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We conducted a series of experiments to elucidate the role of
rat medial frontal cortex (MFC) (including prelimbic, infralimbic,
and cingulate cortices) in effort-based decision making. Rats
were trained on a cost–benefit T-maze task in which they could
either choose to climb a barrier to obtain a high reward in one
arm (HR arm) or could obtain a small reward in the other with no
barrier present (LR arm). Before surgery, all animals were se-
lecting the HR arm on almost every trial. However, after exci-
totoxic lesions to MFC, the rats shifted to selecting the LR arm
on almost every trial. This was not caused by a spatial memory
or motor deficit because the same rats returned to selecting the
HR arm when the amount of effort needed to be expended to
obtain reward in either arm was equalized by putting an iden-

tical barrier in the LR arm. Additional experiments demon-
strated that the change in effort-based decisions observed in
the rats was not caused by a complete insensitivity to reward
and effort because they returned to choosing the HR arm if
either the cost was reduced (by making the barrier smaller) or
the benefit was increased (increasing the food ratio differential).
Instead, the MFC lesion shifted the animals’ decision criterion,
making them more likely to choose the LR arm than the sham-
lesioned animals. These results imply that medial frontal cortex
is important for allowing the animal to put in more work to
obtain greater rewards.
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The nucleus accumbens (NAc) has been implicated in making
decisions about costs and benefits of different courses of action
(Salamone et al., 1997; Cardinal et al., 2001). Dopamine deple-
tions in this region biased animals to prefer to exert less behav-
ioral effort for a smaller or less palatable reward (Neill and
Justice, 1981; Cousins and Salamone, 1994; Salamone et al., 1994;
Cousins et al., 1996). Similarly, excitotoxic NAc lesions caused
rats to shift from preferring to wait for larger reward to choosing
small immediate reward (Cardinal et al., 2001). NAc is only one
part of an interconnected frontostriatal network of regions and
receives extensive projections from medial frontal cortex (MFC)
in the rat (Berendse et al., 1992; Brog et al., 1993). A similar
circuit appears present in primates (Haber et al., 1995), although
there is debate as to the exact anatomical homologies between the
different species (Uylings and van Eden, 1990; Conde et al., 1995;
Preuss, 1995).

There are several reasons to believe that MFC might also be
important in motivating cost–benefit decisions. Feeding and
response-contingent food rewards are both associated with
changes in extracellular dopamine in MFC (Feenstra and Bot-
terblom, 1996; Bassareo and Di Chiara, 1997; Richardson and
Gratton, 1998), and single-unit recording has shown cell re-
sponses in this region that differentiate between high and low
reward sizes (Jung et al., 1998; Pratt and Mizumori, 2001). More-
over, MFC lesions disturb normal feeding behavior (Kolb, 1984)

and reduce food hoarding (de Brabander et al., 1991; Lacroix et
al., 1998). However, it is uncertain what, if any, role MFC plays in
cost–benefit decisions. Human neuroimaging studies show activ-
ity in medial frontal and anterior cingulate cortices, as well as
NAc, when making risk-based choices (Elliott and Dolan, 1998;
Rogers et al., 1999). Nevertheless, the one study to address this
issue directly found no effect of MFC lesions on rats’ response
selection when the cost was in terms of delay in reward delivery
(Cardinal et al., 2001). One possibility is that different circuits
might subserve different types of cost–benefit decision depending
on what factor is acting as the cost. Several of the behaviors that
are impaired after MFC lesions (such as food hoarding) involve
working to receive reward, and frontostriatal circuits have been
described as translating motivation into action (Mogenson et al.,
1980; Paus, 2001).

We therefore returned to a T-maze cost–benefit procedure
originally developed by Salamone et al. (1994) to investigate the
role of rat MFC in choosing how much effort to exert to obtain
larger rewards. Rats could choose to either obtain small rewards
in one arm or climb a barrier in the other to acquire large
rewards. Medial frontal lesions were made to include prelimbic
(PL), infralimbic (IL), and cingulate (CG) regions, all of which
project to NAc, as one possible reason for the difficulty in finding
consistent deficits after lesions to MFC has been the difference in
type and extent of the cell loss (Aggleton et al., 1995; Dias and
Aggleton, 2000).

