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Personal success often requires the choice to expend greater effort for larger rewards, and deficits in such effortful decision making

accompany a number of illnesses including depression, schizophrenia, and attention-deficit/hyperactivity disorder. Animal models have

implicated brain regions such as the basolateral amygdala (BLA) and anterior cingulate cortex (ACC) in physical effort-based choice, but

disentangling the unique contributions of these two regions has proven difficult, and effort demands in industrialized society are

predominantly cognitive in nature. Here we utilize the rodent cognitive effort task (rCET), a modification of the five-choice serial reaction-

time task, wherein animals can choose to expend greater visuospatial attention to obtain larger sucrose rewards. Temporary inactivation

(via baclofen–muscimol) of BLA and ACC showed dissociable effects: BLA inactivation caused hard-working rats to ‘slack off’ and ‘slacker’

rats to work harder, whereas ACC inactivation caused all animals to reduce willingness to expend mental effort. Furthermore, BLA

inactivation increased the time needed to make choices, whereas ACC inactivation increased motor impulsivity. These data illuminate

unique contributions of BLA and ACC to effort-based decision making, and imply overlapping yet distinct circuitry for cognitive vs physical

effort. Our understanding of effortful decision making may therefore require expanding our models beyond purely physical costs.

Neuropsychopharmacology (2014) 39, 1558–1567; doi:10.1038/npp.2014.27; published online 26 February 2014
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INTRODUCTION

Attaining many of the goals we seek requires the decision to
invest valuable resources such as time and effort. Dimin-
ished motivation for such rewards can negatively impact an
individual’s quality of life, reaching clinical significance in
a number of conditions including schizophrenia, depre-
ssion, and attention-deficit/hyperactivity disorder (ADHD;
Egeland et al, 2010; Gold et al, 2013; Hammar et al, 2011).
The amygdala and anterior cingulate cortex (ACC) are

two critical brain regions in decision making. Patients with
damage to either region demonstrate impairments on
laboratory models of ‘real-world’ decision making where
levels of reward and cost are varied across options (Bechara
et al, 1999; Brand et al, 2007; Manes et al, 2002; van Honk
et al, 2013). Similarly, functional neuroimaging and
intracranial electrophysiology suggest that the amygdala
and ACC are involved in evaluating costs and rewards to
guide subsequent behavior (Basten et al, 2010; Jenison et al,
2011; Smith et al, 2009; Williams et al, 2004), and internally

generated changes in choice correlate with amygdala and
ACC activity (Sokol-Hessner et al, 2013; Walton et al, 2004).
The importance of these regions has also been evaluated

in animal models of effort-based decision making, wherein
animals can choose to obtain larger rewards by making
more responses on a lever or climbing a barrier (Floresco
et al, 2008b; Salamone et al, 1994). Excitotoxic lesions and
pharmacological inactivation of either the basolateral
nucleus of the amygdala (BLA) or ACC shifts rats’ behavior
away from high-effort, high-reward (HR) options (Ghods-
Sharifi et al, 2009; Rudebeck et al, 2006b), as does
contralateral disconnection of these regions (Floresco and
Ghods-Sharifi, 2007). Thus, the BLA and ACC are necessary
to overcome aversive work requirements and select the
maximally rewarding option, although their unique con-
tributions remain unclear.
However, decision costs are not unitary in their under-

lying circuitry (Floresco et al, 2008a). Although animal
models vary physical work requirements across options,
effort costs in industrialized society are overwhelmingly
cognitive in nature; literature on human effort reflects this
(Croxson et al, 2009; Kool et al, 2010; Naccache et al, 2005).
Broadly speaking, cognitive or mental effort costs are those
that are non-physical in nature and tax limited neurobio-
logical resources, as observed through the psychological
constructs of working memory, attention, response inhibi-
tion, etc. (Schmidt et al, 2012). Regions deemed inessential
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in physical effort (eg, the prefrontal cortex; Walton et al,
2003b) have been shown to have a prominent role in human
cognitive effort (McGuire and Botvinick, 2010; Schmidt
et al, 2012). Furthermore, these human studies have
emphasized how individual differences in brain function
influence individual differences in effort expenditure
(Treadway et al, 2012b), an examination all but absent
from animal effort literature (but see Randall et al, 2012).
Our group has recently validated a rodent cognitive effort

task (rCET), wherein animals can choose between low-
effort/low-reward (LR) and high-effort/HR options, and
show that individual differences in animals’ sensitivity to
cognitive effort mediates the effects of psychostimulants
(Cocker et al, 2012), results that were distinct from animal
models of physical effort (Floresco et al, 2008b). In the
rCET, a stimulus light is presented at pseudorandom in one
of five apertures, and the animal must nosepoke in that
aperture for reward. Cognitive effort costs are varied by the
amount of visuospatial attention required in a given trial:
when an easy (LR) trial is chosen, the light remains
illuminated for a lengthy 1.0 s and little attention is required
to identify the aperture; when a hard (HR) trial is chosen,
the light is illuminated for only 0.2 s, making the aperture
much more difficult to identify (as reflected by lower task
accuracy, ie, performance).
The goal of this study was therefore to use the rCET to

determine the importance of the BLA and ACC in the
societally relevant construct of cognitive effort, whether the
impact of silencing these regions depends on individual
differences in willingness to work, and thus the unique
contributions of these regions to effortful decision making.

