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Abstract
Personal success often necessitates expending greater effort for greater reward but, equally important, also requires judicious
use of our limited cognitive resources (e.g., attention). Previous animal models have shown that the prelimbic (PL) and
infralimbic (IL) regions of the prefrontal cortex (PFC) are not involved in (physical) effort-based choice, whereas human studies
have demonstrated PFC contributions to (mental) effort. Here,weutilize the rat Cognitive Effort Task (rCET) to probe PFC’s role in
effort-based decisionmaking. In the rCET, animals can choose either an easy trial, where the attentional demand is low but the
reward (sugar) is small or a difficult trial onwhich both the attentional demand and reward are greater. Temporary inactivation
of PL and IL decreased all animals’ willingness to expend mental effort and increased animals’ distractibility; PL inactivations
more substantially affected performance (i.e., attention), whereas IL inactivations increased motor impulsivity. These data
imply that the PFC contributes to attentional resources, and when these resources are diminished, animals shift their choice
(via other brain regions) accordingly. Thus, one novel therapeutic approach to deficits in effort expenditure may be to focus on
the resources that such decision making requires, rather than the decision-making process per se.

Key words: animal model, cortico-limbic-striatal circuits, infralimbic cortex, mental effort, prelimbic cortex

Introduction

Successful decisionmaking frequently requires weighing a given
option’s costs against its associated benefits, and perturbations
in this cost/benefit decision making are observed in a number
of marginalized groups, including those who suffer from mental
illness or live below the poverty line (Gleichgerrcht et al. 2010;
Goschke 2014; Haushofer and Fehr 2014). The origin of such deci-
sion-making studies resides in economics, wherein individuals
are identified as “irrational” if they fail to optimize their financial
returns on a given task (Tversky and Kahneman 1981). Indeed,
the so-called optimal decision making is better than measures
of IQ at predicting future “life success,” including emotional cop-
ing, SAT scores, educational attainment, and body/mass index
(Mischel et al. 1989, 2011; Schlam et al. 2013).

However, personal success also requires judicious use of
our limited neurobiological resources, such as those under-
lying attention; the sensation of exerting “effort” reflects a
strain on these limited resources (Kahneman 1973). The spe-
cific mechanisms that effort represents is currently unclear
(Kurzban et al. 2013), but nevertheless individuals appear to
have finite mental capacities to apply at any one time. Fur-
thermore, a substantial body of literature contends that eco-
nomic models of rationality are often too narrow in their
timescale and index of optimality ( for a review, see Brase
2014) and do not take individuals’ biological limitations
into account (Gigerenzer and Selten 2001). As such, condi-
tions can be met wherein seemingly suboptimal choices
may in fact be driven by a rational strategy (McGuire and
Kable 2013).
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A key neurobiological locus of both attention and effort is the
prefrontal cortex (PFC); here, we define PFC as separate from the
neighboring anterior cingulate cortex (ACC), due to its dissociable
anatomy and function (Bissonette et al. 2013). In rodent physio-
logical studies, PFC activity appears to track sustained attention
across the session, and reducing the effort required also reduces
PFC activity (Passetti et al. 2000; Dalley et al. 2001). Human im-
aging studies suggest that the PFC is involved in mental effort ex-
ertion (Schmidt et al. 2012), and individual variation in both lateral
and medial PFC functioning correlates to individual differences in
effortful choice (McGuire and Botvinick 2010; Treadway, Buckholtz
et al. 2012). Related to this, prefrontal dysfunction is observed in
manymental illnesses aswell as stress (Rogers et al. 2004; Arnsten
2011), and individuals suffering fromtheseconditionsalsodemon-
strate both impaired attentional performance (Vedhara et al. 2000;
Paelecke-Habermann et al. 2005; Hong et al. 2011) and suboptimal
decision making with effort costs (Shafiei et al. 2012; Treadway,
Bossaller et al. 2012; Barch et al. 2014). One intriguing possibility
is therefore that these individuals’ aberrant choice strategies are
not solely the result of compromised decision-making processes
per se but rather because individuals aremore judiciouslyapplying
their diminished attentional capacities.

