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Abstract—Neurobiologlcal mechanisms of decision-making
have been shown to be modulated by a number of frontal
brain regions. Among those areas, the orbitofrontal cortex
{OFC) is thought to play an important role in the decision of
behavioral actlons when faced with alternative options of
ambiguous outcome. Here we present a novel neurobehav-
ioral task to study affective decislon-making in the rat, based
on evaluation of consecutive choices between two levers
associated with rewards of different value and probability.
Two groups of animals were studied; a sham control group
(n=6) and an OFC-lesioned group (n=7). In the first 30 trials
both groups had similar preference patterns but at the end of
the 90 trials of the task both groups developed specific pref-
erences. The control group systematically preferred the lever
associated with smaller but more reliable rewards (low risk
lever) while the OFC lesion group preferrad the high risk lever
{index of prefersnce of 0.21:0.21 vs. —0.45+0.10; t-test,
P<0.05). Analysis of choice persistence (i.e. choosing the
same lever in consecutive trials) suggests that the OFC-
lesioned group became less sensitive to risk, seeking large
rewards irrespective of their success probability. ® 2006
IBRO. Published by Elsevier Ltd. All rights reserved.
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Forced-choice in the absence of declarative knowledge is
a complex decision-making process that in several ways
mimics lifelike situations and highlights the subtle mecha-
nisms of emotional evaluation of outcome {Dolan, 2002,
Lee, 2006). In humans faced with altemative options of
distinct but uncertain reward value it was shown that un-
conscious preferences may precede and prevail over con-
scious strategic planning (Bechara et al., 1997). Choosing
between diverse unsure gains involves complex neurobi-
ological mechanisms of evaluation in order to establish a
pattern of choice preference (Schall, 2001; Ridderinkhof et
al., 2004). Patients with amygdalar or orbitofrontal cortical
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(OFC) lesions are unable to develop a favorable long-term
planning strategy in the lowa Gambling Task {Bechara et
al., 1996), or the Cambridge Decision-Making Task (Rog-
ers et al., 1999a), preferring large but infrequent rewards
over small but reliable rewards, with patterns of choice that
suggest impairment at strategic long-term planning. More-
over, the demonstration that substance abusers, gambling
addicts, and severe chronic pain patients present decision-
making deficits similar to those of brain lesion patients
(Rogers et al., 1999a; Petry, 2001; Apkarian et al,, 2004)
highlighted the importance of understanding this prefron-
tal-mediaied affective bias.

Neurobehavioral studies in non-primates have scarcely
addressed the role of the prefrontal cortex in affeclive
judgment, since most of the experimental focus in rats has
been on the elucidation of the role of prefrontal cortex in
the detection of event probabilities and cue-based deci-
sion-making (Schoenbaum et al., 2006). The details of
prefrontal-mediated reward preference have revealed that
frontal areas influence the subjective valuation of rewards
when considering their immediate availability or reliability.
In rodents, protocols of delay-discounting or probability-
discounting functions (i.e. free-choice between immediate
small rewards and delayed but larger rewards, or free-
choice between a certain small reward and an unceriain
larger reward with fixed probability of delivery) have shown
that, like in humans, frontal areas modulate the threshold
at which subjects switch to preferring immediate, reliable
and smaller rewards rather than delayed, unreliable but
larger ones (Cardina! et al., 2001; Mobini et al., 2002;
Kheramin et al., 2003). Lesions of OFC modulate this
“impulsive” pattern of behavior in a differential manner
depending on if the lesion was done before or after the
reward training, and on the size of the rewards associated
with each choice (Kheramin et al., 2002; Winstanley et al.,
2004; Roesch et al., 2006). Paradoxically, the only proba-
bility-discounting study performed in rodents (Mobini et al.,
2002) suggested that OF C-lesioning led to “risk-aversion”
behavior, what is in clear contradiction with the multitude of
human studies showing that OFC-lesioning promotes
risky-behavior. However, the experimental protocols of de-
lay- or probability-discounting functions in rats are based
on intensive training in which animals learn the outcomes
associated with each alternative choice over consecutive
sessions. Hence, the todent probability-discounting tests
fail to address the free-choice under uncertainty, that is the
signaiure feature of the commonly used protocols in hu-
man decision-making studies (Bechara et al., 1997; Rog-
ers et al., 1999b; Berns et al., 2001; Hsu et al., 2005).
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Here, we present a novel behavioral task for affective
decision-making in the rat that mimics the fundamental
aspects of the neuropsychological gambling tasks used in
humans. Specifically, this task retains three core aspects
of the human tests: first, the animals start the task naive 1o
the fact that alternative choices lead to different outcomes
and have to leam the contingencies as the task progresses;
second, none of the choices leads to a predictable re-
ward: third, animals are unaware of the duration of the
task. Using this task we here show that, similarly to the
human resulis, OFC-lesioning in the rat also leads to a
preference bias for large risk choices when large rewards
are at stake.

