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Attentional Selection and Action Selection in the Ventral and
Orbital Prefrontal Cortex
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Different accounts of the ventral and orbital prefrontal cortex (PFv+o0) have emphasized either its role in learning conditional rules for
action selection or the attentional selection of behaviorally relevant stimuli. Although the accounts are not mutually exclusive, it is
possible that the involvement of PFv+ o in conditional action selection is a consequence of its role in selecting relevant stimuli or that its
involvement in attentional selection is a consequence of the conditional rules present in many attentional paradigms. Five macaques
learned a conditional action-selection task in which the difficulty of identifying the stimulus relevant for guiding action selection was
varied in a simple manner by either altering its distance from the action or presenting additional distracting stimuli. Simply increasing
the spatial separation between the instructing stimulus led to slower responses. Experiment 1 showed that bilateral PFv+o lesions
impaired conditional action selection even when attentional demands were kept to a minimum, but there was evidence that the impair-
ment was exacerbated by manipulating stimulus selection difficulty. Experiment 2 confirmed the importance of PFv+o for conditional
action selection even when stimulus selection difficulty was minimal. Experiments 3 and 4 demonstrated that the action-selection
impairment was significantly increased by making identification of the behaviorally relevant stimulus difficult. PFv+o is central to the
use of conditional rules when selecting courses of action, but conditional rules are also represented in premotor and striatal regions. A

special contribution of PFv+o0 may be initial selection of behaviorally relevant stimuli.
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Introduction

One account of ventral and orbital prefrontal cortex (PFv+o0) has
emphasized its involvement in the learning of arbitrary condi-
tional rules for linking stimuli and actions (Rushworth and
Owen, 1998; Passingham et al., 2000; Wise and Murray, 2000). In
many situations, the selection of the appropriate course of action
is conditional on the presence of one or other instruction, stim-
ulus, or context. It is thought that PFv+o is central to the learning
of conditional associations; PFv+o lesions impair the learning of
conditional associations while leaving other types of learning,
such as discrimination learning, relatively unaffected (Parker and
Gaffan, 1998; Bussey et al., 2001). Neural activity in PFv+o is
modulated when conditional rules guide choices (White and
Wise, 1999; Wallis et al., 2001). The particular contribution made
by PFv+o0 remains unclear; conditional learning also depends on
a network of striatal, premotor, and periarcuate regions (Pet-
rides, 1985; Wallis and Miller, 2003; Brasted and Wise, 2004;
Nixon et al., 2004; Pasupathy and Miller, 2005). The first aim of
the current experiments was to test the hypothesis that PFv+o is
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particularly important for attentional selection of the stimulus
information that is relevant for guiding conditional choices.

A distinct account of PFv+o0 has emphasized its role in atten-
tional selection of behaviorally relevant stimuli (Sakagami and
Niki, 1994; Rainer et al., 1998; Everling et al., 2002; Lebedev et al.,
2004) or behaviorally relevant dimensions of stimuli (Dias et al.,
1996; Brass and von Cramon, 2004). It is possible that only one of
the two descriptions of PFv+o function, in terms of either con-
ditional action selection or attentional selection, is correct. The
PFv+o involvement in conditional action selection could be a
consequence of its primary role in selecting behaviorally relevant
stimuli. Alternatively, it might be argued that PFv+o involve-
ment in many attention paradigms is a consequence of the arbi-
trary rules that govern performance in such tasks. The second aim
of the current experiment was therefore to examine the evidence
for the two accounts of PFv+o.