MATERIALS AND METHODS
Animals. Twenty-four male Lister hooded rats (Harlan Olac, Bicester,
UK) were used for this study. They were �2 months old at the start of
training and had never been used for any other experiment. All were
housed in groups of three in a room with a 12 hr light /dark cycle (lights
on at 7:00 A.M., with testing always occurring during the light phase of
the day). During the experiment, the animals were maintained on a
restricted diet at �85% of their free-feeding weight but had access to
water ad libitum in their home cages at all times. The experiments
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described were conducted in accordance with the United Kingdom
Animals Scientific Procedures Act (1986), under project license number
PPL 30/1505.

Apparatus. The rats were tested on an elevated, high-sided wooden
T-maze, placed 80 cm above floor level (Fig. 1a). The start arm joined on
to two goal arms, all of which were 60 cm in length, 10 cm wide, and had
walls of 30 cm in height. A raised metal food well (3 cm in diameter) was
situated at the far end of each goal arm, 2 cm from the back wall. On
“forced” trials, a 30 cm tall and 10 cm wide wooden block was used to
prevent access to one of the goal arms. The maze was painted a uniform
gray color throughout.

The barriers over which the animals had to climb to obtain rewards
were constructed out of wire mesh in the shape of a three-dimensional
right-angled triangle. This meant that the animals had to scale the
vertical side but were able to descend down a slope of varying incline
(depending on the size of barrier). There were two climbing barriers,
each with two different length sides, resulting in a total of four sizes of
barrier (15, 20, 25, and 30 cm) (Fig. 1b).

Habituation and training. Before the start of training, the rats were
handled every day for 1 week by the experimenter to familiarize them
with human contact and were put on a restricted feeding schedule. When
they reached 85% of their free-feeding weight, the rats were introduced
to the T-maze. On the first day, the animals were placed in the start arm
in cages of three and were allowed to explore the maze for 10 min.
Plentiful food was left in both feeding wells in the goal arms (45 mg
food-reinforcement pellets, Formula A/I; P. J. Noyes, Lancaster, NH).
The second day of habituation was identical except for the fact that each
animal investigated the maze individually. At the end of these 2 d, all of
the rats were eating the pellets in the food wells.

The first phase of discrimination training involved putting four pellets
in the feeding well of one goal arm [the high food arm (HR)] and two
pellets in the other goal arm [low food arm (LR)]. For half of the rats, the
HR arm was to the left, and, for the others, it was to the right. Initially,
each rat was placed in the start arm and was allowed to sample both food
arms on each trial. The rats were cycled in groups of six, meaning that
there was an intertrial interval of �5 min. There were five trials run each
day over 2 d. For the next 2 d, the rats were moved onto the second phase
in which access to one of the goal arms was prevented by placing a
wooden block at its entrance (forced trials), thus forcing the rat to sample
a particular arm on each trial. The order of the forced trials was
determined pseudorandomly so that they never had more than two
consecutive turns to either side. Each animal ran 10 trials per day. The
final phase was similar to the first one (i.e., free choice) except that the
rats were removed from the maze after eating the food in the selected
arm without being able to sample from the other arm. On trials 6 and 12,
the block was placed in the arm chosen by the rat on its previous trial to
try to prevent turn biases interfering with discrimination training (e.g., if
the rat had selected the left arm on trial 5, then it would be forced to go
right on trial 6, regardless of the location of the HR and LR arms).

When all of the rats were choosing to collect the four pellets on �90%
of occasions during the training session, the 15 cm barrier was placed in
the center of the HR arm. For the first five trials, the animals were only
removed from the maze once they had climbed the barrier and eaten the
four food pellets. Thereafter, and for all subsequent training, trials were
run on a choice basis, meaning that the rats would be returned to the
holding cage immediately after consuming the food in the selected arm.
The barrier size was increased by 5 cm every 3 d up to a maximum of 30
cm, and each rat ran 10 trials per day.

Surgery. Rats received excitotoxic bilateral MFC lesions (n � 12) or
sham surgery (n � 12). Assignment of animals to groups was counter-
balanced with respect to preoperative performance and the right–left