MATERIALS AND METHODS

Subjects

Subjects were 56 male Long–Evans rats (Charles River
Laboratories, St Constant, QC, Canada), in two cohorts
(BLA: n¼ 24, and ACC: n¼ 32), weighing 275–300 g at the
beginning of the experiment. Animals were maintained at
B85% of their free-feeding weight and food restricted to 14 g
rat chow per day. Water was available ad libitum. Animals
were pair-housed in a climate-controlled colony room on a

12-h reverse light–dark cycle (lights off: 0800 hours;
temperature: 21 1C). All housing and testing was in accordance
with the Canadian Council of Animal Care, and all procedures
were approved by the UBC Animal Care Committee.

The rCET Training and Testing

Testing took place within 16 standard five-hole operant
chambers, each supplemented with two retractable levers
and enclosed in a ventilated, sound-attenuating cabinet
(Med Associates, VT, USA; for a detailed description, see
Winstanley et al, 2010). The chambers were controlled by
software written in Med-PC by CAW, running on an IBM-
compatible computer.
Habituation and pre-task training have been previously

described (see Cocker et al, 2012, including Supplementary
Methods). Briefly, animals learned to make a nosepoke
response in an illuminated aperture within 5 s to obtain
reward, as per five-choice serial reaction-time task
(5CSRTT) training (Winstanley et al, 2010). In subsequent
sessions, animals were trained to respond on two retractable
levers at a fixed ratio 1 schedule for reward. Animals were
then trained on a forced-choice variant of the rCET (40–50
sessions), wherein only a single lever extended per trial,
before the standard free-choice program.
The design of the rCET has been previously described

(Cocker et al, 2012) and a schematic of the trial structure
and subsequent reinforcement is provided in Figure 1. In
brief, animals were tested 4–5 days per week in 30-min
sessions of no fixed trial limit. At the outset of training, the
levers were permanently designated to initiate either low-
effort/LR or high-effort/HR trials, and these designations
were evenly counterbalanced across subjects. A trial began
with a nosepoke at the food tray when the light inside was
illuminated, thereby extending the levers. If one of the
levers was pressed, thus setting the trial as either LR or HR,
both levers would retract and a 5-s inter-trial interval
(ITI) would begin. Following the ITI, one of the five
stimulus lights would be briefly illuminated, with a stimulus
duration of 1.0 s for a LR trial and 0.2 s for a HR trial.
Animals then had 5 s to nosepoke within the previously
illuminated aperture (a correct response) for reward.
Animals were rewarded with one sugar pellet for a correct

Figure 1 Schematic of a trial in the rodent cognitive effort task. Trials began with illumination of the food tray light. A nosepoke response in the food tray
extinguished the light, commencing a new trial and extending the levers. Each lever was permanently designated to initiate either low-effort/LR or high-effort/
HR trials. If one of the two levers was pressed, both levers retracted and a 5-s ITI would begin. Following the ITI, one of five stimulus lights would briefly
illuminate, 1.0 s for a LR trial and 0.2 s for a HR trial. A nosepoke response in the illuminated aperture (ie, a correct response) led to a sugar reward, one
pellet for a LR trial and two pellets for a HR trial. The food tray light would then illuminate again, indicating the opportunity to start the subsequent trial. A
number of behaviors led to a 5-s time-out, signaled by house-light illumination: failure to make a lever response (choice omission); failure to withhold
responding during the ITI (premature response); nosepoke in an unlit hole following the stimulus (incorrect response); failure to make a nosepoke response
following the stimulus (response omission). Figure reprinted with permission from Cocker et al (2012).
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LR trial and two sugar pellets for a correct HR trial, and the
tray light would again illuminate to signal the opportunity
to start the next trial.
Trials went unrewarded for a number of reasons: if

animals failed to make a lever response within 10 s (a choice
omission); if animals nosepoked during the ITI (a
premature response, a long-used behavioral measure of
motor impulsivity; see Robbins, 2002); if animals nose-
poked in any aperture other than the one that was
illuminated (an incorrect response); and if animals failed
to nosepoke at the array within 5 s after stimulus light
illumination (a response omission). All such behaviors were
punished with a 5-s time-out period, accompanied by
illumination of the house light, during which new trials
could not be initiated and thus reward could not be earned.
Following a time-out, the tray light was illuminated to signal
that the rat could begin the next trial.

