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Dissociable Effects of Lesions to Orbitofrontal Cortex
Subregions on Impulsive Choice in the Rat
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The orbitofrontal cortex (OFC) is implicated in a variety of adaptive decision-making processes. Human studies suggest that there is a
functional dissociation between medial and lateral OFC (mOFC and lOFC, respectively) subregions when performing certain choice
procedures. However, little work has examined the functional consequences of manipulations of OFC subregions on decision making in
rodents. In the present experiments, impulsive choice was assessed by evaluating intolerance to delayed, but economically optimal,
reward options using a delay-discounting paradigm. Following initial delay-discounting training, rats received bilateral neurotoxic or
sham lesions targeting whole OFC (wOFC) or restricted to either mOFC or lOFC subregions. A transient flattening of delay-discounting
curves was observed in wOFC-lesioned animals relative to shams— differences that disappeared with further training. Stable, dissociable
effects were found when lesions were restricted to OFC subregions; mOFC-lesioned rats showed increased, whereas lOFC-lesioned rats
showed decreased, preference for the larger-delayed reward relative to sham-controls—a pattern that remained significant during
retraining after all delays were removed. When locations of levers leading to small–immediate versus large– delayed rewards were
reversed, wOFC- and lOFC-lesioned rats showed retarded, whereas mOFC-lesioned rats showed accelerated, trajectories for reversal of
lever preference. These results provide the first direct evidence for dissociable functional roles of the mOFC and lOFC for impulsive choice
in rodents. The findings are consistent with recent human functional imaging studies and suggest that functions of mOFC and lOFC
subregions may be evolutionarily conserved and contribute differentially to decision-making processes.

Introduction
The orbitofrontal cortex (OFC) has been strongly implicated in
reinforcement-guided decision making (Murray et al., 2007;
Wallis, 2007; Doya, 2008). OFC damage in humans leads to in-
creased impulsivity, which may result from bias toward immedi-
ate rewards (Bechara et al., 2000; Berlin et al., 2004). Rodent
studies have documented similar effects using delay-discounting
paradigms: when offered the choice between smaller, more-
immediate or larger, more-delayed rewards, OFC-lesioned
animals tend to choose impulsively, i.e., the smaller, more-
immediate option (Mobini et al., 2002; Rudebeck et al., 2006).
However, other studies have reported that OFC lesions can shift
preference toward the less-impulsive, delayed-reward alternative
(Kheramin et al., 2002; Winstanley et al., 2004).

Two main hypotheses have been advanced to explain these
contrasting findings. The first proposes the OFC to be involved in
flexibly updating the incentive value of outcomes, whereby OFC

damage may increase within-session perseverative responding
(Winstanley et al., 2004; Schoenbaum and Roesch, 2005; Rude-
beck et al., 2006). The second hypothesis emphasizes possible
functional heterogeneity within the OFC. For instance, quantita-
tive analysis of intertemporal choice data in OFC-lesioned rats
has implicated two processes underlying OFC function—an in-
creased sensitivity to the relative value of the larger of two rein-
forcers and an increased rate of delay discounting—which may
augment or diminish impulsive choice depending on the magni-
tudes of, and delays to, reward options (Kheramin et al., 2002).
Electrophysiological studies have identified two distinct popula-
tions of single-unit firing patterns within rat OFC in anticipation
of impending reward: a subset that maintains activity across de-
lays and a subset that decreases activity across delays and correlates
with discounting behavior (Roesch et al., 2006). Moreover, different
subregions of the OFC may have different functions. In primates,
medial OFC (mOFC) has been associated with responding to, mon-
itoring, or adjusting the incentive value of stimuli, whereas lateral
OFC (lOFC) has been implicated in punishment or suppression of
previously rewarded responses following contingency change
(Iversen and Mishkin, 1970; Elliott et al., 2000; O’Doherty et
al., 2001; Kringelbach and Rolls, 2004). Human functional
imaging experiments have correlated the degree of activation
in lateral prefrontal (including lOFC) areas with choice of
delayed rewards, whereas activity in limbic regions such as
ventral striatum and mOFC have been correlated with choice
of relatively immediate rewards (McClure et al., 2004, 2007).