The importance of PFv+o for visuospatial conditional asso-
ciations was assessed while the difficulty of selecting the behav-
iorally relevant stimulus information was varied. Stimulus selec-
tion can be made more difficult by spatially separating the
relevant stimulus information from the response position
(Schrier and Harlow, 1957); it is difficult for monkeys to appre-
ciate the behavioral relevance of a stimulus when the action is
made at a distance. Five macaques were taught to respond to
response boxes on the left or right of a touch-screen monitor (see
Fig. 1a). The correct action was conditional on the presence of a
pair of identical visual stimuli. The behavioral relevance of the
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Figure1. Twoexamples of the touch-screen layout for trials of each condition: @, inside; b, intermediate; ¢, far; d, white distractor; and e, color distractor. Inall cases, the monkeys made responses
to either the left or the right response boxes, which were indicated by flashing red squares. Two copies of the same visual stimulus were shown on the screen on every trial. The visual stimuli
instructed responses to either the box on the left or the right. The correct response is to the right in each of the example problems shown at the top of the figure, whereas the correct response is to
the left for each example problem shown at the bottom. Instructing visual stimuli were present on every trial. On inside trials (a), the instructing visual stimuli were placed inside the response box,
but they were moved farther away in the intermediate (b) and far (c) trials. On other trials, white distractors (d) or color distractors (e) were also shown on the screen between the instructing stimuli

and the response boxes.

stimuli was made readily apparent by placing them directly inside
the response boxes on some trials. The behavioral relevance of the
stimuli was less obvious on other trials when the stimuli were
placed at a distance from the response boxes (see Fig. 1b,¢) and
when interposing distractors appeared between the stimuli and
the response boxes (see Fig. 1d,¢). The effect of PFv+o lesions on
retention and learning of visuospatial conditional associations
was then tested.

Materials and Methods

Subjects. Five male rhesus macaques between the ages of 3 and 6 years
were used. The studies were conducted under project and personal li-
censes issued by the British Home Office and in accordance with the
British Animal Scientific Procedures Act (1986) and the Guide for the
Care and Use of Laboratory Animals (National Research Council).

PFv+o lesions were made in two animals, and their preoperative and
postoperative performance was compared with that of the remaining
controls. By careful experimental design, we hoped to be able to show
statistically significant differences in performance, as others have done,
by just analyzing the performance of two animals with lesions (Schiller
and Chou, 1998; De Weerd et al., 1999, 2003; Buffalo et al., 2005). A
subsequent experiment (experiment 4) further examined the nature of
the PFv+o deficit by comparing the preoperative and postoperative per-
formance of the remaining three animals.

Procedure. The animals were taught tasks involving conditional asso-
ciations between stimuli and responses. There are a large variety of such
tasks in which the responses may be either a manual or oculomotor
action, but critical features include the stipulation that the association
between the stimulus and responses is a learned and arbitrary one and
that the response that is correct is not constant but varies from trial to
trial because it is conditional on some other factor (Passingham, 1993;
Chen and Wise, 1995; Murray et al., 2002). Thus, delayed matching and
nonmatching tasks are examples of conditional tasks, because monkeys
and people are able to learn to make both matching and nonmatching
responses, although different species may have different predispositions
toward the use of matching or nonmatching rules (Passingham, 1993;
Wallis et al., 2001; Murray et al., 2002; Bunge et al., 2003). In the present
experiment, animals were taught visuospatial conditional tasks.

On each trial, monkeys chose between actions to one of two response

boxes with distinct spatial positions. The correct spatial choice was con-
ditional on the identity of visual stimuli presented on the screen. On
some trials (“inside” condition), the stimuli for guiding action selection
were presented at the positions to which the actions would be directed
(Fig. 1a). This meant that there was no spatial separation between the
instructing stimulus and the action. Because actions could be made to
either one of two positions, however, it was necessary to present a pair of
stimuli so that one stimulus could be placed at each possible action
location.

On other trials, the instructing stimuli were spatially separated from
the response boxes and placed at an “intermediate” (Fig. 1b) or “far” (Fig.
1¢) position. On some trials, three “white distractors” (Fig. 1d) or three
different “color distractors” (Fig. le) were presented between the rele-
vant stimuli and the response boxes.

Each correct action was reinforced by a 190 mg food pellet. In exper-
iments 1-3, the pellets were delivered in one of two food wells placed on
either side of the touch screen close to the response boxes. On correct
trials, the food pellet was delivered to the well next to the response box
that had been touched. This manipulation ensured the smallest possible
spatial separation between the target of the action and the contingent
reward, although the separation between the stimulus and the action
positions was varied from trial to trial.