Here, we utilize the rat Cognitive Effort Task (rCET) to directly
examine the relationship between PFC dysfunction, attention,
and effort. The rCET is adapted from the five-choice serial reac-
tion-time task (5CSRTT), a well-established model of both visuo-
spatial attention andmotor impulsivity (Robbins 2002), and allows
animals the choice to expend lesser or greater attention for lesser
or greater reward, respectively. To obtain a within-subjects com-
parisonof effortful choicewithandwithout intact PFC functioning,
we used temporary inactivations of the 2 sub-regions of the rat
medial PFC, the prelimbic (PL) and infralimbic (IL) cortices. When
connectivity, function, and neuromodulatory presence are consid-
ered together, there is some consensus that the rat PL and IL are
less differentiated than their human counterparts but that they
share features of human PFC (Uylings et al. 2003; Seamans et al.
2008). These regions’ unique contributions to behavior have been
demonstrated via selective inactivations and electrophysiological
recordings (Seamans et al. 1995; Burgos-Robles et al. 2013). As le-
sions to PL and IL previously impaired rats’ attentional perform-
ance on the 5CSRTT (Muir et al. 1996; Passetti et al. 2002), we
therefore hypothesized that animals would decrease their choice
of high-effort, high-reward trials as their performance declined.

Materials and Methods
Subjects

Subjects were 32 male Long-Evans rats (Charles River Laborator-
ies), each weighing 275–300 g at the beginning of the experiment.
Animals were maintained at ∼85% of their free-feeding weight
and food restricted to 14 g rat chow per day. Water was available
ad libitum.Animalswere pair-housed in aclimate-controlled col-
ony room on a 12-h reverse light-dark cycle (lights off: 8 : 00 am;
temperature: 21°C). 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.

Behavioral Testing

All testing took placewithin 16 standard five-hole operant cham-
bers, each supplemented with 2 retractable response levers and
enclosed in a ventilated, sound-attenuating cabinet (Med Associ-
ates, Inc.). The chambers were controlled by software written in
Med-PC by CAW, running on an IBM-compatible computer.

Habituation and Pretask Training

All animalswere habituated and trained for the rCET as previously
described (see Cocker, Hosking et al. 2012, including Supplemen-
tary methods). In brief, and as per five-choice serial reaction-time
task (5CSRTT) training (Winstanley et al. 2010), animals learned to
make a nosepoke response in an illuminated aperturewithin 5 s to
obtain a sucrose pellet reward (Bioserv, 45 mg). In subsequent ses-
sions, animals were trained to respond on both of the levers at a
fixed ratio 1 (FR1) schedule for reward. Animals were then trained
on a forced-choice variant of the rCET (60 sessions), wherein only a
single lever extended, before the standard free-choice program.

The Rat Cognitive Effort Task (rCET)

The rCET has been previously described in detail (Cocker, Hosk-
ing et al. 2012), and a schematic of the trial structure and subse-
quent reinforcement is presented in Figure 1. Briefly, 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/low-reward (LR) or high-

Figure 1. Schematic diagram showing the trial structure of the rCET. Trials beganwhen the food-tray light illuminated. A nosepoke response in the food-tray extinguished

the light and extended the levers. Each lever was permanently designated to initiate either low-effort/low-reward (LR) or high-effort/high-reward (HR) trials. When

animals pressed one of the levers, both levers retracted and a 5-s ITI began. Following the ITI, 1 of the 5 stimulus lights briefly illuminated, 1.0 s for an LR trial and

0.2 s for an HR trial. If animals nosepoked in the previously illuminated aperture within 5 s (a correct response), they were rewarded 1 sugar pellet for an LR and 2

sugar pellets for an HR trial. A number of behaviors led to a 5-s timeout, 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), and failure to make a

nosepoke response following the stimulus (response omission). Figure reprinted with permission from Cocker, Hosking et al. (2012).
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effort/high-reward (HR) trials, and these designations were even-
ly counterbalanced across subjects.

New rCET trials were available when the food-tray light was
illuminated. A nosepoke in the food tray extinguished the light
and extended the levers. Animals would then press one of the
levers, thereby choosing an LR or HR trial, and this would cause
both levers to retract and a 5-s intertrial interval (ITI) to com-
mence. After the ITI, 1 of the 5 stimulus lights briefly illumi-
nated, with a stimulus duration of 1.0 s for an LR trial and
0.2 s for an HR trial. Animals were rewarded if they nosepoked
the previously illuminated aperture within 5 s (a correct re-
sponse) and received 1 sugar pellet for an LR trial and 2 sugar
pellets for an HR trial. Upon reward delivery, the tray light
again illuminated, thus signaling the opportunity to begin
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
well-established measure of motor impulsivity; Robbins 2002),
if animals nosepoked 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 illumin-
ation (a response omission). All such behaviors were punished
with a 5-s timeout period, accompanied by illumination of the
house light. During the timeout, new trials could not be initiated
and thus reward could not be earned. Following the timeout, the
house light extinguished and the tray light illuminated to signal
that the rat could begin the next trial.