The present experiments sought to test these hypotheses and
further clarify the role of the OFC in delay-discounting in the rat.
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First, we assessed whether patterns of delay-discounting behav-
ior following neurotoxic lesions targeting whole OFC (wOFC)
are related to reductions in flexible responding by reversing the
spatial location of small–immediate versus large– delayed oper-
ant choices, and by reversing the order of delay presentation.
Second, we examined the putative dissociable effects of more
selective mOFC or lOFC lesions on delay-discounting perfor-
mance, where it was hypothesized that mOFC lesions preferen-
tially affect processing of more-immediate, whereas lOFC lesions
preferentially affect processing of more-delayed, rewards.

Materials and Methods
Subjects. Male Lister Hooded rats (Charles River), weighing 250 –325 g at
the start of each experiment, were maintained at 85–90% of their free-
feeding weight. Water was available ad libitum. Animals were housed 2– 4
per cage under reversed light/dark cycle (light-phase 19:00 h-07:00 h)
with behavioral testing performed between 08:00 h and 19:00 h. Experi-
ments were undertaken in accordance with the UK Animals (Scientific
Procedures) Act, 1986.

Behavioral testing. The apparatus and testing procedure have been
described previously (Cardinal et al., 2000; Mar and Robbins, 2007).
Testing occurred in eight operant-conditioning chambers (Med Associates)

equipped with a house light, two retractable le-
vers located on either side of a centrally posi-
tioned receptacle into which a dispenser
delivered 45 mg food pellets (TestDiet; Purina),
and a receptacle light. Receptacle head-entries
were detected by an infrared photodiode. The
apparatus was controlled using software writ-
ten by Rudolf N. Cardinal in Arachnid (exper-
iment 1) and using the WhiskerControl system
(Cardinal and Aitkin, 2010) (experiment 2).

Subjects were first trained to press either the
left or right lever to obtain a food pellet, and
subsequently to nose-poke into the receptacle
to trigger lever presentation in discrete trials
every 40 s [session-performance criteria of 60
rewarded trials (30 per lever)]. Rats were then
trained on the delay-discounting procedure
(Fig 1 A). Each session comprised 60 trials (five
12-trial blocks). Each block began with two
forced trials in which only one lever was pre-
sented (randomly left or right per trial pair),
followed by 10 choice trials in which both le-
vers were presented. Each rat had one lever des-
ignated (counterbalanced) as immediate
(associated with one, immediate pellet) and
one lever as delay [associated with four pellets,
delivered after a delay that was increased pro-
gressively (0, 10, 20, 40, 60 s) between succes-
sive blocks]. Trial onset was signaled every
100 s by illumination of the house and recepta-
cle lights, after which rats had to nose-poke
into the receptacle to trigger lever presentation.
Failures to nose-poke or to lever-press within
10 s were deemed omissions and the chamber
reset to the intertrial interval (ITI) state—all
lights extinguished and levers retracted— until
the next trial. Following lever-presses, levers
were retracted and the house light extin-
guished. Reward delivery coincided with 6 s
illumination of the receptacle light followed by
the ITI state. Figure 1 B shows the experimental
timeline of delay-discounting sessions for ex-
periments 1 and 2.

Surgery. In experiment 1, 22 rats were
allocated to two groups matched for
delay-discounting performance. Rats were
anesthetized using 100 ml/kg Avertin [10 g of

2,2,2-tribromoethanol (Sigma) in 5 g of tertiary amyl alcohol, diluted in
40 ml of ethanol and 450 ml of PBS] and secured in a stereotaxic frame
(David Kopf Instruments). Excitotoxic lesions targeting wOFC (n � 13)
were made using 0.09 M quinolinic acid dissolved in 0.1 M phosphate
buffer (vehicle), with pH adjusted to 7.4 using 0.1 M NaOH. Bilateral
infusions were made via 31 gauge stainless-steel injector (Coopers
Needleworks) attached to a Hamilton microinfusion pump by polyeth-
ylene tubing according to the following parameters: Site 1: anteroposte-
rior (AP) �4.0 mm, mediolateral (ML) �0.8 mm, dorsoventral (DV)
�3.4 mm, 0.2 �l over 2 min; Site 2: AP �3.7 mm, ML �2.0 mm, DV
�3.6 mm, 0.3 �l over 3 min; Site 3: AP �3.2 mm, ML �2.6 mm,
DV �4.4 mm, 0.3 �l over 3 min. The AP, ML, and DV coordinates were
taken from bregma, midline, and dura, respectively; the incisor bar was
3.3 mm below the interaural line. Injectors were left in place for a time
period equivalent to the duration of infusion before removal. Sham sur-
geries (n � 9) were performed in similar manner, but with infusing
vehicle alone.