Behavioral Measurements

To minimize the influence of variation in the number of
trials completed, choice of HR trials was calculated as a
percentage: (number of choices of a particular lever/number
of total choices)� 100. In addition, each animal’s completed
trials were divided into quartiles and the percentage choice
of HR trials was measured in these four bins. The following
variables were analyzed separately for LR and HR trials:
accuracy ((number of correct responses/number of total
responses made)� 100); nosepoke response omissions
((number of trials omitted/number of correct, incorrect
and omitted trials)� 100); premature responses ((number of
premature responses/total number of trials initiated)� 100);
average latency to choose between the LR and HR levers
(lever choice latency); average latency to correctly nosepoke
(correct latency); average latency to collect reward (collec-
tion latency). The total number of failures to choose a lever
at the beginning of a trial (choice omissions) and total
number of completed trials was also analyzed. Although
many of these behavioral measures initially appear super-
fluous to the central question of cognitive effort processing,
they allow for the elimination of potential confounds in the
interpretation of choice behavior.

Surgery

Surgery and microinfusion procedures were modeled after
Floresco and Ghods-Sharifi (2007) and Ghods-Sharifi et al
(2009). When baseline performance was deemed statistically
stable (30–35 sessions), animals were implanted with 22-gauge
stainless steel guide cannulae (Plastics One; Roanoke, VA,
USA) bilaterally into the BLA or ACC using standard
stereotaxic techniques. Animals in the first cohort were
anesthetized with 100mg/kg ketamine and 10mg/kg xylazine
and implanted with BLA cannulae (incisor bar set to B� 3.3
(flat skull): anteroposterior (AP)¼ � 3.1mm, mediolateral
(ML)¼±5.2mm from bregma; dorsoventral (DV)¼
� 6.5mm from dura). Those in the second cohort were
anesthetized with 2% isoflurane in O2 and implanted with ACC
cannulae (flat skull: AP¼ þ 2.0mm, ML¼±0.7mm from
bregma; DV¼ � 1.2mm from dura; Paxinos and Watson,
1998). All animals were provided with pre- and post-operative
analgesia to minimize pain or discomfort via 5mg/kg Anafen.

Guide cannulae were fixed to the skull via three stainless steel
screws and dental acrylic, and 29-gauge obdurators with dust
caps were inserted and extended flush with the end of the
cannulae. Animals were given at least one week of recovery in
their home cages before subsequent testing. Twelve animals
were excluded because of poor recovery.

Microinfusion

Following recovery, animals performed 10 free-choice
sessions, after which all individuals displayed stable behavior
(ie, no effect of session on repeated-measures ANOVA for
choice, accuracy, and premature responding over the last
three sessions; see ‘Data analysis’, below). Animals were then
habituated to the microinfusion process with two mock
infusions, wherein the 30-gauge injectors with tips extending
1mm beyond the guide cannulae were inserted for 2min but
no infusion was performed, followed by a testing session.
Infusions followed a 3-day cycle starting with a baseline
session, followed by a drug or saline injection session, and
then by a non-testing day; a single 30-min testing session was
performed for each saline and inactivation condition. The
BLA and ACC were inactivated by a mixture of the GABAB

agonist baclofen and the GABAA agonist muscimol (Sigma-
Aldrich; Oakville, ON, Canada), prepared separately at
0.5mg/ml in saline and mixed together in equal volumes to
form a 0.25mg/ml solution. In all, 0.5ml injections of saline or
baclofen–muscimol (ie, 0.125mg of drug) were administered
bilaterally at a rate of 0.4ml/min, and injectors were left in
place for an additional minute to allow diffusion. Injectors
were then removed, obdurators were replaced, and animals
were returned to their home cages for 10min before being
placed in the operant chambers and performing the rCET.
On the first infusion day, half of the rats received saline
infusions while the other half received baclofen–muscimol;
these administrations were reversed on the second infusion
day, allowing for a within-subjects comparison.

Histology

Following completion of all behavioral testing, animals were
killed by carbon dioxide exposure. Brains were removed
and fixed in 4% formaldehyde for at least 24 h, transferred
to a 30% sucrose solution, and then frozen and cut via
cryostat into 40 mm coronal sections. These sections were
stained with Cresyl violet for visualization, and the
projected locations of the injector tips protruding from
the guide cannulae were mapped onto standard sections
from Paxinos and Watson (1998).