Behavioral Measurements

Percent choice, rather than the absolute number of choices, was
used to determine preference for lever/trial type, in order tomin-
imize the influence of variation in the number of trials com-
pleted. Percent choice was calculated as follows: (number of
choices of a particular lever/total number of choices) * 100.
When baseline performance on the rCETwas deemed statistically
stable (i.e., no effect of session on repeated-measures ANOVA for
choice, accuracy, and premature responding over the last 3 ses-
sions; see “DataAnalysis” below), themean choiceof theHRoption
was 68%. Animals were grouped as “workers” if they chose HR for
>70% of trials (n = 16) and as “slackers” if they chose HR for ≤70%
of trials (n = 15); 1 animal was excluded prior to surgery due to un-
related health complications. This worker/slacker subdivision
was based on themean split from the original rCET paper (Cocker,
Hosking et al. 2012), whereworkers and slackers were categorized
based on their preference for greater thanor less than the average
of 70% HR trials. To maintain consistency when discussing indi-
vidual differences and to avoid arbitrary categorization,we there-
fore held the worker/slacker distinction at 70% HR trials for this
study.

The following variables were also analyzed separately for LR
and HR trials: percent accuracy {[number of correct responses/
number of correct and incorrect responses] * 100}; percent
premature responses {[number of premature responses/total
number of trials initiated] * 100}; lever choice latency (average
latency to choose between the LR andHR levers); correct latency
(average latency to correctly nosepoke in the illuminated aper-
ture); collection latency (average latency to collect reward); and
percent response omissions {[number of trials omitted/number
of correct, incorrect, and omitted trials] * 100}. Choice omissions
(number of failures to choose a lever at the beginning of the
trial) and the total number of completed trials were also
analyzed.

Guide Cannulae Surgery

Surgicalmethodswere based on a previous study (Hosking, Cock-
er et al. 2014). When baseline performance was deemed statistic-
ally stable (40 sessions), animals were implanted with 22-gauge
stainless steel guide cannulae (Plastics One) bilaterally into the
medial prefrontal cortex (mPFC) using standard stereotaxic tech-
niques. Animals were anesthetized with 2% isoflurane in O2 and
implanted at the following coordinates: AP = +2.7 mm, ML =
±0.75 mm from bregma, DV = −2.3 mm from dura (Paxinos and
Watson 1998). Guide cannulae were fixed to the skull via 3 stain-
less steel screws and dental acrylic, and obdurators with dust
capswere inserted and extendedflushwith the end of the cannu-
lae. Animals were given at least 1 week of recovery in their home
cages before subsequent testing. Five animals were excluded due
to poor recovery.

Microinfusion

Following recovery, animals performed 10 free-choice sessions,
after which all individuals displayed stable behavior. Animals
were then habituated to the microinfusion process with 2 mock
infusions, wherein the 30-gauge injectors with tips extending
1 mm beyond the guide cannulae were inserted for 2 min but
no infusion was performed, followed by a testing session. Infu-
sions adhered to a 3-day cycle starting with a baseline session,
followed by a drug or saline injection session, and then by a
non-testing day. The PL and IL cortices were each inactivated
by amixture of the GABAB agonist baclofen and the GABAA agon-
istmuscimol (Sigma–Aldrich), prepared separately at 0.5 µg/µL in
saline, andmixed together in equal volumes to form a 0.25 µg/µL
solution. 0.5 µL per hemisphere injections of saline or baclofen/
muscimol (i.e., 0.125 µg of drug per hemisphere) were adminis-
tered bilaterally at a rate of 0.4 µL/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 10 min before being placed
in the operant chambers and performing the rCET. Animals
underwent 4 infusion sessions in total: On the first infusion
day, half of the rats received saline infusions to the PL (via injec-
tors with +1 mm tips) whereas the other half received baclofen/
muscimol to the PL; these administrations were reversed on the
second infusion day, allowing for a within-subjects comparison;
on the third infusion day, half of the rats received saline infusions
to the IL (via injectorswith +2 mm tips) whereas the other half re-
ceived baclofen/muscimol; and again these administrationswere
reversed on the fourth infusion day. Animals were given a min-
imum of 1 week drug-free testing between PL and IL inactiva-
tions, to minimize any carryover effects. PL inactivation caused
severe behavioral disruption in 1 animal, whereas IL inactivation
caused behavioral disruption in 2 animals, such that these ani-
mals no longer completed rCET trials, and thus, these animals
were removed from each respective analysis.

