CMS;
n = 12) or no-stress (n = 12) groups. Following PRT training,
all rats were free-fed until the stress regimen ended. The CMS
group was transferred to a separate colony room and exposed
to a variety of mild stressors, administered randomly over
21 days, following the protocol of Willner (2005) and
Rossetti et al. (2016), and detailed in Table 1. In sum, the
following stressors were applied each week with only one
10-h Bno stress^ period every 46 h: one period of food depri-
vation (12 h), one period of water deprivation (12 h), two
periods of continuous overnight illumination (12 h × 2 =
24 h), two periods of 45° cage tilt (24 h × 2 = 48 h), two pe-
riods of soiled cage (250 ml of water in bedding; 16 h × 2 =
32 h), and two periods of low-intensity stroboscopic illumina-
tion (150 flashes/min) (9 h × 2 = 18 h).

CMS rats were returned to their original colony room at
the end of the stress period. Control rats were left undis-
turbed in the colony room for 21 days, with the exception
of bi-weekly cage changes and daily health checks. Body
weight was recorded prior to and immediately following
CMS treatment, as well as throughout testing. All rats
were returned to food restriction starting 2 days prior to
retraining sessions. The retraining sessions ensured they
maintained 70% accuracy in responding in stage 5 of
PRT training. The average duration of retraining was 3 days.
All rats achieved sufficient accuracy during these sessions.
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Experiment 3: investigating glucocorticoid mechanisms
in anhedonia

Sixty rats were divided into five groups: DEX (n = 12), low-
dose MIFE (n = 12), medium-dose MIFE (n = 12), high-dose
MIFE (n = 12), or SAL (n = 12). Rats in the MIFE groups
received habitutation injections as described previously; rats
in the DEX group were habituated to the injection procedure
using SAL but these animals were not habituated to the drug
becauseDEXproduces behavioral alterations for up to 16 days
(Casarotto and Andreatini 2007). DEX or SAL (n = 6) was
injected 48 h prior to testing; MIFE or TWEEN (n = 6) was
injected 45 min prior testing.

Statistical analyses

Using MED-PC IV software, the total number of correct re-
sponses, incorrect responses, and omissions were recorded for
each test trial. Data from individual rats were excluded from
analyses if the animal achieved < 70% accuracy during train-
ing or < 30% accuracy during testing. The 100 test trials were
statistically analyzed in four separate blocks of 25 trials.
Response bias, discriminability, and accuracy were calculated
for each block. Response bias reflects increased responding to
the rich stimulus, even when the correct action is to respond to
the lean stimulus. Response bias was calculated using the
formula: log b = 0.5*log[([RichCorrect + 0.5] × [LeanIncorrect +
0.5])/([RichIncorrect + 0.5] × [LeanCorrect + 0.5])]. The formula
includes a value of 0.5 added to each cell to adjust for cases
where the cell value is zero. Discriminability assesses whether
an animal is differentiating rich and lean stimuli and is a mea-
sure of task difficulty. Discriminability was calculated using the
formula log d = 0.5 × log[([RichCorrect + 0.5] × [LeanCorrect +
0.5])/([RichIncorrect + 0.5] × [LeanIncorrect + 0.5])]. Accuracy is
calculated as proportion of correct responses (number of correct
responses/number of correct + incorrect responses) for each
stimulus (lean and rich).

All measures in experiment 1 were analyzed using planned
orthogonal comparisons, based on our prediction from

previous work (Der-Avakian et al. 2013), that AMPH would
potentiate response bias and PRAMI would attenuate it. We
independently compared both drug groups (AMPH and
PRAMI) to the SAL group on all three behavioral measures
and examined group differences in blocks 1 and 4 to assess
changes over time.

All behavioral measures in experiments 2 and 3 were ana-
lyzed using mixed model analysis of variance (ANOVA);
body weight following CMS was compared across groups
using a univariate analysis of covariance (ANCOVA) with
pre-CMS body weight as a covariate. Block (1–4) and
stimulus type (rich or lean) were included as the within-
subject factors and treatment (drug or CMS) as the
between-subject factor. All significant two- and three-way
interactions were followed up using simple main effects
analyses. Levene’s test was used to assess the homogeneity
of variance assumption. When the assumption was not met,
the appropriate correction was used to adjust the standard
error and degrees of freedom of the estimate. The
Greenhouse-Geisser correction was used for all within-
subject factors to account for violations in sphericity.
Statistical significance was defined as p < .05 unless other-
wise specified. All pairwise comparisons were analyzed
using Tukey’s HSD adjustment for familywise error unless
otherwise specified.