Data Analysis

All data were analyzed using within-subjects repeated-
measures ANOVA in SPSS (version 16.0; SPSS/IBM,
Chicago, IL, USA), with choice (two levels: LR or HR) and
inactivation (two levels: saline or drug) as repeated-
measures factors. All percentages were arcsine transformed
to minimize artificial ceiling effects (Winstanley et al, 2003;
Zeeb et al, 2009) before analysis. Animals were grouped as
‘workers’ if they chose HR for 470% of trials (BLA: n¼ 9;
ACC: n¼ 10) and ‘slackers’ if they chose HR forp70% of
trials (BLA: n¼ 7; ACC: n¼ 18) at post-surgical baseline.
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This subdivision was based on the mean split from the
original rCET paper (Cocker et al, 2012), where workers and
slackers were categorized based on their preference for
greater than or less than the average of 70% HR trials. To
maintain consistency when discussing individual differ-
ences and to avoid arbitrary categorization, we therefore
held the worker/slacker distinction at 70% HR trials for this
study. It should be noted that the group averages of HR
trials were 69% and 56% for BLA and ACC rats,
respectively. Furthermore, choice preference was stable
throughout the experiment; animals maintained their
worker/slacker distinction across post-surgical and saline
sessions (session: all Fso2.092, NS). Thus, group (two
levels: workers or slackers) was used as a between-subjects
factor in all analyses. The completed trials’ quartiles (four
levels: Q1–Q4) were used as a within-subjects factor for
examining choice of HR trials across the session. Any
significant effects (po0.05) were further analyzed via post-
hoc one-way ANOVA.

RESULTS

Cannula Placements

The locations of all acceptable placements, as well as
representative samples of BLA and ACC cannulation, are
depicted in Figure 2. Two animals from the BLA group and
two animals from the ACC group were excluded because of
inaccurate placements in one hemisphere, leaving a total of
40 animals for analysis (BLA: n¼ 14; ACC: n¼ 26).

BLA Inactivation

Choice behavior, accuracy, and premature responses. As
per baseline conditions and previous cohorts (Cocker et al,

2012), animals chose high-effort/HR trials more than low-
effort/LR trials (choice: F1, 12¼ 11.144, p¼ 0.006) when the
BLA was infused with saline. However, there was substantial
individual variation across the group and the previously
established worker/slacker distinction held; workers in
fact chose significantly more HR trials than slackers
(group: F1, 12¼ 34.549, po0.001). Inactivation of the BLA
had no effect on animals’ choice of LR or HR trials
when considered as a homogenous group (inactivation:
F1, 12o0.001, NS). However, BLA inactivation diffe-
rentially affected workers and slackers, increasing choice
of HR trials in slackers but decreasing this behavior
in workers (Figure 3a; inactivation� group: F1, 12¼ 5.445,
p¼ 0.038). Choice effects of BLA inactivation were
present from the first quartile of trials, with opposing
effects on workers vs slackers predominantly in
Q1 and Q4 (inactivation: F1, 12¼ 0.128, NS; inactivation�
group: F1, 12¼ 4.617, p¼ 0.053; inactivation� quartile:
F3, 12¼ 3.486, p¼ 0.026; inactivation� group� quartile:
F3, 12¼ 6.848, p¼ 0.001; Q1 only—inactivation� group:
F1, 12¼ 7.768, p¼ 0.016; Q4 only—inactivation� group:
F1, 12¼ 11.939, p¼ 0.005; Q2/Q3—inactivation� group: all
Fso0.687, NS).

As expected, animals were more accurate on LR vs HR
trials, as shown by a main effect of choice on repeated-
measures ANOVA (choice: F1, 12¼ 29.975, po0.001).
Despite its effects on choice, BLA inactivation did not
affect accuracy or premature responding (Figures 3b and c;
inactivation/choice� inactivation: all Fso1.154, NS).
Identical to previous cohorts, there were no differences in
accuracy or premature responding between workers
and slackers, indicating that choice preferences were not
primarily because of individuals’ ability to perform the task
(group/inactivation� group: all Fso1.012, NS).

Figure 2 Histological analysis of cannulae implantation. (a) Location of all acceptable ACC infusions, including a representative photomicrograph.
(b) Location of all acceptable BLA infusions, including a representative photomicrograph. Coordinates are relative to bregma. Plates modified from Paxinos
and Watson (1998).
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Other behavioral measures. As per physical effort litera-
ture (Ghods-Sharifi et al, 2009), inactivation of the BLA
increased the amount of time for animals to choose between
LR and HR levers (Figure 3d; inactivation: F1, 12¼ 17.310,
p¼ 0.001; inactivation� choice: F1, 12¼ 2.210, NS). This
effect was the same for workers and slackers (group/
inactivation� group: all Fso0.322, NS), and animals took
equally long to choose between LR and HR options (choice/
choice� group: all Fso1.331, NS). BLA inactivation also
increased the latency to make a correct nosepoke response
across all trial types (inactivation: F1, 12¼ 6.261, p¼ 0.028;
inactivation� choice: F1, 12¼ 0.282, NS) and correct re-
sponses were equally fast for LR and HR trials (choice:
F1, 12¼ 0.017, NS). As per previous results (Cocker et al,
2012), animals collected rewards faster following HR trials
than for LR trials (choice: F1, 12¼ 73.120, po0.001), and
subsequent ANOVAs showed that slackers collected on HR
trials faster than workers (group: F1, 12¼ 5.667, p¼ 0.035;
LR-only group: F1, 12¼ 1.769, NS; HR-only group:
F1, 12¼ 9.369, p¼ 0.010), suggesting that slackers are not
simply indifferent to reward magnitude. BLA inactivation
had no effect on collection latency (inactivation/
inactivation� choice: all Fso0.689, NS). Animals failed to
respond by nosepoke more often for HR vs LR trials
(choice: F1, 12¼ 11.029, p¼ 0.006) but BLA inactivation had
no effect on these response omissions (inactivation/
inactivation� choice: all Fso1.460, NS), and there were
no differences between workers and slackers revealed by

