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bstract

ackground: Recent evidence suggests that the neural correlates of reversal learning are localised to the orbitofrontal cortex whereas studies on
he contribution of the medial prefrontal cortex to this capacity have produced equivocal results. This study examines the behavioural effects of
elective lesions centred on orbitofrontal, infralimbic and prelimbic cortex on serial spatial reversal learning in the rat.
ethods: Rats were trained on a novel instrumental two-lever spatial discrimination and reversal learning task, measuring both ‘cognitive flexibility’

nd constituent processes including response inhibition. Both levers were presented, only one of which was reinforced. The rat was required to
espond on the reinforced lever under a fixed ratio 3 schedule of reinforcement. Following attainment of criterion, a series of reversals was presented.
esults: Bilateral excitotoxic lesions of the orbitofrontal cortex did not affect retention of a preoperatively acquired spatial discrimination but did

mpair reversal learning. This deficit manifested as increased perseverative responding on the previously correct lever. Although impairments were
vident during reversal 1, OFC-lesioned animals performed significantly better than controls on reversal 2. There were no significant effects of

nfralimbic and prelimbic lesions on the retention of a spatial discrimination or reversal learning.
onclusions: These results indicate that the orbitofrontal cortex is critical for flexible responding in serial spatial reversal learning. The present
ndings may be relevant to deficits in reversal learning and response inhibition in such neuropsychiatric disorders as obsessive-compulsive disorder.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Accumulating evidence suggests that different forms of
ehavioural flexibility are mediated by distinct regions of the
refrontal cortex (PFC) in rats [7,13,14,32,38,49] and non-
uman primates [15,17,29,49]. Studies of reversal learning in
he human, marmoset and rat have localised some of the neu-
al substrates of this capacity to the orbitofrontal cortex (OFC)
11,14,17,27,29,32,34,39,45] and the ventrolateral sector of cau-
ate nucleus [20]. Lesions to the OFC have been suggested to
mpair animals’ capacity to adapt their responding following

hanges in stimulus reward contingencies. For example, OFC
esioned rats exhibit deficits after reversal in odour and visual
iscrimination tasks [8,14,32,42–44], while other studies using

∗ Corresponding author. Tel.: +44 1223 765290; fax: +44 1223 333564.
E-mail address: vb257@cam.ac.uk (V. Boulougouris).
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n olfactory-guided go/no-go discrimination task, show that rats
ith OFC lesions are impaired during the second, but not the
rst, reversal stage [22].

In contrast to the OFC, temporary inactivation, or targeted
harmacological manipulations centred on the rat mPFC have
roduced somewhat equivocal effects on reversal learning. Dur-
ng reversal of a spatial [30] or an olfactory [22] discrimination
ask, mPFC-lesioned rats made perseverative errors, as defined
y repetitive responding to the previously correct stimulus. On
he contrary, during a visual discrimination task, mPFC-lesioned
ats only made more errors during reversal learning when the
timuli were difficult to discriminate [10]. Impairments were
lso observed in tasks which include shifting from a delayed
on-matching-to-sample to a delayed matching-to-sample rule

n an operant chamber [28,36,37], from a stimulus-matching to a
timulus-non-matching rule [31], from a place to a cue recogni-
ion rule in water maze [16] and from one perceptual dimension
o another in attentional set shifting [7]. In all of these tasks
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dx.doi.org/10.1016/j.bbr.2007.02.005


2 al Bra

c
l

o
a
n
v
I
T
t
p
a
a
r
r
o
d
p
b
t

2

2

a
o
f
o
p
u
P

2

(
a
e
o
n
S
p
a
a
(

2

t
1
t
P
O
a
+
l
p
7
[
D

+
s
0
r
f
t
A
r

2

o
a
h
a
4
i
U
i
b
A
b
m
a
L
s
D
p
t
c
a

2

2

t
w
n
l
l
5
i
m
R
b
a
p
l
s

2

N
l

b
(
f
p
w

20 V. Boulougouris et al. / Behaviour

ontingencies were reversed so that inhibition of previously
earned responses is required for optimal performance.