After making a correct response, the instructing stimulus on the same
side of the screen as the correct response box and the correct response
box remained on the screen for an additional 2000 ms. When an incor-
rect action was made, no reward was given and both instructing stimuli
were immediately removed from the screen. A trial rerun correction
procedure was used during training but not at any stage during the ac-
quisition of both preoperative and postoperative data in experiments
1-3. An intertrial interval of 8500 ms separated the end of one trial from
the beginning of the next. The intertrial interval could neither begin nor
end if the animal were touching the touch screen. On each day of testing
in experiments 1-3, each animal’s session continued until 100 trials had
been performed correctly.

It should be noted that all the errors reported were the result of the
monkey touching the incorrect stimulus, and none were simply the con-
sequence of the monkey making an inaccurate movement, in the sense of
failing to touch either target.

Apparatus. All stimuli were presented on a visual display unit (~39 cm
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across and 28 cm high) fitted with a touch-
sensitive screen and connected to a personal
computer. During testing, animals were
brought in wheeled cage to a position 20 cm
away from the monitor so that it could be
touched easily.

Two red outline squares (7.5 cm across) re-
mained present on the lower left and right of the
screen (0.5 cm from the bottom of the screen
and 4 cm from the left-hand and right-hand
edges of the screen) throughout the intertrial
interval. On each trial, the red-outlined squares a)
flashed on and off at a rate of 5 Hz, and a pair of
identical stimuli appeared on the screen. The
square stimuli were 6 cm across, and they were
separated by 17.5 cm. The stimuli could there-
fore fit inside the response boxes in the inside
condition. The size of stimuli and their separa-
tion from one another remained constant in the
intermediate, far, white distractor, and color
distractor conditions. The food wells were
11.5 X 8 cm and, at their nearest point, were 3
cm from the response box.

Initial training. All five animals were initially
taught a pair of visuospatial conditional prob-
lems in the inside condition (Fig. 1a). Following
the definition used by Bussey et al. (2001, 2002)
“problem” refers to a single stimulus—action as-
sociation. To solve a particular problem, the
monkey would have to learn whether to direct
actions to the left or right whenever the stimu-
lus was shown. Each problem was always pre-
sented in the context of a “pair” or more of b)
problems, and no problem was ever tested in
isolation A “problem pair” always consisted of
one problem for which the correct action was
made to the left response box and one problem
for which the correct action was made to the
right response box. After animals reached a cri-
terion of 90% correct responding, they were
taught three more problem pairs to the same 90% correct criterion.

On the fifth problem pair, testing conditions were changed. On the
first trial, the stimuli were presented ~6 cm higher so that only the very
bottom of the stimuli partly overlapped the response boxes as in the
standard inside condition. After each correct response, the stimuli were
shifted ~0.5 mm upwards on the screen so that, by the end of the session,
the conditions approximated those used in the intermediate condition
(Fig. 1b). The animals were taught subsequent intermediate and far prob-
lems with the bottom edge of stimuli separated from the top edge of the
response boxes by 4.8 and 12.2 cm from the outset of testing. The white
distractor and color distractor conditions were then initially introduced
by presenting distractors on a previously learned far condition problem
pair. Subsequent white and color distractor problems were learned with
distractors present from the start. The distractors were 4 cm squares, and
their lower edge was 6 cm above the upper edge of the response boxes.
The two lateral distractors were positioned so that their centers were at
the same horizontal position as the horizontal centers of the instructing
stimuli and the response boxes.

Animals were then presented with sessions with increasing number of
problems up to a maximum of 10 problems (five problem pairs), and
testing continued until a criterion of >85% average correct performance
was reached over 200 rewards (i.e., over 2 d). A group of 10 problems is
subsequently referred to as a “10-problem set.” Each 10-problem set
contained an example of an inside, an intermediate, a far, a white distrac-
tor, and a color distractor problem pair.