repeated-measures ANOVA (group/inactivation� group/
choice� group: all Fso2.528, NS). For all animals,
inactivation of the BLA increased the number of lever
(choice) omissions (inactivation: F1, 12¼ 16.740, p¼ 0.001;
inactivation� group: F1, 12¼ 0.287, NS; group: F1, 12¼ 0.638,
NS) and decreased the number of trials com-
pleted (inactivation: F1, 12¼ 22.003, p¼ 0.001; inactivation
� group: 0.004, NS). Slackers completed more trials
than workers when infused with saline but not baclofen–
muscimol (group: F1, 12¼ 5.026, p¼ 0.045; saline-
only group: F1, 12¼ 11.374, p¼ 0.006; drug-only group:
F1, 12¼ 1.287, NS).

ACC Inactivation

Choice behavior, accuracy, and premature responses.
Unlike the differential effects of BLA inactivation for
workers vs slackers, infusion of baclofen–muscimol
into the ACC decreased all animals’ preference for the
HR option (Figure 4a; inactivation: F1, 24¼ 6.178, p¼ 0.020;
inactivation� group: F1, 24¼ 1.572, NS). ACC inactivation
had a stronger effect on slackers when considered across
quartiles, but inactivation effects were present for slackers
throughout all quartiles of the session, as demonstrated by
lack of inactivation� quartile effect on repeated-measures

Figure 3 Effects of BLA inactivations on the rodent cognitive effort task.
(a) Infusion of baclofen–muscimol into the BLA had no effect on animals’
choice of LR or HR trials when considered as a homogenous group
(inactivation: F1, 12o0.001, NS). However, BLA inactivation differentially
affected workers and slackers, increasing choice of HR trials in slackers but
decreasing this behavior in workers (inactivation� group: F1, 12¼ 5.445,
p¼ 0.038). (b, c) Inactivation of the BLA did not affect accuracy or
premature responding (inactivation/choice� inactivation: all Fso1.154,
NS). (d) For all animals, BLA inactivation increased the amount of time
to choose between LR and HR levers (inactivation: F1, 12¼ 17.310,
p¼ 0.001; inactivation� choice: F1, 12¼ 2.210, NS; group/inactivation�
group: all Fso0.322, NS). Data are shown as the mean percent (a–c) or
mean time in seconds (d) for each variable (± SEM).

Figure 4 Effects of ACC inactivations on the rodent cognitive effort task.
(a) Infusion of baclofen–muscimol into the ACC decreased all animals’
preference for the HR option (inactivation: F1, 24¼ 6.178, p¼ 0.020;
inactivation� group: F1, 24¼ 1.572, NS). (b) ACC inactivation had virtually
no effect on accuracy, with a significant inactivation by choice interaction
but not significantly increasing or decreasing LR or HR when considered
alone (inactivation: F1, 24¼ 0.023, NS; inactivation� choice: F1, 24¼ 4.671,
p¼ 0.041; inactivation� choice� group¼ 3.918, p¼ 0.059; LR, workers
only—inactivation: F1, 9¼ 4.977, p¼ 0.053; LR/HR/HR workers/LR slackers/
HR slackers—inactivation: all Fso2.962, NS). (c) For all animals, inactivation
of the ACC increased premature responding for both trial types
(inactivation: F1, 24¼ 9.718, p¼ 0.005; group/inactivation� choice/inacti-
vation� choice� group: all Fso1.891, NS). (d) ACC inactivation had no
effect on the latency to choose between LR and HR levers (inactivation/
inactivation� choice: all Fso1.938, NS). Data are shown as the mean
percent (a–c) or mean time in seconds (d) for each variable (±SEM).
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ANOVA (inactivation: F1, 24¼ 2.710, NS; inactivation�
group: F1, 24¼ 4.996, p¼ 0.035; quartile/quartile� group/
inactivation� quartile/inactivation� quartile� group: all
Fso2.710, NS; workers only—inactivation/quartile/inacti-
vation� quartile: all Fso0.728, NS; slackers—inactivation:
F1, 15¼ 7.345, p¼ 0.016; quartile/inactivation� quartile: all
Fso1.276, NS).