Results

Experiment 1: amphetamine enhances reward
responsiveness in the PRT

One rat in the SAL group was excluded due to insufficient
accuracy (< 70%) during training. All remaining rats achieved
sufficient accuracy on both tone stimuli during the test (i.e., >
30%). Thus, N = 35 rats were used in the final analyses. The
mean (+ SEM) days to train rats for experiment 1 was 37.77
(± 2.65) days.

Table 1 Chronic mild stress (CMS) schedule

Sunday Monday Tuesday Wednesday Thursday Friday Saturday

Overnight illumination (1) 7:00–19:00 (8) 3:00–15:00

Food deprivation (2) 19:00–7:00

Strobe light (3) 7:00–16:00 (7) 18:00–3:00

No stress (4) 16:00–2:00 (10) 3:00–15:00

Soiled cage (5) 2:00–18:00 (12) 15:00–7:00

Cage tilt (6) 18:00–18:00 (11) 15:00–15:00

Water deprivation (9) 15:00–3:00

The schedule was repeated three times for a total of 21 days of CMS
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Response bias

Planned orthogonal comparisons revealed between-group
differences in response bias in block 4, such that response
bias in AMPH-treated rats was greater than SAL-treated
rats, t(96) = 2.28, p = .03, ηp

2 = 0.35. Response bias in
PRAMI-treated rats did not significantly differ from
SAL-treated controls, t(96) = 1.15, p = 0.26. Furthermore,
response bias in AMPH- [t(96) = 2.44, p = .02, ηp

2 = 0.33]
and SAL- [t(96) = 2.08, p = .05, ηp

2 = 0.30] treated rats sig-
nificantly increased between blocks 1 and 4; however, re-
sponse bias in PRAMI-treated rats did not change, t(96) =
0.80, p = .43 (Fig. 1a).

Discriminability

There were no between- or within-group differences in dis-
criminability across the four blocks of trials, ts(96) ≤ 1.11, p-
s ≥ .35 (Fig. 1b).

Accuracy

In block 1, AMPH-treated rats showed significantly greater
accuracy on the rich stimulus compared to the lean stimulus,
t(96) = 2.36, p = .007, ηp

2 = 0.26; however, PRAMI- and
SAL-treated rats did not differ in accuracy between the rich
and lean stimuli, ts(96) < 0.12, ps > .85 (Fig. 1c). In block 4,
both SAL- and AMPH-treated rats showed greater accuracy
on the rich stimulus compared to the lean stimulus, ts(96) ≥
2.47, ps ≤ .02, but accuracy of PRAMI-treated rats did not
differ between the two stimuli, t(96) = 1.18, p = .22.

Experiment 2: chronic mild stress impairs reward
responsiveness in the PRT

Based on the distributional characteristics of the behavioral
data, there were two distinct populations within the CMS
group in block 4. Specifically, ~ 60% of the CMS group
(n = 7) showed impaired response bias (i.e., response bias

Fig. 1 Behavioral effects in the probabilistic reward task (PRT) following
administration of saline (SAL), amphetamine (AMPH), or pramipexole
(PRAMI). a Response bias was blunted in PRAMI-treated rats and
potentiated in AMPH-treated rats. b Discriminability did not differ

between treatment groups. c Accuracy on the rich stimulus was greater
than the lean stimulus in SAL- and AMPH-treated rats, but not in
PRAMI-treated rats. *Statistical significance, p < .05. Error bars
represent standard error of the mean
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below zero) whereas ~ 40% (n = 5) showed normal
responding (i.e., response bias above zero). As a comparison,
only 2/12 control rats showed a negative response bias.
Therefore, we conducted a median split such that CMS rats
with a response bias in the lower 50% of the distribution were
in the low response bias (LRB) group and rats with a response
bias in the upper 50% of the distribution were in the high
response bias (HRB) group.