orientation of the rewards. All animals were anesthetized with Avertin
(0.29 gm/kg, i.p.) and placed in a stereotaxic frame with the head level
between bregma and lambda. An incision was made along the midline,
and a dental drill was used to remove a portion of bone overlying the
injection sites. Injections were made with a 10 �l syringe with a specially
adapted 34 gauge needle mounted onto the stereotaxic frame. The lesion
was produced by infusing 0.5 �l of quinolinic acid (0.09 M) at the
following anteroposterior (AP), mediolateral (ML), and dorsoventral
(DV, from brain surface) coordinates relative to bregma: AP �3.0, ML
�0.5, DV �1.5 and �3.0; AP �2.3, ML �0.5, DV �2.0; AP �1.6, ML
�0.5, DV �2.0; AP �0.9, ML �0.5, DV �2.0; and AP �0.2, ML �0.5,
DV �2.0. These coordinates were based on pilot lesions and on the work
of Robbins and colleagues on medial frontal and anterior cingulate
cortex (Bussey et al., 1997a,b). Infusions were made manually at a rate of
0.1 �l every 30 sec with a 30 sec interval between injections. On
completion of each infusion, the needle was left in place for another 3
min to ensure that diffusion occurred away from the injection site. Sham
lesions were produced in the same way, except that the needle was not
lowered into the cortex and no neurotoxin was injected. On completion
of surgery, all animals were sutured, and a topical antibiotic powder
(P.E.P. 2% powder; Intervet Laboratories, Milton Keynes, UK) was
sprinkled over the wound.

Experiment 1. The testing protocol for all of the experiments was
identical, with the only changes between them being in the size or
quantity of barriers or in the ratio of the food reward. The first two trials
of any day were forced in opposite directions, meaning that the animals
had to sample both arms before receiving any test trials. Forced trials
were counterbalanced across animals and across days. Each animal then
ran 10 choice trials per day for a period of 3 d (this 3 d period is referred
to as a “testing block”), except in the case in which a stable baseline was
required, in which case the animals were tested until the group scores
were within �4% for 3 consecutive days. A schematic diagram of the
different stages of testing can be observed in Figure 2. Each testing block
has been assigned a letter for ease of referral.

For experiment 1, the 30 cm barrier was placed in the HR arm and the
LR arm was empty. Two prelesion testing blocks were run with a break
of 6 weeks in between (Fig. 2, testing blocks A, B). After a 2 week
recovery period after surgery, all animals were put back on a restricted
diet. Testing began again 3 d later (after they returned to 85% of their
free-feeding weight). The single postlesion testing block was conducted
in the same manner as the prelesion testing (block C).

Experiment 2. To assess whether any deficit represented a simple motor
or spatial impairment, or an inability to process reward quantity infor-
mation, an identical 30 cm barrier was placed in the LR arm. This meant
that the rats had to climb over a barrier to obtain any reward and that the
effort expended on each trial was the same, regardless of which goal arm
was chosen (block D). Afterward, the rats were retested with just the
single barrier in the HR arm (block E).

Experiment 3. After the retest testing block in experiment 2, the rats
continued to run with the barrier in the HR arm until a stable baseline
was reached (block F). The 30 cm barrier was then replaced with a 20 cm
one to determine whether either group would alter their behavior with a
reduction in the effort needed to obtain the four pellets (block G). The
animals were tested as before. However, to ascertain whether the rats’
choices were genuinely different from the case in which effort was
equalized between the goal arms, they were run again as in experiment
2 with a 30 cm barrier in each arm (block H) before finally being retested
with the single 20 cm barrier (block I).

Experiment 4. In this experiment, we wanted to see whether increasing
the reward ratio differential would have similar effects as decreasing the
effort needed to obtain the reward. The rats were returned to the single

Figure 1. a, Schematic top view of the
high-walled T-maze apparatus used
throughout the test phase of the study.
On each choice trial, the animals could
either choose the LR arm with two pel-
lets or could climb over a wire mesh
barrier to obtain four pellets in the HR
arm. The HR arm was to the left for
half of the animals and to the right for
the others. b, The barriers were con-
structed out of thick wire mesh in the

shape of a right-angled triangle. The rats climbed up the vertical side and descended down the slope to obtain the HR reward. In experiments 1, 2, and
4, the barrier was always 30 cm. In experiment 3, the barrier was either 30 cm (lef t) or 20 cm (right), depending on the condition.
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30 cm barrier paradigm until a baseline level of performance was reached
(block J). The ratio of reward sizes was then altered so that, instead of
there being four pellets in the HR arm and two in the LR one, there were
five and one pellets in the HR and LR arms, respectively (block K).
Otherwise, the testing procedure was identical to that in experiment 1.