In contrast, ACC inactivation had virtually no effect on
accuracy, with a significant inactivation by choice interaction
but not significantly increasing or decreasing LR or HR when
considered alone (Figure 4b; inactivation: F1, 24¼ 0.023, NS;
inactivation� choice: F1, 24¼ 4.671, p¼ 0.041; inactivation�
choice� group¼ 3.918, p¼ 0.059; LR, workers only—
inactivation: F1, 9¼ 4.977, p¼ 0.053; LR/HR/HR workers/LR
slackers/HR slackers—inactivation: all Fso2.962, NS). As per
5CSRTT literature (Muir et al, 1996), ACC inactivation
increased premature responding for both trial types
(Figure 4c; inactivation: F1, 24¼ 9.718, p¼ 0.005; inacti-
vation� choice/inactivation� choice� group: all Fso1.369,
NS). There were no group differences between workers and
slackers for accuracy and premature responding (group: all
Fso1.891, NS).

Other behavioral measures. Inactivation of the ACC had
no effect on the latency to choose between LR and HR levers
(Figure 4d; inactivation/inactivation� choice: all Fso1.938,
NS), but increased the time needed to make a correct
nosepoke response for both trial types (inactivation:
F1, 24¼ 35.602, po0.001; inactivation� choice: F1, 24¼ 0.033,
NS). ACC inactivation did not affect the latency to collect
reward following a correct response (inactivation/
inactivation� choice: all Fso1.343, NS) but increased res-
ponse omissions for all animals (inactivation: F1, 24¼ 37.344,
po0.001; inactivation� choice: F1, 24¼ 3.711, p¼ 0.066; LR-
only inactivation: F1, 24¼ 22.433, po0.001; HR-only inactiva-
tion: F1, 24¼ 34.468, po0.001). Inactivation of the ACC
also increased the number of lever (choice) omissions
(inactivation: F1, 24¼ 5.873, p¼ 0.023) and decreased the
number of completed trials (inactivation: F1, 24¼ 31.955,
po0.001) for all animals. There were no significant
differences between workers and slackers on all of the above
measures (group/inactivation� group/inactivation� choice
� group: all Fso2.811, NS).

DISCUSSION

Here we show for the first time that both the BLA and the
ACC subserve decision making with cognitive effort costs in
rats, as inactivation of either of these regions altered
animals’ willingness to expend mental effort. Interestingly, a
clear dissociation between inactivations of the BLA and
ACC was observed. Without intact functioning of the BLA,
workers ‘slacked off’ and slackers ‘worked harder’, whereas
loss of ACC function caused all animals to reduce their
choice of high-effort trials. These results are in contrast to
physical effort decision-making tasks, where loss of either
BLA or ACC decreased choice of high-effort options in rats
(Floresco and Ghods-Sharifi, 2007; Walton et al, 2003b).
The dissociation of these two regions in this study extended
beyond choice: BLA inactivations had no effect on
motor impulsivity and lengthened the latency to choose

between LR and HR options; conversely, ACC inactivations
increased motor impulsivity but had no effect on choice
latency.
A number of alternate explanations must also be

considered for the changes in choice behavior. First,
inactivation may have impaired animals’ ability to predict
reward magnitude and/or difficulty associated with the lever
options, rather than altering effortful decision making
per se. This interpretation is especially relevant for the
BLA inactivation, which had opposing effects on workers’
and slackers’ choice. If a given inactivation impaired
animals’ ability to predict levers’ costs and benefits, choice
should move toward indifference or randomness, that is,
50% for HR. However, BLA inactivation caused choice
behavior to converge on the baseline average for the cohort,
well above chance; ACC inactivation, on the other hand,
actually caused slackers’ choice to move away from
indifference. Furthermore, if animals could not predict the
trial’s reward size, animals would presumably return to the
food tray to collect their reward equally fast for LR vs HR
trials. In both control and inactivation conditions, however,
all animals collected HR reward faster than LR, suggesting
that animals could predict the larger, two-pellet reward.
Taken together, this evidence would suggest that animals
were not indifferent to the outcomes and retained the
associated values of options despite their altered choice.
Second, a change in choice behavior may be the result of

degraded performance rather than changes in effortful
decision making. However, neither inactivation significantly
affected accuracy, implying that changes to choice behavior
were not due to an inability to allocate visuospatial
attention to the task. Relatedly, changes in choice because
of inactivation were observed from the outset rather than
accumulating across the session.
Third, inactivation of BLA and ACC also produced a