To our knowledge, although great emphasis has been placed
n the mPFC and reversal learning, only two studies have
ddressed the effects of selective lesions to its subregions,
amely the infralimbic (ILC) and prelimbic (PLC) cortex, on
isual discrimination and reversal learning [13,14], showing that
LC damage causes deficits in the ‘learning’ stage of a reversal.
he effects of OFC and ILC/PLC lesions on instrumental spa-

ial reversal learning have not been thoroughly examined. The
resent study was therefore designed to determine the compar-
tive contributions of OFC, ILC and PLC to performance on
novel instrumental two-lever spatial discrimination and serial

eversal learning task, requiring flexible control and inhibition of
esponding. Specifically this investigation examines the effects
f selective neurotoxic lesions of the OFC, PLC, ILC on (a)
iscriminative guidance of instrumental behaviour according to
reoperatively acquired stimulus-reward contingencies, and (b)
ehavioural adaptation to a series of postoperative reversals of
he spatial discrimination.

. Methods

.1. Subjects

Forty-one male Lister Hooded rats (Charles River, UK) weighting 280–320 g
t the start of experiment, were pair-housed under a reversed light cycle (lights
n from 19:00 to 07:00 h). Prior to the beginning of training, rats were handled
or ≈5 min daily for 5 days and were put on a food-restriction schedule (15–18 g
f Purina lab chow per day). Water was available ad libitum and testing took
lace between 13:00 and 16:00 h 6–7 days per week. The work was carried out
nder UK Home Office licence in accordance with the UK Animals (Scientific
rocedures) Act 1986.

.2. Apparatus

The behavioural apparatus consisted of seven operant conditioning chambers
30 cm × 24 cm × 30 cm; Med Associates, Georgia, VT), each enclosed within
sound-attenuating wooden box fitted with a fan for ventilation and masking of
xtraneous noise. Each chamber was fitted with two retractable levers located
n either side of a centrally positioned food magazine, into which an exter-
al pellet dispenser could deliver 45 mg sucrose pellets (Noyes dustless pellets;
andown Scientific, Middlesex, UK), a light emitting diode (LED), which was
ositioned centrally above each lever, a magazine light, and a houselight. Mag-
zine entry was detected by an infrared photocell beam located horizontally
cross the entrance. The apparatus was controlled by Whisker control software
www.whiskercontrol.com) and the task was programmed in Visual C++ (v.6).

.3. Surgery

Subjects were divided into six groups, matched for their performance during
he discrimination phase prior to surgery. Animals were anaesthetized using
0 ml/kg avertin [10 g of 2,2,2-tribromoethanol (Sigma, Poole, UK) in 5 g of
ertiary amyl alcohol, diluted in a solution of 40 ml of ethanol and 450 ml of
BS] and secured in a stereotaxic frame fitted with atraumatic earbars. For the
FC and ILC lesions, the incisor bar was set at −3.3 mm relative to the inter-

ural line for a flat skull position, whereas for the PLC lesions it was set at
5.0 mm. Bilateral excitotoxic lesions were made using either 0.09 M (OFC
esions) or 0.06 M (ILC or PLC lesions) quinolinic acid, dissolved in 0.1 M
hosphate buffer; the pH was adjusted with 0.1 M NaOH to between 6.5 and
.0. Infusions (0.1 �l/min) were made according to the following coordinates
35]—OFC: site 1 AP, +4.0, L, ±0.8, DV, −3.4, 0.2 �l; site 2 AP, +3.7, L, ±2.0,
V, −3.6, 0.3 �l; site 3 AP, +3.2, L, ±2.6, DV, −4.4, 0.2 �l. ILC: site 1 AP,
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3.0, L, ±0.7, DV, −4.5, 0.2 �l; site 2 AP, +2.5, L, ±0.7, DV, −4.5, 0.2 �l. PLC:
ite 1 AP, +4.0, L, ±0.8, DV, −3.3, 0.32 �l; site 2 AP, +2.7, L, ±0.8, DV, −3.8,
.32 �l. Infusions were made 1 min after lowering the injector into the target
egion. The injector was left for a further 3–4 min after each infusion to allow
or diffusion. Sham-operated animals received the same surgical procedure as
he lesioned groups, except that they were infused with phosphate buffer 0.01 M.
fter surgery, animals were allowed for 7–10 days to recover prior to behavioural

e-testing, during which time subjects were returned to their home cages.