Histology. At the conclusion of behavioral testing, the rats were deeply
anesthetized with Euthatal (200 mg/kg) and perfused transcardially with
physiological saline and 10% Formalin saline. The brains were then
removed and placed into a Formalin saline solution. Subsequently, the
brains were placed in a sucrose–formalin solution for 24 hr, frozen, and
then sectioned coronally (50 �m). All sections were mounted and stained
with cresyl violet. Histological evaluation was conducted by an experi-
menter who was unaware of the rats’ behavioral performance. The
lesions are described in terms of the nomenclature and classification of
cortical areas adopted by Paxinos and Watson (1998).

RESULTS
Histology
The lesions of the medial frontal cortex were highly reproducible
and, in most cases, destroyed all of PL–IL and CG cortices as
intended (Figs. 3, 4). In the majority of the animals, there was some
additional damage to orbital, secondary motor, and dorsopedun-
cular cortices. The transition between fully healthy cells and areas
in which there was total cell loss was gradual. This resulted in a
penumbral region in which some cells were present but those that
remained were abnormal compared with the healthy cells observed
in sections taken from sham-operated rats (Figs. 3, stippled area, 4).
The presence of holes in the tissue after excitotoxic lesions (Fig. 4,
middle row, lef t panel) is well documented with long survival times
(4 months in this study). These do not indicate mechanical damage
or section of axons en passage (Jarrard, 1989).

In most cases, cell loss was evident in the most anterior sections
of the frontal lobe (5.2 mm anterior to bregma). In fact, only in
the very smallest lesions (Fig. 3, lef t column) was there sparing at
this level. At this point, when present, the lesion encompassed
parts of orbitofrontal cortex (although there was sparing of tissue
in most animals, especially of ventral orbital cortex) and en-
croached slightly into frontal association cortex. The lesion then
completely removed PL–IL in all animals, except for the one with
the smallest lesion (Fig. 3, lef t column). In addition, at this level,
there was significant cell loss in secondary motor cortex and small
but consistent damage to the dorsopeduncular cortex ventral to
PL–IL. The lesion produced complete cell loss in the cingulate
cortex in all animals, extending to a point �1 mm posterior to
bregma (1.3 mm in the case of the largest lesion). In a small
number of animals, there was also a small amount of damage to
the medial edge of primary motor cortex at some levels dorsal to
the corpus callosum. The damage to PL–IL and cingulate cortices
was very consistent and near complete in all animals. Moreover,
the observed behavioral deficits were present in all lesioned
animals, regardless of the size of the damage.

In addition, in a small number of the animals, there appeared to

be some thinning of the corpus callosum. This did not appear to be
attributable to a direct effect of the neurotoxin because there was
no evidence of direct mechanical damage into the fiber bundle.
Furthermore, in all of the lesioned animals, there was some en-
largement of the ventricles (Fig. 4 is representative), and, in a small
number of the rats, there also appeared to be some shrinking of the
dorsolateral component of the lateral septum. It is not clear as to
whether this shrinking was attributable to distortion as a result of
the ventricular enlargement or whether there was indeed some
atrophy of the lateral septum. Again, it seems extremely unlikely
that there was any direct neurotoxin-induced damage to the lateral
septum because, as previously mentioned, the needle tracks always
remained dorsal to the corpus callosum, and there was no evidence
of direct mechanical damage to the fiber bundle. It is also unlikely
that this damage had any overt behavioral consequences. There
was, for example, no evidence of the septal hyper-reactivity syn-
drome in any of these rats (Fried, 1972).

Experiment 1
To analyze the results, the data were divided into separate 3 d
testing blocks and were subjected to repeated-measures ANOVA
with two within-subjects factors (day of testing, three; and testing
block, two) and with group as the single between-subjects factor
(sham vs lesion, two). All results are reported using the conserva-
tive Greenhouse-Geisser correction, which overcomes problems
caused by violations of the sphericity assumption when using an F
test. Also, despite the fact that the ANOVA is an extremely robust
procedure, in a few select cases, there is large nonhomogeneity of
variance between the sham and lesion groups. Therefore, to verify
the validity of our statistics, the data were inverted (to make the SD
proportional to the mean), subjected to a logarithmic transforma-
tion, and reanalyzed. Any differences between this and the previ-
ous analysis of the untransformed raw data in which the largest
variance on any one day of a testing block is more than four times
the smallest (Howell, 1997) are reported in the text.