Surgery and histology. All surgery was performed under sterile condi-
tions with sodium pentobarbitone anesthesia and with the aid of a bin-
ocular operating microscope. Tissue was retracted in anatomical layers,
and a bilateral bone flap was removed. The lesions were made by aspira-

Figure 2.

distance.
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Stippling indicates the intended lesion on a lateral and orbital view of the brain (a) and in coronal cross sections (b)
redrawn from the atlas of Paxinos et al. (2000). Three coronal sections taken at 5 mm intervals starting ~2.5 mm rostral to the
bow of the arcuate sulcusillustrate that the lesion was much asintended in animals PFV1 (c) and PFV2 (d). Scale bar: ¢, d, ~10mm

tion with a fine-gauge sucker. The wound was closed in anatomical lay-
ers. At least 3 weeks were allowed for recovery before testing resumed.

In experiments 1-3 and in experiment 4, the intention was to make
PFv+o lesions similar to those that have been shown previously to cause
a reliable impairment on the conditional action-selection tasks (Parker
and Gaffan, 1998; Bussey et al., 2001). Bussey et al. (2001) attempted to
remove most of the tissue that received inputs from visual sensory areas
in the temporal lobe. They referred to the lesion as a PFv+o lesion
because the lesion included the inferior convexity of the ventral prefron-
tal cortex and extended to include the lateral orbital cortex lateral to the
medial orbital sulcus. The boundaries of the intended lesion were as
follows (Fig. 2a,b). The dorsal boundary was 5 mm ventral to the princi-
pal sulcus. Dorsally, the caudal boundary of the lesion extended along an
imaginary line from the caudal end of the principal sulcus to the most
rostral point of the inferior limb of the arcuate sulcus. From this point,
the lesion extended onto the orbital surface, in which the caudal bound-
ary extended to the caudal end of the lateral orbital sulcus and then the
caudal end of the medial orbital sulcus. The ventromedial boundary was
intended to be lateral to the medial bank of the medial orbital sulcus. The
rostral boundary was the set of lines joining the most rostral points of the
medial and lateral orbital sulci and the principal sulcus.

When the animals had completed their testing, they were anesthetized
with sodium pentobarbitone and perfused with 90% saline and 10%
formalin. The brains were then removed and placed in 10% sucrose
formalin until they sank. The brains were then blocked in the coronal
plane at the level of the most medial part of the central sulcus. Each brain
was then cut in 50 mm coronal sections. Every 10th section was retained
for analysis and stained with cresyl violet. Coronal sections through the
frontal lobes, including the lesions, of the animals used in experiments
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Three coronal sections taken through the lesions in animals PFV3 (a), PFV4 (b), and PFV5 (c). The sections were taken
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Figure3.
at approximately the same levels as in Figure 2. Scale bar: a, b, ¢, ~10 mm distance.

1-3 are shown in Figure 2, ¢ and d. The histology for the animals used in
experiment 4 is shown in Figure 3. As can be seen, for the most part the
lesions were made as intended.

Analyses. Results were analyzed with two- or three-way ANOVAs us-
ing a between-subject factor of group (PFv+o lesion or control) and
within-subject factors of period (preoperative testing period or postop-
erative testing period), distance (inside, intermediate, and far condi-
tions), or distractor presence (far, white distractor, and color distractor
conditions) and problem (for example, first, second, or third 10-problem
set in experiment 1). Parametric ANOVAs were used because there are
widely accepted parametric procedures for performing mixed-model
multifactorial analyses, and there are no generally accepted nonparamet-
ric alternatives. Although parametric ANOVA procedures are robust
even when there are differences in variance, the impact of such differ-
ences when they are large (experiments 1 and 4) was reduced by log
transformation of data before analysis. In addition, the Huynh-Feldt
correction procedure for violation of assumptions concerning variance
was used when testing for the significance of repeated-measure factors.