.4. Histology

After the completion of behavioural testing, animals were given a lethal dose
f sodium pentobarbitone (1.5 ml/rat; Euthatal, 200 mg/ml; Genus Express, UK)
nd perfused transcardially with 0.01 M PBS followed by 4% paraformalde-
yde. The brains were removed, postfixed in 4% paraformaldehyde for 24 h,
nd dehydrated in 20% sucrose in 0.01 M PBS overnight. Coronal sections of
0 �m were cut on a freezing microtome and processed for immunohistochem-
stry for the neuron-specific nuclear protein NeuN (Chemicon, Temecula, CA,
SA). Specifically, after rinsing in 0.01 M PBS, free-floating sections were

ncubated overnight at room temperature with a primary mouse anti-NeuN anti-
ody (1:10000) in a solution containing 0.4% Triton X-100 in 0.01 M PBS.
fter rinsing, they were incubated for 2 h at room temperature with a secondary
iotinylated horse anti-mouse antibody (1:200; Dakopatts, Copenhagen, Den-
ark) followed by another rinse. The bound antibodies were then visualized by

n avidin–biotin–peroxidase complex system (Vectastain ABC Elite Kit, Vector
abs, Burlingame, CA, USA) using 3,3-diaminobenzidine as the chromogen. All
ections were mounted onto double-subbed glass slides and coverslipped with
ePeX mounting medium (BDH). The sections were then used to verify lesion
lacement and to assess the extent of the lesion-induced neuronal loss. The loca-
ion of the lesions was mapped onto standardized sections of the rat brain, the
ytoarchitectonic borders and nomenclature of which were taken from Paxinos
nd Watson [35].

.5. Behavioural procedure

.5.1. Pretraining
Subjects were initially given one 30 min exposure session to habituate to the

est apparatus. During this time the houselight was on and the food magazine
as loaded with pellets. After this habituation phase animals were trained to
osepoke in the central magazine in order to trigger presentation of the retractable
evers and to respond on them for food delivery. This training took place on each
ever separately, initially under a fixed ratio 1 (FR1) schedule to a criterion of
0 presses in 15 min, then under fixed ratio 3 (FR3) to a criterion of 150 presses
n 15 min for each lever for two consecutive days. The subject was required to

ake a nosepoke response within 20 s to trigger presentation of a single lever.
esponding on a lever within 10 s led to delivery of a single food pellet followed
y retraction of the lever and the initiation of a 5 s intertrial interval. Every 10 s,
trial began with illumination of the houselight. The FR-3 schedule was used to
reclude the possibility of reinforcing single, accidental presses on the correct
ever. The order of left and right lever presentation was counterbalanced across
ubjects.

.5.2. Acquisition of spatial discrimination
Training continued with the acquisition of a two-lever discrimination task.

ow both levers were presented at trial onset and the rat had to learn that three
ever presses on only one of these levers would result in reward.

Each session lasted 15 min and consisted of a maximum of five 10-trial
locks. Each trial began with the presentation of both levers and a visual stimulus
a lit LED). The lit LED was used as a distractor and its location (left/right) varied
rom trial to trial according to a pseudo-random schedule so that the light was
resented an equal number of times on each side for the session. This element
as included to allow for the possible future addition of an extra-dimensional
hift in our procedure (shift to the visual stimulus modality). Thus, the only
timulus with informational value for the discrimination was the spatial position
f the retractable levers. Throughout the session, three lever presses on one lever
lever A) would produce a single pellet reward and the retraction of both levers,
hereas three responses on lever B would result in lever retraction without

http://www.whiskercontrol.com/
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ig. 1. Flow diagram of the behavioural procedure. Rats responded to levers un
ndicate which lever was correct and incorrect at each stage. The correct lever w

eward delivery. The position of the reinforced lever (left or right) was kept
onstant for each rat but was counterbalanced between subjects.

Each trial began with the switching on of the houselight. As in pretraining,
here was a limited hold period of 20 s within which the rat had to nosepoke
n the magazine to trigger presentation of the two-levers. Lever presentation
nitiated a 10-s response interval. Failure to respond in either the 20-s limited
old period, or the 10-s response interval resulted in the return to the inter-trial
nterval (ITI) state until the next trial was scheduled to begin, while the trial was
ecorded as an omission. Once the rat had responded on one of the levers, both

evers were retracted and the houselight was turned off. Each rat had one training
ession per day and was trained to a criterion of 9 correct responses in one block
f 10 trials (binomial distribution p < 0.01, likelihood of attaining criterion in a
0-trial block). Once this criterion was reached, this initial discrimination phase
as considered complete, and the animal was returned to the home cage. If the

i

i
b
s

xed ratio 3 (FR3) schedule to obtain a pellet reward. The (∨) and (×) symbols
unterbalanced across rats.

riterion was not achieved this phase was repeated the next day till criterion
chievement (Fig. 1).