For experiment 1, the results were split into first and second
prelesion testing blocks and the single postlesion block. As can be
observed in Figure 5, both the lesion and sham groups climbed
the barrier to obtain the four pellet reward more often than
choosing the arm with two pellets before surgery. When the two
prelesion testing blocks (A and B) were analyzed, there were no
significant differences between the blocks (F(1,22) � 0.43; NS) or
groups (F(1,22) � 0.12; NS) and no significant interaction between
these factors (F(1,22) � 0.43; NS). This indicates that the choices
of both groups of rats were stable and consistent across a period
of weeks. There was a significant effect of day (F(1.33,29.35) � 4.29;
p � 0.05) and a block � day interaction (F(1.33,29.35) � 4.35; p �
0.05) caused by fewer HR arm choices in both groups on day 1 of
testing block 1.

Figure 2. Schematic time line showing
the duration and different barrier sizes
used during different stages of each ex-
periment. Baseline periods refer to the
days with a single 30 cm barrier in the
HR arm when the animals were tested
until group scores stabilized to within
�4% for 3 consecutive days.
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After surgery, the animals with medial frontal lesions showed a
profound change in behavior and chose the LR arm on nearly
every trial. In contrast, although they showed a slight drop in
performance compared with before surgery, the sham group still
responded to the HR arm on the vast majority of trials (Fig. 5).
This was borne out by an ANOVA comparing the postlesion
data (block C) with the second prelesion testing data (block B),
which showed a significant interaction between block and group
(F(1,22) � 222.25; p � 0.01), as well as main effects of these factors
(block, F(1,22) � 333.83, p � 0.01; group, F(1,22) � 52.82; p � 0.01).

Experiment 2: postlesion two-barrier test
Results from experiment 2 are presented in the right side of
Figure 5. The introduction of a second 30 cm barrier placed in the
LR arm caused the lesion group to switch from choosing the LR
arm on almost every trial to select instead the HR arm on the
majority of trials. There was also a small shift in the behavior of
the sham groups toward the HR arm. These results are illustrated
by an ANOVA comparing the postlesion testing block (block C)
from experiment 1 with the data from the two-barrier testing
block (block D), which revealed a significant interaction of testing
block and group (F(1,22) � 62.79; p � 0.01), as well as individual
main effects of the two factors (group, F(1,22) � 163.67, p � 0.01;
block, F(1,22) � 145.79, p � 0.01). There was also a significant
block � day (F(1.89,41.52) � 16.68; p � 0.01) and block � day �
group (F(1.90,41.77) � 14.01; p � 0.01) interactions as a conse-

quence of the fact that the percentage of trials on which the
lesioned animals selected the HR arm increases sharply over
the 3 d of testing. Although the main effect of day was present
in the analysis of the raw data (F(1.89,41.52) � 5.75; p � 0.01), it
did not reach significance after logarithmic transformation of
the data (F(1.86,40.92) � 2.89; p � 0.07).

When the barrier was removed from the LR arm, the rats with
medial frontal lesions returned over the 3 test days to choosing
this arm on the majority of trials, whereas the sham group
continued mainly to select the HR arm (Fig. 5). An ANOVA
comparing this 3 d testing block (block E) with the two-barrier
testing block (block D) once again revealed a block � day �
group interaction (F(1.81,39.84) � 16.61; p � 0.01), as well as
significant main effects of group (F(1,22) � 36.71; p � 0.01) and
block (F(1,22) � 60.48; p � 0.01). Because the shift back to the LR
arm was not immediate on its removal, there was also a significant
block � day interaction (F(1.81,39.84) � 16.85; p � 0.01). However,
the block � group interaction was only significant in the raw
(F(1,22) � 17.59; p � 0.01) and not the transformed (F(1,22) � 4.03;
p � 0.06) data, so if does not appear to be robust.

Experiment 3: 20 cm barrier test
The animals were run with a single 30 cm barrier in the HR arm
until their performance stabilized. However, in keeping with the
analysis of previous experiments, only the last 3 d (Fig. 6, test days
16–18) of this period of testing have been used for comparison

Figure 3. Reconstructions of medial
frontal cortex lesions. Minimal (lef t col-
umn), representative (center column),
and maximal (right column) extent of
the lesions in coronal sections between
�5.2 mm anterior to bregma and �1.3
mm posterior to bregma are illustrated.
Gray shading indicates areas of com-
plete cell loss, whereas stippled shading
represents the lesion penumbra in which
cells were still present but clearly abnor-
mal compared with those in sham-
operated animals.
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with the data obtained when the animals were subsequently tested
with a single 20 cm barrier.