Experiment 1: preoperative and postoperative comparison of PFv+o le-
sion on stimulus selection and conditional action selection. All five animals
were tested on the retention of three 10-problem sets on two occasions 4
weeks apart. As explained above, each 10-problem set consisted of an
inside, an intermediate, a far, a white distractor, and a color distractor
problem pair. Each retention test comprised six sequential sessions, two
for each 10-problem set. In other words, all five animals were tested on 30
problems composed of equal numbers of inside, intermediate, far, white
distractor, and color distractor problems on two occasions. Bilateral
PFv+o lesions were made in two animals, PFV1 and PFV2, between the
two testing periods. The three control animals received no testing during
a period equivalent to the operated animals’ recovery period.

Experiment 2a: the effect of PFv+o lesions on learning new conditional
action-selection problems in the absence of any separation between stimuli
and response boxes. The results of experiment 1 suggested that two con-
clusions might be drawn. First, PEFv+o lesions impaired stimulus condi-
tional action selection even when the instructing stimuli were not spa-
tially separated from the response boxes. Second, PFv+o lesions
impaired performance to an even greater degree when the stimulus and
action positions were separated. Taken in isolation, however, it was pos-
sible to dispute each of the two conclusions. The first and second conclu-
sions were therefore further investigated in this experiment, 2a, and in
the next experiment, 2b, respectively.

Against the first conclusion, it might be contended that PFv+o lesion
performance was most impaired in the conditions that stressed selection
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of the relevant stimulus (far, white distractor,
and color distractor). Because of the interleaved
presentation of all the different trial types, a fail-
ure set might have generalized to even the easier
inside and intermediate trials in the animals
with PFv+o lesions.

To test this possibility, all five animals were
taught four new inside condition problem
pairs. Each problem pair was taught separately
and in the absence of any intermediate, far,
white distractor, or color distractor trials to a
criterion of >85% average correct performance
while obtaining 200 rewards (i.e., over 2 d). If
the poor performance on the inside condition
in experiment 1 was caused by a genuine im-
pairment of conditional rule use, then the
PFv+o animals would be impaired in experi-
ment 2a. If the impairment on the inside con-
dition in experiment 1 was caused by a general-
ization of a failure set from the other
conditions, then there would be no impairment
in experiment 2a.

Experiment 2b: The effect of PFv+o lesions on
transfer to a greater separation between stimuli
and response boxes. Against the second conclu-
sion drawn from experiment 1 (that PFv+o le-
sions impaired performance to an even greater
degree when the stimulus and action positions were separated), it might
be argued that the results were made less clear by the preoperative per-
formance of the control group being slightly, albeit nonsignificantly,
worse than the preoperative performance of the PFv+o group. Although
PFv+o performance on problems in which the stimuli and response
boxes were spatially separated was at chance, whereas the decline in
performance of the PFv+o group was statistically greater than any
change in control performance, and although the decline in PFv+o per-
formance was statistically related to the stimuli response box separation,
there was not a statistically significant three-way interaction between
group, test period, and separation. Experiments 2b, 3, and 4 therefore
tested whether it was possible to replicate the finding of greater impair-
ment when stimuli and response boxes were separated in the manner of
the far condition.

The data for experiment 2b were collected when animals were given
“transfer tests” after learning each of the four problem pairs in experi-
ment 2a. Two transfer tests assessed the ability to perform the same
problem pair but with the stimuli and response boxes spatially separated
using the far condition procedure while obtaining 200 rewards (i.e., over
2 d). The animals’ performances on the first 2 d of the “far transfer test”
were compared with their performances on the previous last 2 d of cri-
terion responding on the same problem pair presented using the inside
procedure with a saving score. Negative and positive scores indicated
decrements and improvements in performance, respectively. As an addi-
tional control, after reaching criterion on the two other problem pairs in
2a (problems 2 and 4), the animals continued for an extra 2 d. In other
words, the inside procedure was used for 2 more days, and these extra
sessions were referred to as “inside transfer tests.” Performance of con-
trol and lesion animals on far transfer tests and inside transfer tests was
then compared.