.5.3. Within session serial reversal learning task
In the next training session, reversal learning was introduced. By definition,

eversal learning presupposes retention of a previously acquired discrimination.
n serial reversals, in the first instance this would involve recall of the ini-
ially acquired discrimination described above. In subsequent reversals it would

nvolve retention of the preceding reversal phase.

Accordingly, in the reversal session, animals were again exposed to the
nitial discrimination task described above (with the same lever rewarded as
efore: Discrimination retention in the first instance, latest reversal retention in
ubsequent runs). Once the criterion of 9 correct responses in a 10-trial block
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as achieved, the position of the reinforced lever was reversed (reversal phase).
he reversal phase also consisted of a maximum of five 10-trial blocks. The

earning criterion was the same as in the initial phase (9 correct responses in a
0-trial block).

A series of four reversal phases was given. Between successive reversals,
nimals were always given a single intervening day session where they were
equired to show retention of the previous reversal phase by reaching the 9/10
orrect criterion (retention phase: same procedure as acquisition of spatial dis-
rimination described above; Fig. 1).

Our procedure is within-session reversal since each daily session begins
ith a retention phase of the latest complete spatial discrimination acquired

criterion achievement). This minimizes the likelihood of contaminating results
ith memory effects while keeping the impact of contextual cues relatively

onstant. Another reason for utilising within-session reversal is because our
ltimate aim was to develop a paradigm, which can be used for intra-cerebral
nfusions of drugs. It should be noted that Idris et al. [25] followed a similar
rocedure for testing the effects of drugs administered systemically but the time-
onsuming design of their task did not allow its use for intra-cerebral infusions.

.6. Statistical analysis
The main measures of the animals’ ability to learn the discriminations were:
i) the number of incorrect responses to criterion, and (ii) the number of trials
o criterion. Additional measures recorded for each trial were (iii) the choice
atency, (iv) the latency to collect the reward and (v) the number of omissions.

a
h
O
a

ig. 2. Diagrammatic reconstructions of coronal sections [35] showing the largest (bl
B) and PLC lesions (C). Numbers in each section indicate AP level anterior to bre
eduncular; AID: dorsal agranular insular cortex; AIV: ventral agranular insular cortex
rbital cortex.
in Research 179 (2007) 219–228

Data for each variable were subjected to a repeated measures ANOVA. A
quare root (SQRT) transformation of data was used to ensure homogeneity of
ariance. Where significant interactions were found, they were further explored
hrough separate ANOVAs or planned comparisons (contrast testing) to establish
imple effects. The between-subject factor was group (four levels: sham, OFC,
LC and PLC lesions) and the within-subject factors were either retention phase
five levels: acquisition of pre-operative spatial discrimination, post-operative
etention of spatial discrimination, retention of reversals 1–3) or reversal phases
four levels: reversals 1–4). Moreover, the number of incorrect responses dur-
ng preoperative discrimination was added as a covariate in the analysis of the
ehavioural data.

. Results

.1. Histological results

The cytoarchitectonic borders and nomenclature are taken
rom the atlas by Paxinos and Watson [35]. The largest and
mallest of the lesions for each group are depicted in Fig. 2A–C

nd photomicrographs are presented in Fig. 3A–C. Immuno-
istochemical analysis revealed that one animal from the
FC-lesioned presented with an incomplete, unilateral lesion

nd was thus discarded from the behavioural analyses. In all

ack shading) and smallest (grey shading) extent of OFC lesion (A), ILC lesion
gma. VO: ventral orbital; LO: lateral orbital; MO: medial orbital; DP: dorsal
; Cg1: cingulate cortex, area 1; Cg2: cingulate cortex, area 2; DLO: dorsolateral
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Fig. 3. Photomicrographs of coronal sections. (A) OFC in a representative OFC-
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3.2.2. Postoperative performance
3.2.2.1. Retention phase: analysis of incorrect responses to
criterion. The retention phases are shown in Fig. 4. There
were no significant differences between the groups in their

Fig. 4. Acquisition and retention phases. Data are means ± S.E.M. of incorrect
esioned (left) and sham (right) rat. (B) ILC in a representative ILC-lesioned (left)
nd sham (right) rat. (C) PLC in a representative PLC-lesioned (left) and sham
right) rat.

ther cases the area of the lesion was centred on the appropriate
arget region for that lesion group. Therefore, the final num-
ers in each group for subsequent behavioural analyses were as
ollows: sham-OFC = 4; sham-ILC = 4; sham-PLC = 4; OFC = 9;
LC = 11; PLC = 8.