The replacement of the 30 cm barrier with a 20 cm one in the
HR arm had the effect of making both groups of rats choose to
obtain the four pellet reward more frequently (Fig. 6). This can be
seen in an ANOVA comparing these two testing blocks (blocks F
and G) in which, once again, there was a significant main effect
block (F(1,22) � 13.67; p � 0.01). Nevertheless, there was no clear
difference between the change in performance in the lesion and
the sham groups because the block � day � group interaction
only reached significance in the analysis of the raw data (raw data,
F(1.98,43.58) � 4.44, p � 0.05; transformed data, F(1.97,43.34) � 2.26,
p � 0.12), and the block � group interaction failed to reach
significance in either (raw data, F(1,22) � 3.25, p � 0.05; trans-
formed data, F(1,22) � 0.379, p � NS). However, there was still an
overall difference in the performance of the lesioned and sham
animals (main effect of group, F(1,22) � 36.18; p � 0.01). As in the
previous experiment, this increase in responding to the HR arm
happened over the course of the 3 d testing period, resulting in a
significant main effect of day (F(1.84,40.42) � 3.43; p � 0.05) and
significant block � day interaction (F(1.98,43.58) � 5.12; p � 0.05).

However, merely changing the height of the barrier did not
have such a dramatic effect on the rats’ decision as the addition of
a second barrier did in experiment 2. An ANOVA comparing the
performance of the 20 cm barrier testing block (block G) with the
subsequent testing block when the rats were retested with a 30 cm
barrier in each arm (block H) indicated a significant increase in

the percentage of trials on which the HR arm was chosen in the
two-barrier condition (block � group, F(1,22) � 15.90, p � 0.01;
block, F(1,22) � 16.98, p � 0.01; group, F(1,22) � 21.63, p � 0.01).
Once again, there was a significant effect of day (F(1.78,39.05) �
11.11; p � 0.01) caused by the gradual shift in the lesioned
animals’ choices to the HR arm.

When the animals were retested with the single 20 cm barrier,
the sham group continued to select the HR arm on almost every
trial. The medial frontal animals, in contrast, shifted their behav-
ior again, and there was a decrease in the percentage of trials on
which they chose to climb the 20 cm barrier to obtain the four
pellets that occurred over the 3 d of testing (blocks H and I). This
resulted in a significant block � day � group interaction
(F(1.78,39.08) � 3.97, p � 0.05; main effect of group, F(1,22) � 12.00,
p � 0.01). However, the main effect of block was only significant
in the analysis of the raw data (raw data, F(1,22) � 4.60, p � 0.05;
transformed data, F(2,44) � 2.60, p � 0.05). The gradual shift in
responding in the lesion group also meant that the block � group
interaction just failed to reach significance (F(1,22) � 4.00;
p � 0.06).

Experiment 4: five pellets versus one pellet
As in experiment 3, all of the rats were then run on the original
one 30 cm barrier paradigm until a stable baseline was achieved,
and the final 3 d of this period of testing (Fig. 7, test days 31–33)
were used in the subsequent ANOVA as a comparison with
performance when the ratio of food pellets was changed from 4:2

Figure 4. Photomicrographs of coronal
sections showing typical cell loss in a rep-
resentative lesioned rat (lef t column)
compared with a sham-operated animal
(right column).
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to 5:1 (blocks J and K). As can be observed in Figure 7, the
increase in the differential of food pellets caused the lesion group
to switch from selecting the LR arm on the majority of trials to
choosing the HR arm, resulting in a significant interaction be-
tween block and group (F(1,22) � 23.50, p � 0.01; block, F(1,22) �
39.17, p � 0.01; group, F(1,22) � 17.54, p � 0.01). There was also
a main effect of day (F(1.92,42.21) � 5.43; p � 0.01), and this factor
interacted significantly both with group (F(1.92,42.21) � 5.94; p �
0.01) and with testing block (F(1.49,32.82) � 10.38; p � 0.01) as a
result of the fact that the number of trials on which the HR arm
was selected by the lesion group increased markedly over the 3 d
of testing with the 5:1 food ratio. By the final day of this test block,
there was no difference in performance between the sham and
lesion groups (t � 1.20; NS).