All rats achieved sufficient accuracy during training (>
70%) and sufficient accuracy on both tone stimuli during the
test (i.e., > 30%). Thus, N = 24 rats were used in the final
analyses. The mean (+ SEM) days to train rats for experiment
2 was 28.42 (± 1.01) days. Following the CMS regimen, rats
required 2.92 (± 0.79) days of retraining before final testing
and there was no significant difference in this measure across
groups, ps ≥ .88 (controls, M = 2.81 days; LRB, M =
2.86 days; HRB 3.01 days).

When controlling for pre-CMS body weight differences,
body weight (g) on test day of LRB rats (M = 276.17 ± 7.60)
was significantly lower than control rats (M = 290.83 ± 9.60),
p = .004, but did not differ from HRB rats (M = 284.17 ±

7.06), p = .20. Body weight of control and HRB rats on the
day of testing did not differ significantly, p = .10.

Response bias

A 4 × 3 mixed model ANOVA showed a significant block by
group interaction, F(6,63) = 3.53, p = .004, ηp

2 = 0.25.
Follow-up analyses for the interaction showed a significant
simple main effect of group within block 3, F(2,21) = 3.69,
p = .04, ηp

2 = .26 and block 4, F(2,21) = 8.12, p = .002, ηp
2 =

0.44. Pairwise comparisons in block 3 and block 4 indicated
that response bias in the LRB group was significantly lower
than both the HRB group, ps < .001, and the no stress control
group, ps < .005 (Fig. 2a).

Furthermore, follow-up analyses revealed a simple main
effect of block within the no stress group, F(3,19) = 3.10,
p = .05, ηp

2 = 0.33, and the HRB group, F(3,19) = 3.00,
p = .04, ηp

2 = 0.32. Pairwise comparisons revealed that both
the HRB and the no stress control group showed higher re-
sponse bias in block 4 relative to block 1, ps ≤ .02. In the HRB
and no stress groups, response bias in block 3 was

Fig. 2 Behavioral effects of chronic mild stress (CMS) in the
probabilistic reward task (PRT) for rats with a high response bias
(HRB), low response bias (LRB), and no stress controls. a Response
bias was blunted in the LRB group. The HRB and no stress groups did
not differ from each other. b Discriminability did not differ between

treatment groups. c Accuracy on the rich stimulus was greater than the
lean stimulus in the HRB and no stress groups, but not in the LRB group.
*Statistical significance, p < .05. Error bars represent standard error of the
mean
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significantly higher than block 1, ps ≤ .008, and block 2, p-
s ≤ .05. Finally, in the HRB group, response bias in block 4
was significantly higher than block 2, p = .02, and block 3,
p = .04.

Discriminability

There were no between- or within-group differences in dis-
criminability across the four blocks (all Fs < 0.82, ps > .26)
(Fig. 2b).

Accuracy

A 4 × 3 × 2 mixed model ANOVA revealed a significant main
effect of stimulus type, F(1,21) = 5.26, p = .03, such that over-
all accuracy on the rich stimulus was greater than the lean
stimulus (Fig. 2c). Furthermore, there was a significant
three-way block by group by type interaction, F(6,63) =
3.99, p = .002, ηp

2 = 0.28.
Follow-up analyses showed a simple main effect of group

within block 4 on the rich stimulus, F(2,21) = 4.19, p = .03,
ηp

2 = 0.29, and the lean stimulus, F(2,21) = 5.21, p = .02,
ηp

2 = 0.33. Pairwise comparisons showed that accuracy in
block 4 on the rich stimulus in the LRB group was lower than
both the HRB group, p = .03, and the no stress group, p = .02.
On the other hand, accuracy in block 4 on the lean stimulus in
the LRB group was higher than the HRB group, p = .005, and
the no stress group, p = .03.

There was also a significant simple main effect in the no
stress group, F(1,21) = 11.34, p = .003, ηp

2 = 0.35, such that
accuracy on the rich stimulus was higher than the lean stimu-
lus. There were significant simple main effects of type within
block 4 in all three treatment groups, Fs(1,21) ≥ 5.60, ps ≤ .03,
ηp

2 ≥ 0.21. Pairwise comparisons showed that accuracy in
block 4 on the rich stimulus was greater than the lean stimulus
in the HRB and no stress groups; however, accuracy on the
rich stimulus in the LRB group was lower than the lean
stimulus.