All the remaining OFC-lesioned animals showed bilateral
amage to the entire extent of the orbitofrontal region. The lesion
tarted at bregma +4.7 and included the most ventral orbital (VO)
nd in some cases the most medial (MO) regions. At this most

ostral extent, the lesion encroached into the prelimbic cortex
PLC). The lesion then continued to include the ventral and lat-
ral orbital (LO) cortex (at bregma +3.2), where the most lateral
xtent of the ILC was also damaged although for the most part,

r
t
p
R
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he ILC was entirely spared, as was the dorsal peduncular (DP)
nd the PLC. At its most caudal extent (bregma +2.7), the lesion
ncluded the VO and LO and the most ventral agranular insular
AIV) cortex (Fig. 2A). ILC lesioned animals exhibited evi-
ence of bilateral ILC damage, with almost complete neuronal
oss. The lesion extended from approximately AP +3.7 mm to AP
2.2 mm from bregma (Fig. 2B). All animals showed slight spar-

ng of the ILC at the most lateral and caudal limits of this region.
he lesion in two animals was found to encroach ventrally into

he PLC and dorsally into the dorsal peduncular cortex. Finally,
he lesions in the PLC-lesioned group displayed extensive bilat-
ral cell damage that began at the frontal pole and continued
audally to the level of the genu of the corpus callosum (Fig. 2C).
n all PLC-lesioned animals, bilateral cell loss was evident in
he prelimbic area with only the most caudal regions being
pared.

.2. Behavioural results

Because preliminary analysis of the sham-OFC, sham-ILC
nd sham-PLC groups’ data using ANOVA revealed no signifi-
ant differences for any behavioural measure (F’s < 1.0, ns), we
reated these animals as a single sham group during subsequent
nalyses.

.2.1. Preoperative performance

.2.1.1. Acquisition of the spatial discrimination. Preopera-
ively, the groups did not differ in the number of incorrect
esponses to reach the performance criterion on the acquisi-
ion of spatial discrimination (F3,36 = 1.815, p = 0.494; Fig. 4:
cqSD).
esponses to criterion (SQRT transformed values) in acquisition and reten-
ion phases. AcqSD: acquisition of pre-operative spatial discrimination. RetSD:
ost-operative retention test of pre-operatively acquired spatial discrimination.
etRev1, RetRev2 and RetRev3: postoperative retention test of reversal 1,
and 3.
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ig. 5. Values are means ± S.E.M. of incorrect responses to criterion during each
hase of reversal performance (SQRT transformed). Asterisks denote significant
ifferences (ANOVA; *p < 0.05) from sham-operated controls.

bility to retain the preoperatively acquired spatial dis-
rimination (group: F3,36 = 0.087, p = 0.966; retention phase:
1,36 = 0.319, p = 0.576; group × retention phase: F3,36 = 1.260,
= 0.303) or to retain previously acquired reversals (group:
3,36 = 0.144, p = 0.933; retention phase: F3,108 = 18.523,
< 0.001; group × retention phase: F9,108 = 0.460, p = 0.899).

.2.2.2. Serial reversal phase: analysis of number of incorrect
esponses to criterion. Performance on serial reversals is shown
n Fig. 5. Repeated measures ANOVA of the incorrect responses
cross series of reversals using the factors group (sham versus
FC versus ILC versus PLC) and phase (reversals 1–4) showed
o effect for the covariate (F3,105 < 1.0). The covariate was
hus left out and the analysis yielded a highly significant main
ffect of reversal phase (F3,108 = 150.70, p < 0.001) and reversal
hase × group interaction (F9,108 = 2.390, p = 0.016). Planned
omparisons demonstrated that OFC-lesioned rats made signifi-
antly more incorrect responses than controls in reversal 1 phase
reversal 1: sham versus OFC contrast: F1,36 = 5.445, p = 0.025)
hile no significant differences were noted between ILC or PLC
roups and controls.