Histology

Following completion of all behavioral testing, animals were an-
esthetized with isoflurane and sacrificed by carbon dioxide ex-
posure. Brains were removed and fixed in 4% formaldehyde for
at least 24 h, transferred to a 30% sucrose solution, and then fro-
zen and cut via cryostat into 40-µm coronal sections. These sec-
tions 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 Paxi-
nos and Watson (1998).
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Data Analysis

All datawere analyzed using within-subjects repeated-measures
ANOVA in SPSS (version 16.0; SPSS/IBM), with choice (2 levels: LR
or HR) and inactivation (2 levels: saline or drug) as repeated-mea-
sures factors. All percentages were arcsine transformed to min-
imize artificial ceiling effects (Winstanley et al. 2003; Zeeb et al.
2009) prior to analysis. As discussed earlier, animals were cate-
gorized as workers and slackers at baseline, and group (2 levels:
worker or slacker) was used as a between-subjects factor in all
analyses. Similarly to previous reports (Cocker, Hosking et al.
2012; Hosking, Cocker et al. 2014), groups proved stable across
the experiment: Choice preferences did not change frombaseline
to postsurgery and throughout all saline conditions for inactiva-
tions (session: F3,57 = 0.446, NS), andworkers chose a significantly
greater percentage of HR trials than slackers (all Fs > 19.005,
P < 0.001). Any significant effects were further analyzed via post
hoc one-way ANOVA. Any P-values of >0.05 but of <0.075 were
reported as a statistical trend.

Results
Cannula Placements

The locations of all acceptable placements, as well as a represen-
tative sample of mPFC cannulation, are depicted in Figure 2. Two
animals were excluded because of inaccurate placements in one
or both hemispheres, leaving a total of 24 animals for analysis
(workers: n = 14; slackers: n = 10).

PL Cortex Inactivation

Choice Behavior, Accuracy, and Premature Responses
Baseline behavior has been discussed in detail elsewhere
(Cocker, Hosking et al. 2012; Hosking, Cocker et al. 2014) and
thus will only be briefly addressed. Animals chose high-effort/
high-reward (HR) trials more than low-effort/low-reward (LR)
trials when the PL was infused with saline (choice: F1,21 = 39.638,
P < 0.001). Substantial individual variation in choice behavior
remained, and workers continued to choose a greater proportion
of HR trials than slackers (saline only—group: F1,21 = 38.390,
P < 0.001). Inactivation of the PL significantly decreased all
animals’ choice of HR (Fig. 3A, inactivation: F1,21 = 5.236, P = 0.033;
inactivation × group: F1,21 = 0.078, NS).

As previously demonstrated, animals were more accurate on
LR versus HR trials (saline only—choice: F1,21 = 113.923, P < 0.001)
and there were no differences in accuracy between workers and
slackers, indicating that choice preferences were not solely dri-
ven by animals’ ability to perform the task (saline only—choice
× group/group: all Fs < 1.003, NS). PL inactivation decreased all an-
imals’ accuracy for both trial types (Fig. 3B, inactivation: F1,21 =
6.385, P = 0.020; inactivation × group/choice × inactivation/choice
× inactivation × group: all Fs < 0.552, NS).

All animals showed equivalent levels of premature respond-
ing for LR and HR trials (saline only—choice/choice × group/
group: all Fs < 2.026, NS), reiterating that choice preferences
were not simply driven by individuals’ level of motor impulsivity
(Cocker, Hosking et al. 2012). PL inactivation had no main effect
on premature responding, although there was a trend for in-
creased premature responding in workers (Fig. 3C, inactivation/
choice × inactivation/choice × inactivation × group: all Fs < 2.125,
NS; inactivation × group: F1,21 = 3.979, P = 0.059; workers only—
inactivation: F1,12 = 4.356, P = 0.059; inactivation × choice/slackers
only—inactivation/inactivation × choice: all Fs < 2.439, NS).

Other Behavioral Measures
For all animals at saline conditions, nosepoke-response omis-
sions were equivalent for LR and HR (choice/choice × group/
group: all Fs < 2.491, NS). Inactivation of the PL dramatically in-
creased these response omissions for all animals on both trial
types, indicating a fundamental impairment to maintain atten-
tion on the five-hole stimulus array (Fig. 3D, inactivation: F1,21 =
39.760, P < 0.001; inactivation × group/choice × inactivation/
choice × inactivation × group: all Fs < 1.574, NS). However, PL in-
activation did not increase the number of lever/choice omissions
(Table 1, inactivation/inactivation × group: all Fs < 1.070, NS), sug-
gesting that the PL inactivation’s effects on response omissions
were not simply driven by motor impairments. Inactivation of
the PL had no effect on the latency to choose between LR and
HR levers (inactivation/inactivation × group/choice × inactiva-
tion/choice × inactivation × group: all Fs < 3.214, NS) but increased
the latency to make a correct nosepoke-response for all animals
on both trial types (inactivation: F1,21 = 24.218, P < 0.001; inactiva-
tion × group/choice × inactivation/choice × inactivation × group:
all Fs < 3.609, NS). Similar to previous cohorts, there was a trend
for animals to collect reward faster following HR versus LR trials
(saline only—choice: F1,21 = 4.095, P = 0.056; choice × group/group:
all Fs < 1.676, NS), indicating that both workers and slackers dif-
ferentiated the 2 reward contingencies (i.e., slackers were not