In experiment 2, 32 rats were allocated to three groups matched for
delay-discounting performance, and received bilateral lesions of mOFC
(n � 11), lOFC (n � 11), or sham surgery (n � 10; 5 mOFC and 5 lOFC).
The apparatus and procedures were similar to those in experiment 1.
Excitotoxic lesions were made using 0.1 M NMDA dissolved in 0.1 M

Figure 1. Outline of delay-discounting task. A, Basic structure of individual trials. B, Timeline of experimental manipulations.
Postlesion and lever-reversal phases were extended in experiment (Expt) 2 to ensure reliability of significant effects.
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phosphate buffer (vehicle), with pH adjusted
to 7.4. Infusions were made using the following
parameters (Fuchs et al., 2004): mOFC: AP �4.2
mm, ML � 0.6 mm, DV �4.3 mm, 0.2 �l over
2 min; lOFC: AP �3.2 mm, ML �2.5 mm, DV
�3.6 mm, 0.3 �l over 3 min.

Data analysis. Choice data were analyzed us-
ing two complementary logistic regression ap-
proaches (Hosmer and Lemeshow, 2000).
First, generalized estimating equation (GEE)
models with logit link and binomial variance
distribution functions were fit to the binary-
coded choice data (0 � immediate, 1 � delay)
with lesion (mOFC, lOFC, wOFC, or sham),
delay (0, 10, 20, 40, 60 s), and their interaction
included as categorical predictors, and presur-
gical choice performance as continuous cova-
riate (to account for baseline differences).
Different working correlation specifications
(e.g., independence, autoregressive, exchange-
able) were assessed to ensure parameter
estimate consistency. Jackknife resampling
variance estimates were used to construct 95%
confidence intervals and � 2 tests used to assess
significance. Significant lesion and lesion �
delay interactions were decomposed using
simple logistic regression and/or Bonferroni-
corrected pairwise comparisons. Second, to re-
inforce and extend GEE analysis (cf., Bezzina et
al., 2007), choice data were fit (using general-
ized nonlinear mixed-effect models) by a two-
parameter logistic equation: %immediate �
1/[1 � (delay/D50) �], where D50 estimates
the indifference delay (i.e., 50% choice for each
lever) and � defines the function’s slope. Max-
imum likelihood estimates of parameters
were compared between lesion groups using
likelihood ratio (LR) tests. When locations of
immediate and delay levers were reversed,
delay-discounting behavior was initially dis-
rupted. Thus, speed and extent of reversal
learning was analyzed by GEE on total choice
preference per three-session block. Statisti-
cal analyses were conducted using R (v2.12.0;
http://www.r-project.org).

Histology. Rats were terminally anesthetized
with sodium pentobarbitone and perfused trans-
cardially with 0.01 M PBS followed by formalde-
hyde solution (4% paraformaldehyde in PBS).
Brains were removed, postfixed in formaldehyde
solution, and transferred into 20% sucrose in
0.01 M PBS 24 h before sectioning on a freezing
microtome. Coronal sections (60 �m) were
stained with cresyl violet and lesion locations
were mapped onto standardized sections of the
rat brain (Paxinos and Watson, 1998).