Whilst all groups showed a decline in the number of incor-
ect responses to reach criterion from the first to the fourth
eversal, it is noteworthy that they did not improve across suc-
essive reversals in the same way. Planned comparisons showed
hat, although the performance of the shams and PLC-lesioned
n reversal 2 phase rats were significantly better than that in
eversal 1 phase (shams: reversal 1 versus reversal 2 contrast:
1,36 = 9.549, p = 0.004; PLC: reversal 1 versus reversal 2 con-

rast: F1,36 = 7.656, p = 0.009), they yielded a relatively less rapid
ate of learning compared with the OFC- and ILC-lesioned
roups (reversal 2: sham versus OFC contrast: F1,36 = 4.378,
= 0.044; sham versus ILC contrast: F1,36 = 3.765, p = 0.06;
LC versus OFC contrast: F1,36 = 4.011, p = 0.053; PLC versus

LC contrast: F1,36 = 3.430, p = 0.072).

.2.2.3. Serial reversal phase: analysis of perseverative and
earning errors. Data were further analyzed according to the

f
O
e
v

ig. 6. Mean error scores (SQRT transformed) ± S.E.M. of all groups during
ach learning stage of reversal performance: (A) perseveration, (B) learning.
sterisks denote significant differences (ANOVA; *p < 0.05, **p < 0.01), dif-

erence from sham-operated controls.

ethod of Dias et al. [17] and Bussey et al. [10], modified from
ones and Mishkin [29]. In this analysis, errors during reversal
earning were broken down into two learning stages: errors com-

itted before the attainment of chance level performance (39%
orrect) and errors committed between 39% and 85% correct
rials. Jones and Mishkin regarded errors made during the first
tage of learning as being indicative of perseverative responses
o the previously reinforced stimulus. Thus, stage 1 errors are
ermed “perseverative errors” whereas stage 2 errors are termed
learning errors”.

The number of perseverative errors is shown in Fig. 6A.
repeated measures ANOVA revealed that there was no

ain effect of group (F3,36 = 3.77, p = 0.77), but there was
significant main effect of Reversal phase (F3,108 = 151.12,
< 0.001), and a significant group × reversal phase interaction

F9,108 = 3.399, p = 0.001). Planned comparisons demonstrated
hat, OFC-lesioned rats made significantly more perseverative
rrors than controls in reversal 1 phase (reversal 1: sham versus
FC contrast: F1,36 = 7.751, p = 0.008), while no significant dif-
erences were noted between ILC or PLC groups and controls.
n the contrary, OFC lesions committed fewer perseverative

rrors than sham controls in reversal 2 phase (reversal 2: sham
ersus OFC contrast: F1,36 = 5.674, p = 0.023).
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Table 1
Number of trials to criterion in retention phase

Group N Retention of spatial discrimination Retention of reversal 1 Retention of reversal 2 Retention of reversal 3

Shams 12 87.25 ± 14.49 65.58 ± 8.12 48.83 ± 6.78 39.17 ± 3.78
OFC 9 125.22 ± 16.73 51.11 ± 9.37 36.89 ± 7.83 43.0 ± 4.36
ILC 11 104.27 ± 15.13 46.09 ± 8.48 45.36 ± 7.08 43.36 ± 3.94
PLC 8 116.13 ± 17.74 65.75 ± 9.94 37.5 ± 8.3 38.75 ± 4.62

Data are presented as mean values ± S.E.M.

Table 2
Number of trials to criterion in reversal learning phase

Group N Reversal 1 Reversal 2 Reversal 3 Reversal 4

Shams 12 124.42 ± 12.39 81.67 ± 9.63 47.5 ± 5.73 34.0 ± 2.25
OFC 9 139.33 ± 14.31 51.67 ± 11.12 39.89 ± 6.61 29.56 ± 2.6
I 53
P 77
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LC 11 128.09 ± 12.94
LC 8 126.5 ± 15.17

ata are presented as mean values ± S.E.M.

Fig. 6B presents the number of learning errors. A repeated
easures ANOVA yielded no significant main effect of

roup (F3,36 = 0.917, p = 0.442), a significant main effect of
eversal phase (F3,108 = 20.213, p < 0.001), and no significant
roup × reversal phase interaction (F9,108 = 0.631, p = 0.769).

.2.2.4. Analysis of number of trials to criterion.
3.2.2.4.1. Retention phase. A repeated measures analysis

f the number of trials to criterion in the retention phase revealed
o significant main effect of group (F3,36 = 0.217, p = 0.884),
significant main effect of Reversal Phase (F3,108 = 39.937,
< 0.001) and no significant group × reversal phase interac-

ion (F9,108 = 1.371, p = 0.21). Data are presented as mean
alues ± S.E.M.s in Table 1.