Figure 2. Histological analysis of cannulae implantation. Location of all

acceptable PFC infusions (black dots: PL cortex; gray dots: IL cortex), including a

representative photomicrograph. Coordinates are relative to bregma. Plates

modified from Paxinos and Watson (1998).
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indifferent to the options, despite roughly equivalent choice of
LR and HR at saline). PL inactivation increased this collection la-
tency for all animals on both trial types (inactivation: F1,21 = 6.107,
P = 0.022; inactivation × group/choice × inactivation/choice × in-
activation × group: all Fs < 1.243, NS). Finally, inactivation of the
PL decreased the number of completed trials for all animals
(inactivation: F1,21 = 29.312, P < 0.001; inactivation × group: F1,21 =
1.040, NS).

IL Cortex Inactivation

Choice Behavior, Accuracy, and Premature Responses
Inactivation of the IL decreased choice of HR for all animals
(Fig. 4A, inactivation: F1,20 = 6.111, P = 0.023). However, IL inactiva-
tion had no significant effect on animals’ accuracy (Fig. 4B, inacti-
vation/inactivation × group/choice × inactivation/choice ×
inactivation × group: all Fs < 1.338, NS). IL inactivation also

significantly increased premature responding for all animals
across both trial types (Fig. 4C, inactivation: F1,20 = 6.766, P = 0.017;
inactivation × group/choice × inactivation/choice × inactivation ×
group/group: all Fs < 2.570, NS).

Other Behavioral Measures
Inactivation of the IL increased the proportion of nosepoke-
response omissions for all animals across both trial types, indi-
cating difficulties remaining engaged with the trial (Fig. 4D, in-
activation: F1,20 = 19.041, P < 0.001; inactivation × group/choice ×
inactivation/choice × inactivation × group: all Fs < 1.380, NS),
whereas it had no effect on lever/choice omissions (Table 2; in-
activation/inactivation × group: all Fs < 0.579, NS). IL inactivation did
not affect lever/choice latency (inactivation/inactivation × group/
choice × inactivation/choice × inactivation × group: all Fs < 0.684,
NS) but increased the latency to correctly nosepoke for all animals

Figure 3. Effects of PL cortex inactivations on the rCET. (A) Infusion of baclofen/muscimol (BacMus) into the PL significantly decreased all animals’ choice of HR

(inactivation: F1,21 = 5.236, P = 0.033; inactivation × group: F1,21 = 0.078, NS). (B) PL inactivation decreased all animals’ accuracy for both trial types (inactivation:

F1,21 = 6.385, P = 0.020; inactivation × group/choice × inactivation/choice × inactivation × group: all Fs < 0.552, NS). (C) PL inactivation had no main effect on premature

responding, although there was a trend for increased premature responding in workers (inactivation/choice × inactivation/choice × inactivation × group: all Fs < 2.125,

NS; inactivation × group: F1,21 = 3.979, P = 0.059; workers only—inactivation: F1,12 = 4.356, P = 0.059; inactivation × choice/slackers only—inactivation/inactivation ×

choice: all Fs < 2.439, NS). (D) Inactivation of the PL dramatically increased nosepoke-response omissions for all animals on both trial types (inactivation: F1,21 = 39.760,

P < 0.001; inactivation × group/choice × inactivation/choice × inactivation × group: all Fs < 1.574, NS). Data shown are the mean percent for each variable (±SEM).

Table 1 Other rCET behavioral measurements during PL inactivation

Measure LR—saline LR—BacMus HR—saline HR—BacMus

Choice latency 3.04 2.89 3.39 2.86
SEM 0.20 0.21 0.18 0.26
Correct latency 0.57 0.93 0.57 0.75
SEM 0.04 0.08 0.03 0.06
Collection latency 1.76 3.25 1.62 4.55
SEM 0.09 0.65 0.06 1.35
Choice omissions (ALL) 8.09 11.35
SEM 1.61 2.56
Completed trials (ALL) 104.13 62.35
SEM 5.37 7.25
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(inactivation: F1,20 = 13.622, P = 0.001; inactivation × group/choice
× inactivation/choice × inactivation x group: all Fs < 1.899,
NS) and increased all animals’ latency to collect reward, especi-
ally following successful LR trials (inactivation: F1,20 = 10.975,
P = 0.003; choice × inactivation: F1,20 = 5.314, P = 0.032; inactivation
× group/choice × inactivation × group: all Fs < 0.323, NS; LR only—
inactivation: F1,20 = 10.743, P = 0.004; HRonly—inactivation: F1,20 =
3.818, P = 0.065). Finally, inactivation of the IL decreased the num-
ber of completed trials for all animals (inactivation: F1,20 = 28.759,
P < 0.001; inactivation × group: F1,20 = 1.381, NS).