Experiment 3: dexamethasone impairs reward
responsiveness in the PRT

All rats achieved sufficient accuracy during training (> 70%)
and sufficient accuracy on both tone stimuli during the test
(i.e., > 30%). Thus,N = 60 rats were used in the final analyses.
The mean (+ SEM) days to train rats for experiment 3 was
26.93 (± 1.51) days.

In order to assess whether there is a dose-response relation-
ship between MIFE and PRT performance, we tested high
(45 mg/kg), medium (30 mg/kg), and low (15 mg/kg) doses
of the drug in separate groups (n = 12 per group). These
groups did not significantly differ from each other on response
bias, Fs < 1.09, ps > .35, discriminability, Fs < 1.49, ps > .24,

or accuracy, Fs < 2.09, ps > .15 (Rich) and Fs < 2.26, ps > .13
(Lean). Therefore, the three doses were combined into a single
group prior to analyses. Similarly, there were no differences
on any behavioral measure between TWEEN- and SAL-
treated rats [response bias: ts(10) ≤ .51, ps ≥ .30; discrimina-
bility: ts(10) ≤ 1.16, ps ≥ .18; accuracy: ts(10) ≤ .67, ps ≥ .12],
so these control groups were combined into a single vehicle
(VEH) group.

Body weight

Orthogonal planned comparisons revealed that there were no
significant group differences in body weight on the day prior
to injection day (day 27) or on injection day itself (day 28),
ts(462) ≤ 0.87, ps ≥ .39. However, 48 h following their respec-
tive injections (day 30), the DEX-treated rats (M = 274.79,
SD = 13.56) weighed significantly less than either the MIFE-
(M = 291.66, SD = 12.08) or VEH-treated rats (M = 290.36,
SD = 5.77), ts(462) ≥ 3.73, ps ≤ .001. These body weight dif-
ferences were found despite the absence of between-group
differences in food intake on days 27 to 30 (data not shown).

Response bias

A 4 × 3 mixed model ANOVA revealed a significant main
effect of block, F(3,159) = 8.37, p < .001, and a block by
group interaction, F(6,159) = 2.05, p = .05, ηp

2 = 0.08
(Fig. 3a).

Follow-up analyses for the interaction showed a significant
simplemain effect of group in block 3,F(2,53) = 3.24, p = .05,
ηp

2 = 0.11. Pairwise comparisons revealed that DEX-treated
rats showed a lower response bias than VEH-treated rats in
block 3 only, p = .02. In blocks 3 and 4, DEX-treated rats
showed a lower response bias than MIFE-treated rats that
approached statistical significance (both ps = .06).

Follow-up analyses also revealed a significant simple main
effect of block within VEH-treated rats, F(3,51) = 5.18,
p = .003, ηp

2 = 0.23. Pairwise comparisons showed that re-
sponse bias in block 1 was significantly lower than blocks 3
and 4, ps < .02. Likewise, response bias in block 2 was signif-
icantly lower than block 3, p = .004. In MIFE-treated rats,
response bias in block 1 was significantly lower than blocks
2, 3, and 4, ps < .01. Likewise, response bias in block 2 was
significantly lower than block 4, p = .007.

Discriminability

Mixed model ANOVA did not reveal significant between- or
within-group differences in discriminability across the four
blocks (all F < 1.64, p > .10) (Fig. 3b).
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Accuracy

A 4 × 3 × 2 mixed model ANOVA showed a main effect
of stimulus type, F(1,147) = 20.29, p < .001, such that
overall accuracy on the rich stimulus was greater than
the lean stimulus (Fig. 3c). Furthermore, the type by
block interaction was also significant, F(3,147) = 8.60,
p < .001, ηp

2 = 0.15. There were simple main effects of
stimulus type within blocks 2 to 4, Fs(1,147) ≥ 6.87, p-
s ≤ .01, ηp

2 ≥ 0.15, such that accuracy on the rich stimulus
was greater than the lean stimulus, collapsed across treat-
ment groups.