range of motor effects, including increased latency to
make correct nosepoke responses, increased number of lever
(choice) omissions, and decreased number of completed
trials. It is possible that these motor effects may have
decreased motivation to expend effort, and thus choice
of the HR option. However, loss of BLA or ACC
function decreases willingness to exert physical effort on a
T-maze task, but when a second barrier is placed in the LR
arm (thus equalizing effort costs for LR and HR options),
rats resume their preference for HR (Floresco and
Ghods-Sharifi, 2007; Walton et al, 2003a). Thus, the effects
of BLA and ACC inactivations likely represent a shift in their
decision-making processes rather than some general motor
impairment.
Fourth, pharmacological inactivations encompass a con-

siderably smaller region of brain mass (B1mm spread; see
Floresco et al, 2006; Marquis et al, 2007) as compared with
excitotoxic lesions (Walton et al, 2002) used in some
previous studies. Such a spread would be sufficient to
inactivate substantial portions of the BLA but likely only
equivalent to a partial ACC lesion. Thus, it may be argued
that this study’s results and, notably, how they differ from
previous studies, are due to unintended consequences of
experimental design. However, the current methods closely
adhered to a physical effort task with BLA inactivations
(Ghods-Sharifi et al, 2009). Previous literature noted that
loss of BLA function increased latency to choose (Ghods-
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Sharifi et al, 2009), whereas loss of ACC function increased
motor impulsivity as measured by premature responding
(Muir et al, 1996); critically, both effects were observed in
this study. Furthermore, Muir et al (1996) showed that
medial prefrontal cortex (mPFC) lesions decreased rats’
accuracy on the 5CSRTT, an effect not observed in this
study. Thus, it is unlikely that the baclofen–muscimol
substantially spread from ACC to surrounding regions
such as the mPFC. Altogether, it is reasonable to infer that
the differences observed for BLA/ACC inactivations on
the rCET vs a T-maze or lever-pressing task were due to the
costs (ie, cognitive vs physical effort) and not some artifact
of experimental design.
It is also important to consider the prevalence

of individual differences on the rCET, especially because
of their absence from the physical effort literature. As
discussed in much greater length in the initial rCET article
(Cocker et al, 2012), variability in choice preference (ie,
workers and slackers) appears to reflect differences in
sensitivity to the effort costs. Slackers and workers
performed the task equally well, as demonstrated by their
equal accuracy; this suggests that choice preferences do not
simply reflect inferior vs superior attentional performance
but rather lower vs higher willingness to expend effort.
Nor was choice preference simply driven by probability
of reward: a control task was performed in the preliminary
cohort, wherein effort costs were removed and control
animals were yoked to experimental animals’ rates of
reward, and these control animals demonstrated substan-
tially different behavior than their experimental counter-
parts (Cocker et al, 2012). Workers and slackers responded
with equal rates of premature responding, suggesting that
impulsivity was not responsible for differences in choice. In
addition, as described above, both groups of rats appeared
to understand the contingencies of the task, as reflected by
faster collection of large vs small rewards. The greater
variation of choice on the rCET, as compared with physical
tasks, may be explained by a greater number of trials
completed (and thus a greater total amount of effort exertion
per session), a higher level of difficulty (B60–70% accuracy
for the rCET, vs virtually guaranteed reward on the physical
T-maze, for example), or other differences in task design,
rather than simply the type of cost (ie, cognitive vs physical).
Contemporary understanding of amygdalar function has

moved away from simple aversive stimulus–outcome
associations and toward a role in acquiring, updating, and
monitoring value (Everitt et al, 2003; Morrison and
Salzman, 2010). Single-cell recordings in primates demon-
strate that separate populations of amygdala neurons track
positive and negative values of both conditioned and
unconditioned stimuli, suggesting that the amygdala
encodes a state value for any given moment (Belova et al,
2007, 2008). In rats, BLA neurons fire more robustly for
rewarded vs unrewarded stimuli, and BLA inactivation
suppresses animals’ responding for reinforced cues
(Ishikawa et al, 2008). Furthermore, BLA firing precedes
and drives activity in the nucleus accumbens (NAc), a
critical site for motivated behavior (Ambroggi et al, 2008).
Loss of amygdala function in both non-human primates and
rats prevents animals from updating their behavior in
response to devaluation of a given option via sensory-
specific satiety (Wellman et al, 2005; West et al, 2012); value

inflation is also dependent on the BLA (Wassum et al,
2011). Such inflexibility in behavior is also observed in
patients with amygdala damage, when a previously bene-
ficial option’s associated risk of punishment is increased
(Bechara et al, 1999).
As regards effort-based decision making, BLA inactiva-