Experiment 3: the effect of PFv+o lesions on learning new conditional
action-selection problems in the presence of separation between stimuli and
response boxes. Experiment 2a provided clear support for the first con-
clusion of experiment 1: PFv+o lesions impaired visual stimulus condi-
tional action selection even when the stimuli and response boxes were
not separated. The support for the second conclusion of experiment 1,
that PFv+o lesions impaired selection of the visual stimulus for guiding
action that was provided by experiment 2b, was not clear cut. Although
performance of PFv+o lesion animals was statistically worse on the far
transfer tests than on the inside transfer tests, the effect was small in size
on the second replication. Experiment 3 therefore tested whether a rela-
tive impairment on far trials might be more robust if the problem pair
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Figure 4.  Experiment 1. Before surgery, RT significantly increased with increasing distance
between the visual stimuli and the response boxes (a), but the introduction of distractors did
not lead to any additional increase in RT (b).

were novel and had not been previously encountered in the inside con-
dition, as had been the case in experiment 2, or if they had not previously
been encountered preoperatively, as had been the case in experiment 1.
The number of errors made by control and PFv+o lesion animals while
reaching a criterion level of 85% correct while obtaining 200 rewards
(i.e., over 2 d) on a new far problem pair was compared with the number
of errors made reaching the same level of performance on the four inside
problem pairs in experiment 2.

Experiment 4: preoperative and postoperative comparison of the effect of
PFy+o lesions on learning new conditional action-selection problems in the
presence of separation between stimuli and response boxes. Experiment 3
suggested that spatial separation of stimulus and response boxes caused a
particularly robust increase in impairment when animals were learning a
novel problem pair. Experiment 4 tested whether the increased impair-
ment was a consistent and general consequence of the PFv+o lesion and
not tied to any specific stimulus pattern. Bilateral PFv+o lesions were
made in the three animals that had previously served as controls. The
effect of the lesion on new learning of novel problem pairs was tested. The
ability of all three animals to learn two novel inside and two novel far
problem pairs before surgery was compared with their ability to learn two
novel inside and two novel far problem pairs after surgery. Learning of an
additional novel inside and an additional novel far problem pair was also
assessed after surgery. Testing of each problem pair was conducted in
isolation, as in experiment 2. The order in which problem pairs were
presented was counterbalanced to ensure that any learning impairment
under any particular set of conditions (inside or far) was not just a con-
sequence of the order of testing.

Results

Experiment 1

Preoperative performance: the effect of separating stimuli and
response boxes on action selection

After training to a criterion level of 85% correct responding, there
was no obvious effect of the distance separating the stimuli from
the response boxes on the level of correct responding of the five
animals before any surgical intervention (mean scores for the
inside, intermediate, and far conditions, 8.8, 12.4, and 13.8%). It
was nevertheless clear that greater separation between the stimuli
and response boxes impinged on action selection because re-
sponse times (RTs), although generally long, were modulated by
the distance between the stimuli and the response boxes (Fig. 4a).
RTs increased as the separation between the stimuli and the re-
sponse boxes increased in the inside, intermediate, and far con-
ditions (F = 67.96; df = 1,3; p = 0.004). Longer RTs of this type
are typically found when no premium is placed on speeded re-
sponding and the responses are made by making hand move-
ments on a touch-screen monitor.

Preoperative performance: the effect of distractors on

action selection

It was not clear, however, that the presence of distractors caused
any additional difficulty in selecting the correct action. When
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Figure 5.  Experiment 1. The effect of the PFv+o lesion on action selection and stimulus

selection is illustrated by a comparison of the errors made by the lesion group (bottom) and the
control group (top) before and after surgery or an equivalent time period (left and right, respec-
tively) in the inside, intermediate, and far conditions. The gray bars are used to indicate perfor-
mance by animals with lesions. The PFv+o lesion impaired performance across conditions, but
the decrement in performance was significantly worse in the far condition. The open circles and
triangles indicate the scores for animals PFV1and PFV2. The filled circles, triangles, and squares
indicate scores for animals PFV3, PFV4, and PFV5.

performance in the far condition was compared with perfor-
mance in the two conditions, white distractor and color distrac-
tor, which entailed the same separation between stimuli and re-
sponse boxes, there was no modulation ( p > 0.1) of error rate or
RT (Fig. 4b).