Results
Lesion analysis
Histological verification of lesions (Fig 2)
was conducted by A.C.M. and confirmed
by individuals blind to the experimental
results. In experiment 1, three animals were excluded from the
wOFC-lesion group: two had incomplete/unilateral lesions and
one developed seizures following surgery. wOFC lesions encom-
passed the OFC subregions delineated by Paxinos and Watson
(1998), with some sparing of anterior dorsolateral OFC and of
posterior portions of mOFC and ventral OFC subregions (Fig

2B). Damage occasionally extended into ventral anterior insula
and dorsal edge of accessory olfactory areas. In experiment 2, five
rats were excluded: three had incomplete/unilateral lesions (two
mOFC, one lOFC) and two (one mOFC, one lOFC) developed
postsurgical seizures. mOFC damage encompassed the mOFC
subregion, was typically associated with tissue retraction along
the ventromedial surface (Fig 2A), and showed some sparing in

Figure 2. Histological analysis of OFC lesions. A, Photomicrographs depicting typical lesions of whole (top left), medial (middle
left), and lateral (bottom left) wOFC-operated relative to sham-operated control tissue (right). B, Schematic depicting lesion
assessments for whole (left), medial (center), and lateral (right) OFC. Grey scale shading indicates extent of neuronal loss across
subjects, with each subject represented as a separate, stacked layer. Diagrams are modified from Paxinos and Watson (1998).
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posterior sections (Fig 2B). lOFC damage encompassed the lOFC
subregion, occasionally extending laterally into edges of the ad-
jacent ventral OFC and/or dorsolateral OFC, with some small
sparing in the anterior and posterior limits (Fig 2B).

Experiment 1: Whole OFC lesions
Logistic GEE model analysis revealed that, preoperatively, rats
exhibited significant delay-discounting [� 2(4) � 16.6, p �
0.01], with no differences between performance-matched groups

Figure 3. Effect of OFC lesions on delay discounting. A, B, Mean (�SEM) percentage choice of the large reward across delays for wOFC and sham-operated controls (A) and for mOFC, lOFC, and
sham-operated controls (B). Column F displays the mean (�SEM) percentage choice for the large reward for three-session blocks following reversal of lever positions. Inset depicts fitted indifference
delay parameter (D50) for each group per corresponding phase. *p � 0.05 wOFC (A) or mOFC (B) versus sham. tp � 0.05 lOFC versus sham. #p � 0.05 mOFC versus lOFC (large symbol, main effect).
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(Fig 3A, column A). Discounting curves of wOFC-lesioned rats
appeared flattened in the early postoperative period (Fig 3A, col-
umn B), confirmed by a significant lesion � delay interaction
[� 2(4) � 10.8, p � 0.05] in which wOFC-lesioned rats exhibited
decreased preference for the large reward at 0 s delay ( p � 0.05),
but increased preference at the 60 s delay ( p � 0.05), relative to
shams. The lesion-group differences disappeared after further
training (Fig 3A, column C). When delays to the large reward
were removed, all rats shifted their behavior to consistently
choose the large reward (Fig 3A, column D). When delays were
reintroduced (Fig 3A, column E), delay-discounting was reestab-
lished [� 2(4) � 17.0, p � 0.01] but with no significant differences
between wOFC- and sham-lesioned animals.

These results were supported by fitting logistic functions (%im-
mediate � [1/(1 � (delay/D50)�]) to the delay-discounting data.
wOFC lesions increased D50 (Fig. 3A, bar graphs) [LR�2(1) � 4.6,
p � 0.05], which disappeared with further training and following
removal and restoration of delays. No differences in the slope pa-
rameter, �, were observed.

When positions of the levers leading to small–immediate and
large– delayed rewards were switched (Fig 3A, column F), wOFC-
lesioned rats showed a reduction in choice-preference for the
larger reward [� 2(19) � 57.14, p � 0.001] from sessions 4 –9
( ps � 0.05) relative to shams. When delays were subsequently
removed, all rats shifted their behavior to consistently choose the
large reward (Fig 3A, column G). On restoration of the delays (Fig
3A, column H), all rats reestablished delay-discounting [� 2(4) �
15.4, p � 0.01], however, wOFC-lesioned animals showed in-
creased impulsive choice relative to sham-operated controls
[� 2(4) � 12.6, p � 0.05] at 10, 40, and 60 s delays ( ps � 0.05).
When the order of delays to the large reward was reversed (Fig 3A,
column I), both wOFC and sham-operated groups shifted their
responding to track delays [� 2(4) � 11.6, p � 0.05] but with no
significant differences between lesion groups. Trial omissions,
lever-press and reward-collection latencies were not significantly
different between groups in any experimental phase.