There was also a significant three-way block by group
by type interaction, F(6,147) = 2.65, p = .02, ηp

2 = 0.10. In
block 3, accuracy on the rich stimulus in DEX-treated rats
was significantly lower than VEH-treated rats, p = .01.
Furthermore, there was a significant simple main effect of
group within block 1 on the lean stimulus, F(2,49) = 4.63,
p = .01, ηp

2 = 0.20. Pairwise comparisons revealed that ac-
curacy on the lean stimulus in VEH-treated rats was greater
than MIFE-treated rats, p = .02.

Finally, there was a significant simple main effect of stim-
ulus type within blocks 2 to 4 inMIFE-treated rats, Fs(1,49) ≥
7.80, ps ≤ .01, ηp2 ≥ 0.14, such that accuracy on the rich stim-
ulus was higher than the lean stimulus. Likewise, there was a
simple main effect of type within blocks 3 and 4 in VEH-
treated rats, Fs(1,49) ≥ 6.52, ps ≤ .01, ηp2 ≥ 0.16, such that ac-
curacy on the rich stimulus was higher than the lean stimulus.

Discussion

Consistent with previous work (Der-Avakian et al. 2013), re-
sponse bias in the PRT was potentiated by DA agonism and
attenuated by DA antagonism. Increases in response bias in-
dicate that subjects are responding for the rich stimulus at
higher rates than would be predicted by the reinforcement
contingency of that alternative (i.e., 60%). In consequence,
accuracy rates for the two stimuli diverge across testing, at
least in normal controls. AMPH exacerbates this tendency
producing a large discrepancy in correct responses for the
two stimuli (see Fig. 1c, block 4). These findings match

Fig. 3 Behavioral effects in the probabilistic reward task (PRT) following
administration of vehicle (VEH), mifepristone (MIFE), or dexamethasone
(DEX). a Response bias was blunted in the DEX group only. b
Discriminability did not differ between treatment groups. c Accuracy on

the rich stimulus was greater than the lean stimulus in VEH- and MIFE-
treated rats but not in DEX-treated rats. *Statistical significance, p < .05.
Error bars represent standard error of the mean
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human experiments in which nicotine, an indirect DA agonist,
increases response bias at the expense of accuracy (Barr et al.
2008). In contrast, PRAMI abolished the difference between
accuracy on rich and lean stimuli, matching the behavioral
pattern of anhedonic patients with MDD (Pizzagalli et al.
2009). Importantly, none of the drugs in our study altered
discriminability, confirming that changes in response bias or
accuracy cannot be explained by an underlying deficit in the
ability to discriminate auditory stimuli.

Our finding that drugs which increase or decreaseDA func-
tion have corresponding effects on response bias is consistent
with a large body of evidence that DAergic mechanisms are
critical in reward-related learning (Bardgett et al. 2009;
Beninger and Phillips 1980; Wise 1980). We discuss the rela-
tionship between behavioral measures of reward (and by ex-
tension anhedonia) in a recent review article on animal models
of addiction (Lamontagne and Olmstead 2018). Although we
did not focus on a specific neural site, the effect we observed
in the current study is likely mediated throughmesolimbic DA
projections to the NAcc: AMPH infusions into the NAcc en-
hance responding for a reward-paired cue and the effect is
eliminated by mesolimbic DA lesions (Taylor and Robbins
1984). Intra-NAcc AMPH infusions also prime cue-triggered
reward seeking, such that rats show a 100% increase in lever
pressing for a cue previously associated with reward, but not
for a neutral cue that was not associated with reward (Wyvell
and Berridge 2000). In addition, AMPH-induced increases in
responding for a conditioned stimulus are often accompanied
by excessive cue-seeking behaviors (e.g., investigatory
sniffing), suggesting that activation of mesolimbic DA in-
creases the incentive value of conditioned cues (Berridge
and Aldridge 2009).

It is also possible that alterations in response bias following
DA manipulations reflect changes in the ability to detect re-
ward prediction errors, or expectations of reward outcome
based on reinforcement history (Schultz et al. 1997). This fits
with evidence that midbrain DA neurons fire in response to
appetitive events that are better than expected (i.e., positive
prediction error), including situations that involve an in-
creased probability of reinforcement (Linnet 2014). This in-
creased DA activity, induced pharmacologically or by natural
reinforcers, enhances reward-related learning, specifically the
ability to detect deviations from previously learned outcomes
(Song and Fellous 2014). Finally, elevated DA levels enhance
the ability to update decisions based on prior prediction errors
(Krugel et al. 2009), which may explain the rapid develop-
ment of response bias we observed in AMPH-treated rats.