3.2.2.4.2. Serial reversal phase. A similar analysis of the
umber of trials to criterion in the reversal phase revealed a
imilar pattern (F3,36 = 0.84, p = 0.481; F3,108 = 85.09, p < 0.001;
9,108 = 0.936, p = 0.497). Data are presented as mean val-
es ± S.E.M.s in Table 2.

3.2.2.4.3. Latencies and omissions. Lesioned animals did
ot omit more trials compared with sham-operated controls
retention phases: F12,144 < 1; reversal phases: F9,108 = 1.012,
= 0.435), and did not differ in their latencies to make cor-

ect or incorrect choice at any stage of the experiment pre-
r post-operatively (F’s < 1.0, ns). The latencies to collect the
eward following correct trials were also similar across all groups
F’s < 1.0, ns).

. Discussion

This study has demonstrated differential effects of selective
amage to the rodent OFC, ILC and PLC on serial reversal
earning of an instrumental two-lever spatial discrimination task.

esions to the rodent OFC impaired initial reversal learning,
hereas lesions centred on ILC and PLC did not. This impair-
ent was perseverative in nature, and occurred in the absence of

ignificant effects on the ability to retain the previous stimulus-

a
r
b
u

.82 ± 10.05 40.0 ± 5.98 32.45 ± 2.35

.88 ± 11.79 42.25 ± 7.01 32.13 ± 2.75

eward contingencies or to perform a spatial discrimination
cquired preoperatively. Furthermore, the lesion did not affect
he latency to respond to either the lever or the reward. These data
uggest that the OFC may play a role in adjusting behaviour in
esponse to changing relationships between cues and outcomes.

Despite the initial impairment in reversal learning, the per-
ormance of OFC-lesioned group improved across reversals.
pecifically, they committed significantly fewer perseverative
rrors during reversal phase 2 compared to controls. This prac-
ice effect may suggest parallel processing of other structures,
hich are assumed to subsume prefrontal functions with practice

33].

.1. OFC lesions and reversal learning

Although OFC lesions did not disrupt either rats’ ability to
erform a spatial discrimination learned preoperatively or the
ate phases (i.e. “learning” phases) of reversal learning, there
as a significant deficit in the early stage of reversal phase
. This was characterized by an inability to inhibit previously
einforced responses, which led to perseveration, a finding rem-
niscent of previous studies in humans [39], monkeys [17,27,29]
nd rats [8,14,32,42–44]. For example, Dias et al. [17] reported
hat marmosets given neurotoxic lesions of OFC before training
ere impaired when the response contingencies of a previously

cquired discrimination were subsequently reversed. Notably,
hese animals became substantially better at these reversals with
dditional training and were no longer impaired relative to con-
rols, as in the present study and others [43]. These results
uggest that a basic mechanism to inhibit responding remains
ntact after OFC lesions.

Furthermore, the present finding delineates a dissociation of
he perseverative deficit from one of new learning in the con-
ext of instrumental discrimination: importantly, OFC-lesioned

nimals were not impaired in learning the new stimulus-
esponse contingencies once the perseverative tendency had
een overridden. Thus, this finding implies a selective ‘exec-
tive’ impairment of response control.
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Despite the initial impairment on reversal, performance of
FC-lesioned rats improved with practice. Indeed, they per-

ormed significantly better than controls on reversal phase 2.
possible explanation of this paradoxical effect may be that

hese animals showed an acquired side bias resulting from the
nitial training. Since the contingencies in reversal phase 2 are
he same as the ones acquired initially (on which they showed
he perseverative tendency during reversal phase 1), OFC rats
ossibly reversed more readily than controls, since they were
ow required to respond to their ‘preferred lever’.

Overall, one may conclude that the deficit of the OFC-
esioned rats reflected a failure to inhibit a prepotent instrumental
esponse. This failure in inhibition was possibly exacerbated
y the effects of proactive interference from the previously
stablished association, leading to an enhanced expression of
stimulus-response habit that is impervious to changes in the

alue of reinforcement [4,19,34]. This is consistent with pri-
ate literature where monkeys with frontal (ventral and orbital)

esions were impaired in the acquisition of new visuomotor
ssociations, particularly when having to choose between three
qually reinforced responses [9].