Experiment 2: Medial versus lateral OFC lesions
Preoperatively, rats exhibited significant delay-discounting
[� 2(4) � 21.5, p � 0.01], with no differences between
performance-matched groups (Fig 3B, column A). Although no
significant lesion effects were observed in the early postlesion
period (Fig 3B, column B), a significant lesion � delay interac-
tion for choice behavior [� 2(8) � 18.8, p � 0.05] emerged later
(Fig 3B, column C). Relative to both sham-operated and lOFC-
lesioned animals, mOFC-lesioned rats exhibited increased pref-
erence for the larger reward at 10 and 20 s delays ( p � 0.05 and
p � 0.01, respectively). Relative to shams, lOFC-lesioned rats
showed significantly decreased preference for the larger reward at
the 20 s delay ( p � 0.05). When all delays were removed, all rats
shifted their behavior to consistently choose the large reward (Fig
3B, column D). When delays to the large reward were reintro-
duced (Fig 3B, column E), dissociable preferences were reestab-
lished: a significant lesion � delay interaction [� 2(8) � 17.6, p �
0.05] with lOFC significantly decreased compared with sham and
mOFC in preference for the large reward at the 10 s delay ( ps �
0.05), and mOFC significantly increased compared with sham
and lOFC in preference for the large reward at the 20 s delay
( ps � 0.01).

The GEE results were reinforced by fitting logistic functions
(%immediate � [1/(1 � (delay/D50) �]) to the discounting data.
Significant differences in the estimated indifference delay, D50,
(Fig. 3B, bar graphs) were observed between mOFC-lesion and

shams [LR� 2(1) � 6.7, p � 0.01], lOFC-lesion and shams
[LR� 2(1) � 3.9, p � 0.05], and mOFC-lesion and lOFC-lesion
[LR� 2(1) � 10.5, p � 0.01] in later postsurgical sessions and
remained relatively stable following removal and restoration of
delays (sham-mOFC: LR� 2(1) � 8.8, p � 0.01; sham-lOFC:
LR� 2(1) � 3.2, p � 0.074; mOFC–lOFC: LR� 2(1) � 9.8, p �
0.01). No differences in slope parameter, �, were observed.

When the positions of the levers leading to small–immediate
and large– delayed rewards were switched (Fig 3B, column F), a
significant lesion � session interaction was found [� 2(58) �
86.6, p � 0.01], with mOFC-lesioned rats showing faster reversal
of choice-preference relative to sham-controls and lOFC-
lesioned animals at sessions 7–9 and 19 –24 ( ps � 0.05), and
lOFC-lesioned rats showing retarded trajectories relative to
shams at sessions 10 –12 ( p � 0.05). When all delays were re-
moved, rats shifted their behavior to consistently choose the large
reward (Fig 3B, column G). When delays were reintroduced (Fig
3B, column H), rats recovered their delay-discounting behavior
[� 2(4) � 22.4, p � 0.001] and the difference between lOFC- and
mOFC-lesioned rats reemerged as a significant main effect
[� 2(2) � 6.9, p � 0.05]. Trial omissions, lever press, and reward-
collection latencies were not significantly different between
groups in any experimental phase.

Discussion
This study provides the first demonstration of functionally con-
trasting effects of selective lesions of medial and lateral subre-
gions of OFC on delay-discounting performance in the rat;
mOFC-lesioned rats exhibited a stable pattern of decreased im-
pulsive choice and lOFC-lesioned rats showed increased impul-
sive choice, relative to sham-controls. These results may help
explain why prior studies of OFC function have produced con-
tradictory findings and are discussed in terms of possible hetero-
geneity of functions represented within rodent OFC.

Whole OFC
Reduction in impulsive choice following wOFC lesions replicates
Winstanley et al. (2004). However, this pattern disappeared as
postsurgical training progressed. Such labile postlesion effects are
consistent with prior studies. Rudebeck et al. (2006) found dif-
ferences in impulsive choice across six sessions following OFC
lesions, but not after delays between choice-options were
equated. Cardinal et al. (2001) observed a flattening of delay-
discounting curves across seven sessions following medial pre-
frontal cortex lesions that disappeared when delays were removed
in alternating sessions. Moreover, after extended training using
task parameters similar to those of the present study (e.g., short
delays to small–reward delivery), Kheramin et al. (2002) ob-
served no differences in choice-behavior between OFC- and
sham-lesioned rats.