tion decreases preference for high-effort options on both
T-maze and operant lever-pressing (ie, physical) paradigms
(Floresco and Ghods-Sharifi, 2007; Ghods-Sharifi et al,
2009). This leads to the prima facie assumption that BLA
activity overpowers internal representations of cost in order
to bias behavior toward highly rewarding options. However,
this study suggests a more nuanced contribution of the BLA
to effortful decision making. The effects of BLA inactivation
on the rCET depended critically on animals’ baseline
preferences: animals did not uniformly ‘slack off’ in
response to BLA inactivation, but rather moved toward
the cohort average. This is not simply a statistical regression
to the mean, as choice preferences prove remarkably stable
within-subjects across baseline and all experimental manip-
ulations (Cocker et al, 2012). Nor are the effects of BLA
inactivation because of indifference between the choices, as
choice of the HR option remains far above chance. Unlike
previous Pavlovian conditioning experiments (Belova et al,
2007), LR and HR stimuli (levers) carry both appetitive
(sucrose reward) and aversive (cognitive effort) predictions,
and as such may engage both populations of valence-
specific neurons in the BLA, which in turn project to
regions such as the NAc. The population-level activity of the
BLA may therefore represent the interaction of costs and
benefits in a choice, encoding the subjective value of given
options, rather than the stimulus properties per se; single-
cell recordings from human amygdala strongly support this
hypothesis (Jenison et al, 2011). As such, BLA inactivations
may have fundamentally disrupted rats’ subjective values of
options on the rCET, and in absence of these subjective
weights, the subsequent decisions relied more heavily on
objective stimulus properties (Dolan, 2012) or simpler
processes such as matching law (Herrnstein, 1970).
Such a hypothesis could also explain why the BLA

appears necessary for both cognitive and physical effort-
based decision making, but with distinct effects of its
inactivation depending on the task costs. In the rCET, the
considerable and sustained mental effort costs, in addition
to no guarantee of reward, may drive high activity in
negatively valenced BLA neurons of some animals, shifting
these animals’ preference away from high-effort options. By
comparison, the relatively brief costs of physical tasks, as
well as virtually guaranteed receipt of reward, may allow
positively valenced BLA neurons to dominate population
activity and guide behavior of most animals toward highly
rewarding options.
On the other hand, ACC inactivations decreased will-

ingness to expend cognitive effort for all animals, the same
effect observed on physical effort-based decision-making
tasks (Rudebeck et al, 2006a; Walton et al, 2003b, 2009). In
non-human primates, ACC neurons preferentially track
action–outcome vs stimulus–outcome associations (Luk and
Wallis, 2013) and appear to encode the subjective sensitivity
to reward value following its delivery (Cai and Padoa-
Schioppa, 2012); this is in contrast to BLA neurons which,
as mentioned above, likely represent the subjective
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value of given options before reward delivery. In rats, the
ACC shows greater metabolic demands when integrating
effort costs and reward magnitude vs when effort costs are
held constant and only reward magnitude varies (Endepols
et al, 2010). Similarly in humans, functional imaging studies
suggest that ACC activity at choice and feedback correlates
with the option that maximizes reward over the long term
(Boorman et al, 2013), and ACC activation is greater when
rejecting highly valued options vs rejecting less preferred
options (Izuma et al, 2010). Altogether, this suggests that
the ACC biases individuals away from prepotent but
suboptimal responses, in effect guiding behavior toward
maximal returns. Such a putative function explains why
ACC inactivation shifted all animals’ preference toward the
LR option on the rCET, and why it would have a stronger
effect on slackers vs workers, namely the already strong
drive for slackers to choose LR trials. This function also
corresponds well with tobacco- and alcohol-dependent
individuals, wherein ACC dysfunction heightens salient,
prepotent cues for drug, and can impair decision making
(Janes et al, 2013; Le Berre et al, 2012).
The disturbances of effort-based decision making ob-

served in a number of mental health populations (Gold et al,
2013; Treadway et al, 2012a) may therefore reflect under-
lying functional and connective changes to regions such as
the amygdala and ACC. Dopamine function, which has long
been implicated in willingness to expend effort (Salamone,
2009; Salamone et al, 2007; Treadway et al, 2012b), may also
act on these regions to affect effortful decision making
(Schweimer and Hauber, 2006; Schweimer et al, 2005), and
thus its contribution to cognitive effort is currently under
study. The overlapping-yet-distinct effects observed in the
present experiments suggest that regions not required for
physical effort-based decision making, such as the pre-
frontal cortex, may in fact be necessary for decision making
with cognitive effort costs (Schmidt et al, 2012), and the
NAc’ prevalence in the effort literature warrants future
consideration of its involvement in choice on the rCET. To
conclude, these results may disentangle the unique con-
tributions of the BLA and ACC, namely the subjective
valuation of options vs the biasing of behavior toward
advantageous choice strategies, respectively, and offer
unique insights into targeting these regions for therapeutic
intervention.
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