.2. Lack of effect of mPFC lesions on serial spatial
eversal learning

Recent reports have shown deficits in reversal learning after
esions of medial frontal cortex [22,30] but others [10] reported
hat reversal learning was impaired only when stimuli were dif-
cult to discriminate. The latter authors argue that this reversal
eficit might be caused by an inability to attend to relevant
timulus features. Moreover, Birrell and Brown [7] showed that
botenic acid lesions in medial frontal cortex affected neither
cquisition nor reversal learning of odour/texture discrimina-
ions. Here we investigated the effects of two distinct regions of
he rodent mPFC, namely the ILC and PLC, in reversal learning
f an instrumental two-lever spatial discrimination task. There
as no effect of these lesions on acquisition, retention and any

tage of serial spatial reversal learning.
The profound deficit in visual reversal learning reported by

ussey et al. [10] was observed during the later stage of reversal
earning (learning errors), following lesions of the mPFC that
ncluded the PLC and overlying cingulate cortex rostral to the
enu of the corpus callosum. In contrast, in the present study, rats
ith selective lesions to PLC were unimpaired during reversal

earning, showing a similar pattern to that of rats with selective
esions to PLC during visual reversal learning [13]. Thus, all
hese findings possibly implicate involvement of pre- or peri-
enual anterior cingulate cortex, rather than of PLC in this type
f learning. This hypothesis remains to be tested directly.

The effects of selective ILC lesions on reversal learning were
ssessed previously using a visual discrimination and reversal
earning paradigm [14]. The authors report that the ILC lesioned
ats group showed a specific impairment in the number of ses-

ions required to reach criterion during reversal learning. Close
xamination of the type of errors in this stage revealed that
hese animals tended to make more ‘learning’ than ‘persever-
tive’ errors to reach criterion. This implies a deficit in new

A

W

in Research 179 (2007) 219–228

timulus-reward learning rather than in the inhibitory control of
reviously reinforced responses [29]. In the present study, ILC-
esioned animals were not impaired at any reversal stage. This
nconsistency may be due to the different modalities used (spa-
ial versus visual discriminations) or the simplicity of our task
hat may have facilitated the learning of new stimulus-reward
ssociations. Alternatively, the difference may be due to slight
ifference in the precise location of the ILC lesion. For exam-
le, the present ILC lesions did not include the PLC or the dorsal
eduncular (DP) as in Chudasama and Robbins [14].

Given that rats with mPFC lesions are reported to exhibit
ifficulties in altering their behaviour when reinforcement con-
ingencies are changed (e.g. [1,4,16,18,36,37]), the present
nding that ILC and PLC lesions were without effect in rever-
al learning may seem surprising. However, the dissociation
etween OFC and PLC/ILC lesions reported here is consis-
ent with previous observations that mPFC and OFC subserve
ifferent types of inhibitory control or behavioural flexibility
7,17,18,32]. Most relevant to the present study are data sug-
esting that the OFC plays a role in behavioural flexibility at
he level of stimulus-reinforcement associations, while mPFC is
mplicated in switching of general rules, strategies or attentional
ets [7,8,17,18,28,32,36,37].

.3. Obsessive-compulsive disorder (OCD) and reversal
earning

The results presented here may be relevant to the patho-
hysiology of OCD. Recent neuropsychological studies suggest
hat prominent component of the cognitive impairments char-
cterizing OCD is a deficit in response inhibition, which is
xtensively interconnected with the PFC [2,3,24]. Indeed, OCD
ufferers often show impairments on laboratory tests of frontal
obe function involving response shifting and inhibitory process-
ng that correlate positively with the severity of their symptoms.
pecifically, they fail to inhibit inappropriate responses at the
ehavioural and cognitive levels [5,23,40], and extensive evi-
ence now implicates overactivity in the lateral OFC and
ssociated circuitry [6,26,41,46,47]. Moreover, there is some
vidence that OFC volume is reduced in OCD patients [12,48].
hus, one hypothesis is that the compulsive behaviours and
bsessive rumination present in OCD are partially due to the
nability of the PFC – particularly the lateral OFC, but not the
ateral PFC – to inhibit compulsions. These findings of OFC
ysfunction in a disorder in which there are deficits in response
nhibition are therefore consistent with previous literature iden-
ifying the lateral OFC as a key mediator in the ability to inhibit
prepotent response [11,21,27]. Thus, although the persevera-

ive deficits on reversal learning, observed in the present study
ollowing lesions to the rodent OFC and not to ILC or PLC, are
nlikely to resemble the aetiology of OCD, it may represent a
odel of compulsive responding characteristic of OCD.
cknowledgements
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