EXPERIMENTAL PROCEDURES

Adult Sprague-Dawley rats (Charles River, Barcelona, Spain)
with weights between 300 and 320 g were used in all experiments.
During the experimental period, animals received water ad libitum
but were food deprived to 80% of baseline body weight by iimiting
their access to food to a single daily meal. Ali the experiments
were conducted in accordance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC). Every ef-
fort was made to minimize the number of animals used and their
suffering.

Anesthesia was induced with an i.m. injection of xylazine and
ketamine (10 and 60 mg/kg mixture, respectively) and the rat
positioned in a sterectaxic apparatus. OFC-lesioned animals re-
ceived bilateral injections of quinclinic acid (Sigma Chemical, St.
Louis, MO, USA) centered at the ventral portion of the OFC (0.4 i
of a 0.18 M solution, pH 7.4). Stereotaxic injections were admin-
istered using a 1 ul Hamitton syringe (Hamilton, Reno, NV, USA)
al interaural coordinates: lateromedial 2.4, dorsoventral +5.5;
rostrocaudal +12.7 (Paxinos and Watson, 1298). Control animals
received bilateral injections of 0.4 ul artificial cerebrospinal fluid at
the same coordinates. ACSF contained {in mM): NaCl 115.0; KCI
5.6; CaCl, 2.0; MgCl, 1.0; glucose 11.0; NaH,PO, 1.0; NaHCO,
25.0, pH 7.4. At the end of the behavioral experiments the animals
were anesthetized and perfused with phosphate buffer saline
(PBS 0.1 M) followed by 4% formaldehyde in PBS. The frontal
portion of the brain was removed and serially sectioned into 90 um
slices. Sections were stained with Thionin and injection sites were
identified and compared with standard coronal diagrams (Paxinos
and Watson, 1998},

Our novel behavioral task used an octagonal hub of 28 cm
across bays (Coulbourn Instruments, Allentown, PA, USA), that
was partially divided into two adjacent chambers by a 15 cm

Fig. 1. Gambling task arena, The apparalus consists in an entrance
chamber connecled to a conditioning hub with a Plexiglas central
separator; each side of the hub contains one non-retractable lever
(arrow) and one extended food cup (arrowhead).

protruding opaque Plexiglas panel (Fig. 1). Each half of the hub
contained one non-retractable lever and one food cup connected
to an automated pefiet dispenser (Coulboum Instruments). At the
beginning of each trial the animal was placed in a contiguous
entrance chamber (35 cmx11 cm) separated from the octagonal
hub by an automated guillotine door. A brief tone signaled the
beginning of a trial and the guillotine door opened. As the animal
entered the hub it had to choose between the left and right side of
the hub and press the respective lever to receive a food reward
{45 mg chocolate fiavor sucrose pellets, Research Diets Inc., New
Brunswick, NJ, USA). The animal was allowed to stay in the hub
until the trial time expired (20 s) and then it was placed back in the
entrance chamber where it waited for 5 s for the beginning of the
next trial. During the 20 s duration of all the trials the animals were
free to press the lever multiple times or even roam fe the other half
of the hub and press the second lever, although no further pellets
were dispensed.

Animals had daily autoshaping training sessions for 10-15
days in order to familiarize with the behavioral arena and to
associate pressing of levers with dispensing of food pellets. When
the performance criteria for successful trial completion was
reached, the animals had five sessions, one per day, of the
non-gambling phase (see details below) after which they were
randomly assigned to the groups of sham surgery or neurochem-
ical bilateral lesion of the OFC. Animals were allowed to recover
for 7 days post-surgery before starting another five daily sessions
of the non-gambling phase.

The non-gambling phase of the task (five consecutive days of
one training session, performed before and after surgery) con-
sisted of a variable number of trials ranging from 30 to 90 in which
both levers had the same associated reward of one food pellet per
trial. However, rewards were given only in eight out of every 10
trials regardless of the hub side chosen by the animai; in the other
two visits no reward was delivered upon the lever press and the
animal waited for the end of the trial before being returned lo the
entrance chamber for a new lrial. Rewarded frials followed a
pseudo-random pattern in both levers that was common to all
animals. All animals were individually studied for laterality in re-
spect for specific levers during this phase. Development of side-
preference (more than 75% choices to a specific side during the
post-surgery sessions) would result in exclusion from the
experiment.