These transient alterations of choice-behavior were unlikely
caused by functional recovery, as wOFC-lesioned animals subse-
quently showed slower reversal of choice-preference after lo-
cations of the immediate and delay levers were switched.
Disruption of choice-behavior in OFC-lesioned animals after re-
versal is consistent with numerous studies (Chudasama and Rob-
bins, 2003; McAlonan and Brown, 2003; Boulougouris et al.,
2007). The transience of wOFC-lesion discounting effects per-
haps reflects disruption of task-related representations, including
outcome expectancies, that could be relearned with support from
intact network structures such as the basolateral amygdala (BLA)
or striatum (Schoenbaum and Roesch, 2005; Schoenbaum et al.,
2009).
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Reduced flexibility of wOFC-lesioned animals following
lever-location reversal might suggest that their delay-discounting
performance is related to within-session perseveration (Win-
stanley et al., 2004). However, after extended reversal training,
wOFC-lesioned rats exhibited increased impulsive choice despite
initially (no-delays) choosing the large reward to a similar extent
as sham-controls. It is unclear to what extent these postreversal
differences in choice-behavior are attributable to residual effects
from the reversal phase. Nevertheless, when within-session de-
lays were removed or presented in reverse order, wOFC-lesioned
animals shifted their choice-behavior, performing comparably
to shams. Thus, although wOFC lesions disrupted aspects of
between-session flexibility, such disruptions do not account sim-
ply for differences in delay-discounting.

Lateral OFC
lOFC-lesioned rats increased impulsive choice relative to both
sham-controls and mOFC-lesioned animals after several post-
surgical training sessions; this effect was still evident after retrain-
ing following removal of all delays. This persistent choice-bias fits
neatly with human neuroimaging data. The degree of activation
of lateral areas of frontal cortex (including lOFC) predicts the
extent of deferral of gratification (McClure et al., 2004), corre-
lates negatively with individual differences in relative preference
for smaller–immediate rewards (Hariri et al., 2006), and corre-
lates positively with the inclination to wait for larger– delayed
rewards (Boettiger et al., 2007). Thus, lOFC may participate in
circuitry that mediates cognitive control such as prospective
planning or behavioral regulation in the context of stimulus-
independent, long-term goals (Windmann et al., 2006).

lOFC is implicated in cognitive control when reward-
associated responses require suppression (Iversen and Mishkin,
1970; Elliott et al., 2000) or when punishment-related stimuli
guide behavioral change (O’Doherty et al., 2001). In the context
of impulsive choice, resisting selection of immediate rewards may
require inhibitory-control and/or negative-feedback mecha-
nisms that are disrupted by lOFC lesions. This interpretation is
consistent with our observation that lOFC-lesioned animals
show attenuated reversal of choice-preference when locations of
immediate and delay levers were switched. The smaller effect size
of lOFC lesions relative to wOFC lesions on reversal may relate to
smaller lesion size or may have been masked by slower (for un-
known reasons) reversal trajectories of sham-controls in experi-
ment 2. Regardless, the similar directionality of lOFC- and
wOFC-lesion effects suggests that lOFC is important for flexibil-
ity during reversal learning, consistent with other studies (Schoe-
nbaum et al., 2003; Gourley et al., 2010).

Alternatively, enhanced preference for immediate over de-
layed rewards in lOFC-lesioned rats may be due to disruption of
associative learning processes. The delay between stimulus (or
response) and outcome renders representation of their associa-
tion more difficult, requiring temporal-bridging mechanisms.
Roesch et al. (2006) identified cells within lOFC, the activity of
which rose until delayed-reward delivery. These cells might
maintain reward representation over delays and facilitate encod-
ing of associative representations in downstream brain regions
such as BLA and nucleus accumbens (NAc) (Schoenbaum et al.,
2009). lOFC damage may thus have disrupted associative signals
for encoding delayed relative to immediate rewards.