DISCUSSION
The results of experiment 1 and 2 demonstrate a profound change
in effort-based decision making in rats with MFC lesions. Before
surgery, the rats chose to climb the barrier to acquire the large
reward on the vast majority of trials. However, after surgery, the
lesion group switched their behavior and selected the LR arm on
almost every trial. The size of this shift cannot be too strongly
emphasized: over the 3 d of testing in experiment 1, the lesioned
animals chose the HR arm on only 11 trials of a total of 360
compared with 317 trials before surgery. This was true of all

lesioned animals, regardless of the amount of cell loss. Moreover,
this change was stable across 4 weeks of continuous testing, with
the lesion group showing only a small reduction in preference for
the LR arm over the HR arm over the four experiments. Such a
difference can neither be the result of the animals not remember-
ing the respective reward quantities nor explained as a deficit in
primary motivation or motor skills because the first two trials of
each testing block were forced, meaning that all of the rats were
required to sample both goal arms (including climbing the barrier
in the HR arm) and consume food pellets before undergoing any
choice trials. Moreover, the findings from experiment 2, which
showed that, when the effort to obtain the food was equated
between the two goal arms, the lesioned rats returned to climbing
the barrier in the HR arm, rule out a complete insensitivity to
reward and effort. Therefore, the pattern of responding can only
be explained by a reduced preference to exert effort to acquire the
large reward.

An important role for MFC in a reward–effort calculation is
consistent with the study by Richardson and Gratton (1998) who
recorded increases in dopamine signals in MFC when rats’ re-
sponse requirement was increased from a continuous fixed ratio 1
(FR1) schedule up to an FR3, FR5, or FR10 schedule. This is
unlikely to be the result of changes in the rewarding properties of
the reinforcer because a recent study showed that rats demon-
strate no preferences for a particular food that they had to work
hard to obtain in a previous study over one that was easily
acquired (Armus, 2001). Instead, it implies that the amount of
work required to earn reward impacts on MFC dopamine levels.

The results also complement those of Salamone and colleagues
(Salamone et al., 1994; Cousins et al., 1996) who investigated the
effects of dopamine depletions in NAc on a cost–benefit T-maze

Figure 5. Mean � SE percentage of trials in which sham and lesion
group rats chose the HR arm with a single 30 cm barrier in the HR arm.
In experiment 1, there was always just a single 30 cm barrier in the HR
arm. However, in experiment 2, there could either be a single 30 cm
barrier in the HR arm or identical 30 cm barriers in both goal arms. Each
testing block consisted of 3 d of 10 choice trials per day.

Figure 6. Mean � SE percentage of trials in which sham and lesion
group rats chose the HR arm when the size of barrier was varied in the
HR arm (experiment 3). Rats were run with either a single 20 cm barrier
in the HR arm or with a 30 cm barrier in both goal arms. The first testing
block (test days 16–18) is labeled 4 5 6 because it was a continuation of
testing from the last 3 d of experiment 2 to get a consistent baseline
measurement with the single 30 cm barrier before attempting any cost–
benefit manipulations.
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paradigm and found a similar, if less marked, shift in responding
from the HR to the LR arm. They similarly concluded that their
manipulation biased the animals’ responses toward lower effort
alternatives (Salamone et al., 1997). It is clearly an issue for
additional research to investigate how MFC and NAc interact
when choosing between actions on the basis of the amount of
work needed to obtain rewards.

The fact that both MFC lesions and NAc dopamine depletions
had similar effects on making decisions about effort can be un-
derstood in relation to the anatomy and physiology of the dopa-
mine pathways in these regions. There are strong glutamatergic
projections from all of the subregions of MFC to NAc (Sesack et
al., 1989; Uylings and van Eden, 1990; Berendse et al., 1992; Brog
et al., 1993), as well as indirect mechanisms by which MFC can
influence NAc dopamine via the basal amygdala (Groenewegen
et al., 1990; Jackson and Moghaddam, 2001). Moreover, it has
been demonstrated that stimulation of MFC causes a selective
increase in the firing of dopamine cells in the ventral tegmental
area, the origin of the mesolimbic dopamine projections to NAc,
and enhanced levels of dopamine in the NAc and MFC, whereas
inhibition of MFC has the opposite effects (Murase et al., 1993;
Taber and Fibiger, 1995; Jedema and Moghaddam, 1996).