The effect of PFv+o lesions on action selection in the context of
separation of stimuli and response boxes

Error rates were increased by the PFv+o lesion (Fig. 5). The
performance of the PFv+o lesion group declined relative to the
performance of the control group after surgery (interaction of
group and period, F = 67.96; df = 1,3; p = 0.004). Although there
was no significant difference between the groups before surgery
(p > 0.1), there was a significant group difference in perfor-
mance after the surgery (F = 11.068; df = 1,3; p = 0.045). Al-
though there was no three-way interaction between group, pe-
riod, and distance, there was a two-way interaction between
period and distance (F = 5.97; df = 2,6; p = 0.0037), and subse-
quent testing for linear contrasts confirmed that distance only
interacted with testing period in the PFv+o lesion group (F =
266.27; df = 1,1; p = 0.039) but not in the control group (p >
0.1). In summary, there was a general decrement in the ability to
select actions that were conditional on instructing visual stimuli
after the PFv+o lesion, but the impairment was significantly ex-
acerbated by increasing the separation distance between the stim-
uli and contingent actions.

The effect of PFv+o lesions on action selection in the context

of distractors

To test for the influence of distractors on performance, a second
analysis compared performance in the far condition with perfor-
mance in the white distractor and color distractor conditions,
which were matched for separation between stimuli and response
boxes (Fig. 6). There was an interaction between group and test-
ing period (F = 22.59; df = 1,3; p = 0.018). No interaction
involving the presence of any distractor approached significance
(p > 0.1). In summary, just separating the stimuli from the re-
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Figure 6.  Experiment 1. The effect of distractors is illustrated by a comparison of the errors

made by the lesion group (bottom) and the control group (top) before and after surgery or an
equivalent time period (left and right, respectively) in the far, white distractor, and color dis-
tractor conditions. The gray bars are used to indicate performance by animals with lesions. The
PFv+o0 lesion impaired performance uniformly across all three conditions. Animals with
PFv+o lesions did not get significantly worse when distractors were interposed between the
instructing stimuli and the response boxes; performance was already approximately at chance
in the far condition even before any distractors were added. The open circles and triangles
indicate the scores for animals PFV1 and PFV2. The filled circles, triangles, and squares indicate
scores for animals PFV3, PFV4, and PFV5.

sponse boxes caused the animals with PFv+o lesions consider-
able difficulty, but this difficulty was not worsened by the pres-
ence of distractors.

Experiment 2a: the effect of PFv1 o lesions on learning new
conditioned action-selection problemsin the absence of any
separation between stimuli and response boxes

The animals with PFv+o lesions made more errors learning the
new problem pairs. On average, the two animals with PFv+o
lesions made 145.25 and 226.75 errors, whereas 67.75, 45.25, and
13.5 errors were made by each of the three control animals on
average. The difference was significant (F = 19.77; df = 1,3;p =
0.021). PFv+o lesions caused a significant impairment in condi-
tional action selection even when there was no separation be-
tween stimuli and response boxes on any trial of a testing session.

Experiment 2b: the effect of PFv1 o lesions on transfer to a
greater separation between stimuli and response boxes

A significant one-way linear contrast between group and transfer
distance (F = 8.103; df = 1,3; p = 0.033) suggested that the
PFv+o lesion group was significantly more impaired than the
controls when they transferred to the far distance condition than
when they were given more days of the inside condition (Fig. 7).
It was noticeable that the effect was small in size even if it was
statistically significant; there was little decrement in performance
in one of the PFv+o animals in the second far distance transfer
test. It therefore seemed necessary to empirically reexamine the
importance of separation between the stimuli and response boxes
in an additional experiment. Because testing of new learning abil-
ity provided clear indices of impairment in experiment 3, it
seemed plausible that a more conclusive test of the importance of
the separation between stimuli and response boxes might be ob-
tained by testing the new learning of problem pairs in the inside
and far conditions. This was examined in experiments 3 and 4.
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Figure7.  Experiment 2b. After learning four new inside problem pairs to a criterion of 85%