Discussion
Here, for the first time,we demonstrate PL and IL contributions to a
rodent model of effort-based decision making. Temporary inacti-
vation of either region of the medial PFC decreased all animals’
willingness to expend cognitive effort. Some dissociation was

also observed between the 2 regions: PL inactivations decreased
animals’ performance (i.e., accuracy), whereas IL inactivations in-
creased animals’motor impulsivity (i.e., premature responding), a
finding that parallels previous reports (Muir et al. 1996; Passetti
et al. 2002; Chudasama et al. 2003). This consistency across studies
suggests that IL, but notPL, is a critical region in the circuitryof self-
regulation, and loss of function in this region leads to disinhibited
motor output, that is, impulsive action. Response omissions also
sharply increased for inactivations of both regions, andwhen con-
sidered in tandem with accuracy effects, it appears that PFC inac-
tivations greatly impaired animals’ ability to perform the task via
decreasing attention. Taken together, these data imply that the
PFC contributes to attentional resources, and when these re-
sources are diminished, animals will shift their choice (via other
brain regions) toward a more judicious strategy.

Alternatively, it is possible that changes in arousal, rather
than decreased willingness to exert mental effort, may explain

Figure 4. Effects of IL cortex inactivations on the rCET. (A) Baclofen/muscimol (BacMus) inactivation of the IL decreased choice of HR for all animals (inactivation:

F1,20 = 6.111, P = 0.023). (B) However, IL inactivation had no significant effect on animals’ accuracy (inactivation/inactivation × group/choice × inactivation/choice ×

inactivation × group: all Fs < 1.338, NS). (C) IL inactivation also significantly increased premature responding for all animals across both trial types (inactivation:

F1,20 = 6.766, P = 0.017; inactivation × group/choice × inactivation/choice × inactivation × group/group: all Fs < 2.570, NS). (D) Inactivation of the IL increased nosepoke-

response omissions for all animals across both trial types, indicating difficulties remaining engaged with the trial (inactivation: F1,20 = 19.041, P < 0.001; inactivation ×

group/choice × inactivation/choice × inactivation × group: all Fs < 1.380, NS). Data shown are the mean percent for each variable (±SEM).

Table 2 Other rCET behavioral measurements during IL inactivation

Measure LR—saline LR—BacMus HR—saline HR—BacMus

Choice latency 3.24 3.07 3.01 2.93
SEM 0.29 0.28 0.20 0.29
Correct latency 0.62 0.77 0.54 0.82
SEM 0.04 0.04 0.05 0.07
Collection latency 2.06 2.70 1.53 1.97
SEM 0.35 0.27 0.07 0.16
Choice omissions (ALL) 16.5 17.18
SEM 2.61 2.29
Completed trials (ALL) 81.23 35.68
SEM 8.02 4.74

1534 | Cerebral Cortex, 2016, Vol. 26, No. 4



the current data. Prefrontal regions are reciprocally connected to
most of the major neuromodulatory systems, and loss of IL or PL
causes the activity in a large number of these interconnected re-
gions to adjust, even during transient inactivation (Jodo et al.
1998; Amat et al. 2006; Patton et al. 2013). However, it is unlikely
that animals’ decreased choice of HR was primarily due to de-
creased arousal, as driven by perhaps the noradrenergic and/or
cholinergic systems. First, in a previous study using the rCET,
potentiating norepinephrine via systemic yohimbine or atomox-
etine had no effect on animals’ choice (Hosking, Floresco et al.
2014). Second, systemic administration of the cholinergic drugs
nicotine and scopolamine affected animals’ choice on the rCET
but had no main effect on accuracy (Hosking, Lam et al. 2014).
In sum, it appears unlikely that changes in arousal were respon-
sible for the changes in choice behavior; a more parsimonious
explanation is that the prefrontal inactivations themselves
were primarily responsible for changes in accuracy and choice.