However, the role of MFC in effort-based decisions demon-
strated by the present study is in contrast to its apparent lack of
function in delay-based impulsivity as measured by the paradigm
by Cardinal et al. (2001). There are several plausible but not
mutually exclusive reasons for this. First, in the study by Cardinal
et al., complete MFC lesions were not made; instead, lesions of
individual subregions were made separately in either PL–IL or
CG, both of which project directly to the core of NAc. It is
therefore possible that the input from either one of these regions

on its own was sufficient for rats to be able to avoid impulsive
choices, whereas damage to both (as in the present study) would
not be.

A second explanation is that distinct circuits or elements within
the same frontal-accumbens circuit might be recruited differen-
tially depending on the decision in hand. In many situations, an
animal would have to balance the various costs and benefits of an
action from several different sources. A response that requires
more effort might also take more time and have more risks
attached (such as foraging at a better food source farther afield).
Our results might suggest that the MFC is only recruited in
situations in which the amount of work needed to obtain reward
becomes a crucial factor but not when time is of overriding
importance (as in the study by Cardinal et al.). There is good
evidence from the human neuroimaging literature on decision
making that different regions are preferentially active depending
on the level of risk or reward (Elliott and Dolan, 1998; Knutson
et al., 2001; O’Doherty et al., 2001). In particular, the human
anterior cingulate cortex seems to be activated by situations in
which the outcome of actions can result in different sizes of
reward (Bush et al., 2002; Gehring and Willoughby, 2002).

Although the results of experiment 1 showed a reversal of
animals’ decisions after a lesion to MFC, experiment 2 demon-
strated that this was not caused by a complete insensitivity to
costs and benefits. However, the first two experiments failed to
indicate whether the rats had merely shifted their decision crite-
rion, meaning that altering the cost–benefit ratio would cause
them to modify their behavior as a consequence, or whether they
always just take the easier option of the two. Experiments 3 and
4 convincingly showed the former to be more likely, as well as
confirming our previous findings that MFC lesions do not make
the rats totally insensitive to reward and effort. Both a reduction
in the size of barrier from 30 to 20 cm (decreasing the cost) and
increasing the food differential to 5:1 (increasing the benefit)
caused the lesioned animals to change from choosing the LR arm
to exerting effort to obtain the reward in the HR arm. The fact
that performance with the 20 cm barrier was characterized by an
increased preference to enter the HR arm than with the 30 cm
barrier but reduced preference compared with the two-barrier
condition shows that they were still able to weigh up relative costs
and benefits in each new situation, even if their decision criterion
appears to have been shifted markedly compared with the sham
animals.

It is also of note, given that the ratio used in the study by
Cardinal et al. (2001) was 4:1, that changing the food ratio to 5:1
in experiment 4 virtually equated the performance of the lesion
and sham groups. This suggests that a third possible reason for
the discrepancy between their findings and ours is their use of a
single pellet as the low reward. Unfortunately, the experiments
that have looked at the role of NAc in effort-based decisions did
not systematically alter the cost–benefit ratio as was done in this
study (Salamone et al., 1994; Cousins et al., 1996), so it is difficult
to do more than speculate without additional data.

One noticeable aspect about the change in responding in the
lesioned animals from the LR to HR arm and back again in all of
the experiments was that it never occurred immediately. This was
despite the fact that the rats were given experience of the addition
and removal of the second barrier in the LR arm through the
forced trials. One possibility is that this in part reflects an im-
pairment in behavioral flexibility that several authors have sug-
gested may occur after MFC lesions (Aggleton et al., 1995;
Seamans et al., 1995; Ragozzino et al., 1999; Dias and Aggleton,

Figure 7. Mean � SE percentage of trials in which sham and lesion
group rats chose the HR arm with a single 30 cm barrier in the HR arm
in experiment 4. The food differential ratio was changed from 4:2 in the
baseline condition (HR/LR arm) to 5:1. The first 3 d of testing (test days
28–30; gray shading) when a stable baseline measure was being obtained
have been included for the sake of completeness, although they have not
been subjected to statistical analysis.
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2000). However, if any such deficit is present, it is secondary to
the effect on the animals’ decision making.

Taken as a whole, this study demonstrates a crucial role for rat
MFC in effort-based decision making. However, rather than
making the animals insensitive to rewards and effort, the effect of
the lesion was to cause a shift in the decision criterion of the
animals, meaning that they could still alter their behavior when
the cost–benefit ratio was changed, although they showed a
marked preference to choose the LR arm when compared with
the controls. Whether the whole of MFC is uniquely involved in
effort-based decision making will be the issue of additional
research.
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