Medial OFC
mOFC lesions decreased impulsive choice relative to both sham-
controls and lOFC lesions. These differences persisted during

retraining after delay removal and are consistent with human
neuroimaging studies. Preferential activation of mOFC is associ-
ated with choice of immediate primary or conditioned reinforc-
ers relative to delayed ones (McClure et al., 2004, 2007) and
correlates positively with individual differences in preference for
smaller–immediate rewards on a delay-discounting task (Hariri
et al., 2006). mOFC may thus participate in circuitry encoding
associations between stimuli and/or responses that lead to imme-
diate feedback of reward (Elliott et al., 2000; O’Doherty et al.,
2001) and bias stimulus-driven, behavioral responses toward im-
mediate goals (McClure et al., 2004, 2007). mOFC damage could
disrupt such bias, shifting responding toward larger– delayed
options.

Other researchers have hypothesized that mOFC may be bet-
ter conceived as an integration site for subjective goal value sig-
nals (Kable and Glimcher, 2009), facilitating comparison of
choice-options varying in parameters such as delay, magnitude,
and probability. Under this framework, mOFC damage may af-
fect delay-discounting by requiring adoption of choice strategies
in the absence of such integrative value comparisons. Thus,
mOFC-lesioned rats may have adopted a simpler, choice-bias
strategy toward the larger reward (accounting less for within-
session changes in delays). This interpretation fits with reports
that wOFC lesions lead to both increased delay-sensitivity and
increased sensitivity to relative reward magnitudes (Kheramin et
al., 2002). Indeed, our results further suggest that these processes
may be anatomically dissociable: lOFC lesions may preferentially
mediate increases in delay-discounting (see Lateral OFC, above),
whereas mOFC lesions may reduce delay-discounting preferen-
tially through enhanced sensitivity to relative reward magni-
tudes. This interpretation also fits with evidence demonstrating
increased progressive ratio break points in mOFC-lesioned mice
(Gourley et al., 2010) as well as our observed facilitation of
choice-preference following lever-position reversal in mOFC-
lesioned rats, possibly driven by higher relative valuation of the
large-reward option.

A recent study reported increased delay-discounting rates in
patients with selective mOFC damage across three hypothetical
intertemporal-choice tasks (Sellitto et al., 2010), in seeming con-
tradiction to the present findings. However, given that their se-
quential choice-options varied in both delay and magnitude
[quantitative models suggest such variations can potentially ei-
ther suppress or promote delay-discounting (Kheramin et al.,
2002)], a different choice strategy may have been adopted by
patients with mOFC damage. Regardless of the precise interpre-
tation, our results clearly implicate distinct functional contri-
butions of the lOFC and mOFC in intertemporal choice
performance. It would be of considerable interest to determine
whether damage to these regions in human patients produce sim-
ilarly opposing effects.

Distinct and/or additive effects of OFC subregions
Anatomical evidence in nonhuman primates shows that caudal
lOFC has dense interconnections with NAc core, ventral tegmen-
tal area (VTA), and BLA, whereas mOFC has dense reciprocal
connections with the hippocampus and only weak connectivity
with NAc core, VTA, and BLA (Morecraft et al., 1992; Carmichael
and Price, 1995). Recent studies in rodents also highlight the
topographic separation of mOFC and lOFC projections to the
striatum (Schilman et al., 2008).

These structural/functional distinctions are supported by our
findings that OFC lesion size (i.e., wOFC � lOFC � mOFC) is
not related to the magnitude or direction of delay-discounting
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performance. Indeed, dissociable effects of lOFC and mOFC le-
sions may help explain wOFC-lesion effects. Behavioral effects of
lOFC and mOFC lesions emerged at a time point remarkably
similar to the loss of flattening of delay-discounting curves fol-
lowing wOFC lesions. Contrasting effects of lOFC and mOFC
lesions may thus depend on experience-dependent (re)learning
within the task and contribute distinctly and/or additively to
delay-discounting (i.e., subregion effects cancelling out in wOFC
rats). Moreover, contradictory findings among prior studies may
result from variations in the duration of postsurgical assessment
and the precise localization and extent of OFC lesions.

Conclusions
Using more discrete and selective lesions of medial and lateral
OFC subregions, we demonstrate that lOFC lesions bias rats’
choices toward small–immediate rewards, and mOFC lesions
bias rats toward large– delayed rewards in a stable and dissociable
manner from sham-operated controls. We thus provide the first
evidence that the OFC is not unitary in its contribution to delay-
discounting in rodents.
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