One important consideration is that themost posterior PL pla-
cements of the current study were in proximity to the ACC. With
∼1 mm diffusion for these microinfusions (Floresco et al. 2006;
Marquis et al. 2007), some of the baclofen/muscimol inactiva-
tions may have spread into adjacent regions. Furthermore, the
role of ACC in effort-based decision making has been demon-
strated across a number of human and animal-model studies
using multiple methodologies (Schweimer and Hauber 2005;
Rudebeck et al. 2006; Walton et al. 2006; Croxson et al. 2009;
Hauber et al. 2010). We have previously performed inactivations
of the ACC on the rCET, targeting the border of Cg1 and Cg2, and
found behavioral results that inmany respects overlapwith IL in-
activations (Hosking, Cocker et al. 2014). However, it is the dorsal
(i.e., PL) inactivations in the current study that are most likely to
have spread to the ACC,whereas spread from ILwould not be suf-
ficient to reach the ACC. Furthermore, PL inactivations differ
markedly from previous ACC inactivations in 2 of the 4 key mea-
sures here, namely accuracy and premature responding. Thus,
the loss of ACC function appears minimal during PL inactivation,
as the behavioral data do not correspond.

Another consideration is the rCET’s effort costs as they relate
to prefrontal functioning. In contrast to the current data, previous
rat models of effort-based decision making found that selective
IL–PL lesions had no effect on animals’willingness to exert effort
(Walton et al. 2002, 2003). However, these studies utilized a
T-maze task wherein animals could scale a barrier in one arm
for a larger reward or enter an open arm for a smaller reward;
in other words, the task’s effort demands were physical rather
than cognitive in nature, and this difference may underlie the
divergence from the current results. A growing body of rCET re-
search supports the notion of interrelated-yet-distinct neurobio-
logical mechanisms for cognitive versus physical effort (Cocker,
Hosking et al. 2012; Hosking, Cocker et al. 2014; Hosking, Floresco
et al. 2014), and at least 1 human neuroimaging study suggests
the same, noting that lateral PFC activity is increased for mental
but not physical effort expenditure (Schmidt et al. 2012). Never-
theless, PFC engagement has been observed in human decision
making with both mental and physical effort costs (McGuire
and Botvinick 2010; Treadway, Buckholtz et al. 2012), and to the
best of our knowledge, no other established physical effort deci-
sion-making task in rats has been used to examine IL–PL contri-
butions. Furthermore, it has long been argued that high-effort
conditions necessitate increased attention, regardless of
whether they are mentally or physically demanding (Kahneman
1973). One possibility is therefore that the T-maze paradigm’s HR
option is not sufficiently demanding to recruit the attentional re-
sources embodied by the PFC.

While the PFC undoubtedly contributes to many cognitive
processes (e.g., behavioral flexibility; Grace et al. 2007), conver-
ging evidence has long implicated prefrontal activity in volun-
tary, or “top-down,” attentional processes (Jansen et al. 1955;
Buschman and Miller 2007; Squire et al. 2013). Research with
PFC-lesioned patients suggests that lateral, and to a lesser extent
medial, PFC contributes to many aspects of voluntary attention,
including novelty processing and anticipatory attention (Solbakk
and Lovstad 2014). Such lesions negatively affect both divided
and sustained attention, increasing individuals’ propensity to
be distracted by irrelevant stimuli (Godefroy and Rousseaux
1996); rats demonstrate a similar pattern of deficits following
medial PFC lesions (Granon et al. 1998; Broersen and Uylings
1999). In addition to the direct impairments of attention in the
current study (i.e., animals’ accuracy), PL and IL inactivations in-
creased rats’ response omissions, that is, failures to nosepoke
any hole following stimulus presentation. It is at present impos-
sible to determinewhether this reflects animals trying but failing
to detect the target, being distracted before attending to the aper-
tures, or suffering some unrelated motor slowing; however, the
latter interpretation appears less likely, as these animals do not
demonstrate motor impairments on similar behavioral mea-
sures, such as lever (choice) omissions or choice latency. Like
the inactivations of the current study, lesions encompassing PL
and IL also decreased animals’ accuracy on the 5CSRTT, the pre-
cursor to the rCET (Muir et al. 1996). Altogether, inactivations of
the PFC appear to have decreased animals’ ability to sustain
attention and increased their distractibility during the task, an
interpretation that is strongly supported by the literature.