AL the 12th day post-surgery animals were tested at the
gambling-task: a single probe session of 90 trials in which the
levers now corresponded to food rewards of distinct values and
probabilities: one lever remained as in the non-gambling phase
{low risk lever, since it returned one food pellet in every eight of 10
visits), while the other lever returned three food pellets, but only in
three out of every 10 visits - high risk lever. Hub side allocation of
levers was counterbalanced between animais. The trial-by-trial
sequence of rewards for each lever was pseudo-randomly deter-
mined and maintained equal to all the animais in order to keep the
same reward scheme throughout the experiments.

Additional details on setup, fraining schedules, and actual
reward schemes are available from the authors upon request.

Results of the behavioral task were taken from the analysis of
the individual patterns of choice during the gambling task {probe
session). Five parameters were calculated for each animal: pref-
erence index, final preference, lever persistence, incomplete tri-
als, and total gain. The ratio of choices between the levers of
different reward conditions was similar to the one used in the lowa
Gambling Task and stands as the major parameter of behavioral
performance of the task. The preference index was defined as the
proportion of choices between both levers during the gambling
fask and was calculated for each group of 10 consecuiive trials
using the formula; (low risk lever choices)—(high risk lever choices)/
number of completed trials. Hence, the preference index re-
sulted in a pattern of nine successive values ranging from —1
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to +1 whether the animal always preferred the high risk reward or
the low risk reward, respectively (see Fig. 3A). In addition, we also
considered a final preference, defined as the preference index for
the final 30 trials (trials 61-90) of the probe session. Lever per-
sistence during the probe session was defined as the number of
times the lever chosen al the nth™' irial was the same lever
chosen at the nth trial, referenced to the outcome of nth trial
(example: number of times that after receiving a large reward at
the high risk lever, the animal had pressed the high risk lever in the
following trial). Values of lever persistence were calculated in
groups of 30 conseculive trials, for each reward condition: re-
warded trials at the low risk lever, rewarded trials at the high risk
lever, non-rewarded trials at the low risk lever, and non-rewarded
trials at the high risk lever (see Fig. 3B). Incomplete trials were
trials in which the 20 s trial limit was reached without the animal
pressing any lever. Total gain was considered to be the total
number of pellets rewarded during the probe session.

Student's i-test or Mann-Whitney rank sum test when sample
sizes significantly differed, were used to compare the values of
tolal gain, final preference, and incomplete trials between exper-

#002

Fig. 2. Photograph and individual diagrams of lesion extension for all

imental groups. Analysis of variance (repeated measures two-way
ANOVA) was used lo compare the preference index and lever
persistence aiong the 90 trials. Significance level was considered
at P=0.05. Graph Pad Prism (version 4.0; GraphPad, San Diego,
CA, USA) was used to perform statistical analyses. Results are
expressed as mean=S.E.M.

RESULTS

A total of 18 animals were used in the expetiments. Six
animals had bilateral sham injections of ACSF (control
group) and 12 animals had bilateral injections of quinolinic
acid. In seven animals the quinolinic acid injections caused
bilateral lesions that encompassed most of the lateral and
ventral parts of OFC (Fig. 2), while in two animals only one
of the injections lesioned OFC, and were therefore ex-
cluded from the analysis. In addition, injections entirely
missed OFC in three animals and were therefore also

#003 #007

OFC-lesioned animals. The microphotograph correspands to the lesion (at

+12.7 interaural level) of animal #002, next to its correspondent diagram. Areas represented are: M1, primary molor cortex; M2, secondary motor
cortex; Cg1, cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex; VO, orbitofrontal cortex, ventral part; LO, orbitofrontal cortex, lateral part; AV,
agranular insular cortex, ventral part; AID, agranular insular cortex, dorsal part.
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excluded from further analysis. Following surgery all ani-
mals recovered to minimum performance criteria within 3
days, and both groups were capable of undergoing the 90
trials of the probe session.