In line with our hypotheses, CMS impaired response bias
supporting assertions that repeated and extended exposure to
mildly aversive stimuli disrupts motivational and hedonic pro-
cessing (Rossetti et al. 2016; Willner et al. 1992; Willner
2005). Similar findings using acute exposure to a naturalistic
stressor (Der-Avakian et al. 2017) confirm that alterations in

reward responsiveness are not restricted to a specific category
of aversive stimuli. Given the similarities between effects of
CMS and DA antagonism on response bias, it is possible that
CMS alters the DAergic system (specifically, by downregu-
lating DA), which produces anhedonic-like behavior. Indeed,
adult animals exposed to chronic stress show blunted
mesolimbic DA release and reduced DA transporter density
in the NAcc (Isovich et al. 2000; Lucas et al. 2004). This
suggests that DAergic agonists may alleviate an anhedonic
state induced by CMS.

Notably, a subpopulation of CMS rats in our study (~ 40%)
displayed normal increases in response bias over testing,
matching proportions of animals that do not exhibit decreased
sucrose preference following repeated stress (Bisgaard et al.
2007; Gronli et al. 2007; Henningsen et al. 2009; Jayatissa
et al. 2010). This apparent resilience to stress is observed in
other behavioral domains including memory and sexual be-
havior (Gronli et al. 2005), as well as depressive-like behavior
in the forced swim test and increased submissiveness in the
resident-intruder test (Strekalova et al. 2004). Physiological
responses display a similar pattern with ~ 37% of CMS-
exposed rats not exhibiting the typical decrease in extracellu-
lar 5-HT and neuronal density in the prefrontal cortex
(Bergström et al. 2007; Gronli et al. 2007). Interestingly, a
small but significant proportion of humans maintain stable
and healthy levels of psychological and physical functioning
in response to highly traumatic events, such as the death of a
loved one (Bonanno 2004). Certain circumstances and dispo-
sitions, such as low social support or preexisting hyperarousal,
could enhance the deleterious effects of chronic stress (Bisson
et al. 1997; Bonanno 2004), and individual differences in cop-
ing and appraisal may help to explain differences in stress
resilience (Strekalova et al. 2004).

The idea that glucocorticoid mechanisms contribute to an-
hedonia does not fit with our finding thatMIFE administration
had no effect on response bias. However, MIFE is typically
used to reduce abnormally high plasma cortisol levels in indi-
viduals with Cushing’s syndrome (i.e., hypercortisolemia)
(Heikinheimo et al. 2003), so effects may not be apparent in
the absence of a hyperactive stress response. Rats in our study
were trained for several weeks in an appetitive operant task
under a predictable schedule (e.g., same experimenter and
consistent time of day). Under these conditions (i.e., habitua-
tion), rats show reduced behavioral and physiological stress
responses (Davis 1970; Pitman et al. 1988). Thus, it is possible
that baseline glucocorticoid levels in our study were low dur-
ing testing, minimizing the effects of a glucocorticoid antag-
onist (i.e., MIFE). This hypothesis could be examined in fu-
ture studies by measuring plasma corticosterone in animals
prior to testing and following drug administration.

An important line of further work is the study of sex dif-
ferences in anhedonia, particularly as females display in-
creased stress susceptibility (Lighthall et al. 2011; Bourke
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and Neigh 2011) and higher rates of MDD (Parker et al.
2014). This work will be facilitated and advanced by contin-
ued use of the PRT, as this paradigm provides a comprehen-
sive assessment of the multifaceted nature of anhedonia
(Slattery and Cryan 2017). More specifically, rather than ex-
amining hedonic responsiveness to single rewards (e.g., su-
crose preference), the PRT examines the subjects’ ability to
integrate reinforcement contingencies as a function of time.
The task has also been validated as a translational measure in
humans and rodents (Der-Avakian et al. 2013), which allows
findings to be interpreted across species with greater
confidence. In effect, this will encourage collaboration
between neuroscience and clinical researchers to further
elucidate the underlying mechanisms of anhedonia, there-
by advancing effective and appropriate treatments for
this debilitating condition.
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