Decisionmaking comprises a variety of constituent processes
and as such also requires contributions from a number of brain
regions (Dolan 2012). A substantial body of literature implicates
cortico-limbic-striatal circuits in various forms of cost/benefit
decision making and goal-oriented behavior (Grace et al. 2007;
Floresco et al. 2008; Hosking, Cocker et al. 2014). These regions,
which includemuch of the frontal cortex, ACC, amygdala, hippo-
campus, midbrain, and striatum, have been shown to subserve
unique and overlapping components of decision making, with
both PFC and the striatum implicated in the choice, or action
selection, process (Cools et al. 2004; O’Doherty 2004, 2011;
Ridderinkhof et al. 2004; Rushworth et al. 2005; Nicola 2007;
Kimchi and Laubach 2009; Seo et al. 2012; Tai et al. 2012). Thus,
one interpretation of the current data is that PFC inactivations
impaired animals’ ability to select actions based on the options’
associated benefits and costs. However, this seems unlikely as a
sole explanation for a number of reasons. First, inactivations sites
were relatively small as compared with lesions, encompassing
approximately a 1-mm spread per hemisphere and thus would
have leftmuch of the PFC intact for all conditions. Second, PFC in-
activations did not drive animals’ behavior toward indifference
(i.e., 50% choice of HR), nor did they cause behavioral inflexibility
(i.e., exacerbate existing choice preferences); rather, all animals
decreased their choice of HR, regardless of their baseline choice
preferences, with some animals (slackers) in fact moving
“away” from 50% and toward 0%. Together, these data suggest
that PFC inactivations caused a greater detriment to attentional
processes than action selection and suggest that other regions
within the decision-making circuit, for example the striatum,
drove changes in choice behavior in response to decreased
attentional reserves.

One frequently reported finding is that individuals living
below the poverty line demonstrate greater risk- and delay-dis-
counting than those more financially secure (for a review, see
Haushofer and Fehr 2014). In addition to the effects of this
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chronic stress, poorer individuals have fewer financial resources
to spend but the same biological, social, and evolutionary needs
to fulfill, and thus theyopt instead for smaller, sooner, sure gains.
Such behavior may be identified as “irrational” from an econom-
ics perspective, but cognitive biases such as risk aversion appear
relatively well conserved across mammalian species (Cocker,
Dinelle et al. 2012; Rogers et al. 2013; Yamada et al. 2013; Cocker
and Winstanley 2014; Tremblay et al. 2014) and thus may indeed
positively contribute to an organism’s fitness. A similar case can
bemade for mental resources. All other task contingencies being
equal, individuals will avoid options with higher mental effort
demands (Kool et al. 2010). Greater subjective sensitivity to men-
tal effort predicts greater avoidance of those high-effort options
(McGuire and Botvinick 2010; Kool et al. 2013), and common
motivational nodes such as the striatum appear to subtractmen-
tal effort costs from their associated benefits in order to arrive at a
net value for action selection (Botvinick et al. 2009). When brain
regions responsible for effort expenditure (in this case, the PFC)
are compromised, along with the faculties they provide, the stri-
atummay therefore adjust behavior according to a newnet value.
Thismodel is supported both by the current data and aberrant ef-
fortful decisionmaking observed in individualswith putative PFC
dysfunction (Treadway, Bossaller et al. 2012; Gold et al. 2013; but
see Gold et al. 2014).

One obvious hypothesis that arises from this research is that
improvements to an individual’s cognitive resources should
concomitantly increase their willingness to expend said mental
effort. As such, therapeutic approaches that aim to boost the
resources that decision making requires, irrespective of the deci-
sion-making process per se, should be effective at ultimately im-
proving choice. One option may be to exploit drugs that benefit
attention, such as those that increase acetylcholine function
(Wilens and Decker 2007; Klinkenberg et al. 2011; Bracco et al.
2014). However, in all the experiments, we have performed to
date using the rCET, choice of the HR option and ability to per-
form the HR trials are not predictive of each other in healthy ani-
mals. Put another way, cognitively lazy animals (i.e., slackers) are
just as accurate on HR trials as workers; ability is not synonym-
ous with endeavor. We recently observed a particularly powerful
example of this disconnect in that nicotine administration de-
creased animals’ choice of HR despite increasing their accuracy
on the rCET (Hosking, Lam et al. 2014). As such, increasing atten-
tional abilities by any means may not increase willingness to
exert cognitive effort.

However, bearing all these data in mind, perhaps the most
important aspect of the current results is that they indicate
quite clearly that ability to work and willingness to work are
tightly coupled at the level of the PFC; when input is lost from
this region, accuracy decreases and/or impulsivity rises and the
strategy switches to one that requires less effort. By extension,
restoring prefrontal activity in individuals with PFC dysfunction,
or boosting the connections between this region and action-
selection areas such as the striatum, should enhance ability
and willingness to work in tandem. Identifying the mechanisms
by which ability and effort are regulated cohesively as well as
those that lead to independent modulation of these processes
may improve our understanding of how engagement in cogni-
tively effortful processes can be encouraged in both the healthy
and diseased brain.

The ability to rebalance cost/benefit decision making would
be of benefit not only to those diagnosed with mental illness
but may also have an impact on those whose quality of life, and
subsequently their decision making, is altered due to sociocul-
tural factors (e.g., poverty and chronic stress). Delineating the

circumstances under which neural pathways are activated to re-
allocate resources toward strategies, high or low in cognitive ef-
fort may therefore be of significant value to neuroscientists and
economists alike.
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