No animal presented laterality for a specific lever dur-
ing the post-surgery sessions (ratio of right/left choices:
0.48+0.03, control animals; 0.52+0.02, OFC-lesioned an-
imals: absolute maximum and minimum values for the right
lever were 0.60 and 0.37 respectively). The preference
index in the last group of 60 trials before the probe session
was —0.05+0.06 and 0.03=0.03, for control and lesioned
animals, respectively. Non-presented data from prelimi-
nary experiments suggested that the absence of side-
preference was helped by the introduction of the non-
rewarded trials {one in every five entries was not rewarded
regardless of the hub-side chosen).

Control (n=6) and lesicned {n=7) groups did not differ
between the total values of Incomplete Trials {1.33+0.61,
control animals; 3.29+1.4, OFC-lesioned animals; ns,
P>0.5). Total gain during the probe session was not sig-

A 0.754

nificantly different between groups, with control and OFC-
lesioned animals receiving similar amounts of reward pel-
lets (77.50+2.68, control animals; 76.00:1.00, OFC-le-
sioned animals; t-test, ns, P>0.5).

The preference index of the probe session showed that
during trials 1-40 both groups had a higher number of
visits lo the high risk lever (Fig. 3A). After trial 40, control
animals shifted their preference to the low risk lever, while
OFC-lesioned animals increased their preference of the
high risk lever. When the analysis was restricted to the final
30 trals of the probe session, final preference, control
animals had a preference index of 0.21+0.21 while OFC-
lesioned animals had a significantly different preference
index of —0.45+0.10; i-lest, P<0.05).

The results of the lever persistence trials for three
different phases of probe session progression (trials 1-30,
31-60, and 61-90) showed that the pattern of preference
between control and lesioned animals is altered through-
out the experiment. in the first phase of the probe session,
control and iesioned animals showed higher persistence
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Fig. 3. Preference index and lever persistence evolution during the 90 trials of the gambling task. (A) Preference index for contrel and OFC-lesioned
groups, calculated for each consecutive groups of 10 trials of the probe session. (B) Lever persistence values for control and OFC-lesioned groups,
calculated for each consecutive groups of 30 trials of the probe session. Each individual pane! depicts the values of lever persistence for a specific

outcome of the trial.
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values for each lever after receiving rewards than after not
receiving rewards (Fig. 3B, top panels versus bottom pan-
els). in the last phase of the probe session (trials 61-90),
lesioned animals showed no effect of reward occurrence
{they change lever regardless of the fact of receiving or not
a reward there in the preceding trial; Fig. 3B, right panels
versus left panels), while the control animals showed a
marked sensitivity to the non-rewarded trials at the high
risk lever (Fig. 3B, control animals have a persistence of
0.5 after rewarded visits to the high risk lever, compared
with 0.3 after non-reward visits, while their persistence at
the low risk lever had similar values after rewarded or
non-rewarded visits). The small number of animals per
group along with fact that probe session trials cannot be
pooled together since the succession of the 90 trials re-
flected an ongoing learning process and therefore the last
trials were informatively distinct from the first, did not allow
us to perform an in-depth factorial ANOVA test of the
results of lever persistence.

DISCUSSION

We present here a novel serial decision-making task thatis
aimed at identifying distinct patlerns of preference be-
tween two reward situations of distinct value and probabil-
ity, and show that OFC-lesioned rats under conditions of
uncertainty preferentially choose larger but more unreli-
able rewards over smaller but more reliable rewards. The
reward probabilities for each lever were defined so that the
long-lerm gain was very similar for both (after every 10
visits, the low risk lever would reward eight pellets, and the
high risk lever would reward nine pellets). Hence, the
pattern of performance in this task does not rely on quan-
fitative long-term discrimination between alternative op-
tions. In addition, this neurobehavioral task maintains the
fundamentai characteristics of the lowa Gambling Task for
humans (Bechara et al., 1996, 1997}, namely the absence
of precise knowledge about the consequences of alterna-
tive decisions together with the fact that none of the
options is linked to an outcome of assured probability. Like
in the human task, the animals begin the probe session
naive to the different contingencies associated with the
levers, and adjust immediate decisions based on the eval-
uation of the outcome of past opticns.

The role of OFC in decision-making under uncertainty
has been studied in detail in humans. Patients with orbito-
frontal lesions were found to perform poorly in tasks de-
pendent on affective-guided decision-making such as
gambling tasks {(Rogers et al., 1999a; Bechara et al.,
2000), and orbitofrontal areas are known to be critical for
delay-discounting and value update of rewards (O'Doherty
et al, 2003; McClure et al., 2004). Moreover, a recent
study showed that the level of ambiguity in choices (i.e.
where lack of explicit information about the reward proba-
bility renders the outcome difficult to estimate) is positively
correlated with the level of activity in the OFC and amyg-
dala (Hsu et al., 2005). Similar impaired performance in
these OFC-sensitive tasks has also been found in drug-
abusers, pathological gamblers, and chronic pain sufferers

(Rogers et al., 1999a; Apkarian et al., 2004; Noel et al.,
2005; Goudriaan et al., 2005).

Despite the importance of prefrontal areas in affective
decision-making, much is left to know about the conserva-
tion of OFC funcions across species, and the use of
animal models to address this issue is still very scarce. In
recent years several sludies have established that in ro-
dents, non-human primates, and humans, OFC plays a
decisive role in the generation of neuronal comrelates for
the expected value of outcomes (Schoenbaum and Roe-
sch, 2005). However, the majority of these OFC studies
performed using the rai model rely on experimental proto-
cols that use either sensory discrimination or prolonged
training {Schoenbaum et al., 1998; Tremblay and Schultz,
1999: Mobini et al., 2002; Gottiried et al., 2003; Winstanley
et al., 2004), in which uncertainty about outcome disap-
pears after prolonged training. There is evidence from
human imaging studies that distinct brain areas may con-
tribute differently to the evaluation of immediate versus
mediated rewards, with the OFC being particularly relevant
in the planning of actions leading to immediate rewards
(O'Doherty ot al., 2001; Tanaka et al., 2004). Moreover, it
was also shown that human OFC activity is modulated by
the unpredictability of the reward (Hsu et al., 2005) rather
than by its subjective value (Berns et al., 2001). Together
with the siudies using the Cambridge Decision-Making
Task in which the reward probabilities associated with
each option are explicit to the subject (Rogers et al,
1999b; Knoch et al., 2006}, these imaging results suggest
that decision-making under conditions of known or un-
known probabilities may have distinct effects on the acti-
vation of frontal brain areas. In fact, a previous study
performed under conditions of learned probabilities has
shown that OFC Iesioning in the rat promoted the prefer-
ence for smaller but more certain food rewards over larger
but more infrequent rewards (Mobini et al,, 2002). This
“risk-aversion” effect of OFC lesions was interpreted as a
decrease in impulsive decision-making, and is in clear
contradiction with the overall human experimental data
discussed above and also with the results we present here.
However severa! protocol details that may account for the
differences in the results, since the Mobini et al. (2002)
study was done in conditions of acquired knowledge about
fixed-probability conditions of each lever that the rats
leaned in 15 training sessions helped by forced-choice
trials in which only one of the levers was presented (50
trials for each 10 free-choice trials). Moreover, one of the
levers always rewarded one pellet, which results in the
absence of uncertainty about one of the outcomes. Cur
results clearly show that using a new set of unceriain and
ambiguous conditions OFC-lesioned rats displayed a ten-
dency for larger but infrequent rewards, in agreement with
the pattern observed in humans.

Our observed difference in the lever persistence after
high risk non-rewarded trials between control and lesioned
rats {Fig. 3B) supporis the notion that the prefergnce bias
exhibited by OFC-lesioned animals toward larger but un-
certain rewards results from an insensitivity to the negative
effect of failure when high-expectancy is involved. This
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insensitivity to negative outcomes is commonly discussed
in human OFC-lesioning, drug-abuse history, or both con-
ditions (Bechara et al., 1996, 2001; Everitt et al., 2001),
and has also been observed in rat studies of drug-abuse
{Vanderschuren and Everitt, 2004; Schoenbaum and Set-
low, 2005). Nonetheless, some other options for OFC-
dependent mechanisms underlying decision-making need
also to be addressed. For exampie, OFC is known to be
important in reversal learning, and the affective shifting
necessary for normal performance in human gambling
tasks has been demonstrated to be dependent on reversal
learning (Fellows and Farah, 2003, 2005). Along the same
lines, normal performance in human gambling tasks can
also be regarded as a measure of impulsiveness control,
which is also known to be impaired by OFC lesions (Win-
stanley et al., 2004; Bechara, 2004; Joel et al., 2005).

CONCLUSION

In summary, we present a novel task that, due to its simple
implementation and high similarity to human gambling
studies in both its design and its results, may be an helpful
tool in understanding the role of OFC in updating of reward
value, and may alse contribute to expanding the use of
rodents as models for studying more complex prefrontal-
dependent mechanisms of decision (Glimcher, 2002; Dal-
ley et al., 2004).
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