correct, animals were tested on additional trials in the inside condition format in two cases. In
two other cases, however, the animals were transferred to a version of the same problem pairin
which the stimuli and response boxes were separated in the manner of the far condition. A
positive score indicates a continued improvement beyond the 85% criterion, and a negative
score indicates a worsening of performance below the 85% criterion. Gray bars indicate the
PFv+o lesion group. PFv+o animals were significantly worse when they transferred to per-
forming the same problem pair but in the far condition format. The open circles and triangles
indicate the scores for animals PFV1and PFV2. The filled circles, triangles, and squares indicate
scores for animals PFV3, PFV4, and PFV5.
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Figure8. Inexperiment 2a (left), PFv—+oanimals (gray bars) made significantly more errors

learning new inside condition problems. The deficit confirms that PFv+o lesions impair action
selection even in the absence of interleaved trials of the more difficult intermediate, far, and
distractor conditions. Data from experiment 3 are shown on the right. Animals with PFv+o
lesions made significantly more errors when learning a new far problem pair than when learn-
ing new inside problem pairs (left). The increased size of the PFv+o deficit suggests that
PFv+ois not just concerned with using a conditional rule to select actions, butit s also involved
in the selection of the behavioral relevant stimulus. The open circles and triangles indicate the
scores for animals PFV1 and PFV2. The filled circles, triangles, and squares indicate scores for
animals PFV3, PFV4, and PFVS5.

Experiment 3: the effect of PFv1 o lesions on learning new
conditional action-selection problems in the presence of
separation between stimuli and response boxes

The control animals did not take any longer to learn a problem
pair in the far condition than they had taken on average to learn
problem pairs in the inside condition, but the PFv+o0 animals
made more than twice as many errors (Fig. 8). The impairment of
animals with PFv+o lesions was significantly greater when learn-
ing a novel problem pair in the far condition than it was on
average when learning novel problem pairs in the inside condi-
tion (F = 313.09; df = 1,3; p < 0.001).
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Figure 9.  Experiment 4. PFv+o lesions had a significantly greater impact on learning in the far condition than in the inside

on the first postoperative test when mon-
key 4 took a long time to learn an inside
condition problem pair. This was the first
problem that this animal encountered
postoperatively. Order of testing cannot
account for any other aspects of the pattern of results because
near and far tests were interleaved. Because there were more post-
operative data cases than preoperative data cases, the analysis was
conducted by (1) looking at the interaction between testing ses-
sion (the five levels corresponded to the two preoperative prob-
lem pairs and the three postoperative problem pairs) and the
distance separating the stimuli and response boxes and then (2)
performing subsequent separate analyses of preoperative and of
postoperative tests. In the first analysis, there was a significant
interaction between the five levels of session and distance (F =
5.035; df = 4,8; p = 0.025). An additional analysis of just the two
preoperative levels of session revealed that distance exerted no
significant effect on performance before PFv+o lesion ( p > 0.1).
A third analysis showed that the effect of distance was apparent
when just the three postoperative problems were considered;
there was an interaction of distance and postoperative session
(F = 7.535; df = 2,4; p = 0.046). In summary, the three analyses
demonstrate that increasing the separation between the stimuli
and the response boxes impaired performance but only after the
PFv+o lesion.

PFV3, PFV4, and PFV5.

Discussion

There are two distinct but not mutually exclusive accounts of
PFv+o function. Its importance for action selection that is con-
ditional on the presence of a stimulus, instruction, or context has
been emphasized in lesion (Rushworth et al., 1997; Parker and
Gaffan, 1998; Bussey et al., 2001), cell recording (Asaad et al.,
1998, 2000; White and Wise, 1999; Wallis et al., 2001), and neu-
roimaging (Toni and Passingham, 1999; Toni et al., 1999, 2001;
Eliassen et al., 2003; Crone et al., 2005) studies. Conversely, cell
recording (Sakagami and Niki, 1994; Rainer et al., 1998; Sak-
agami et al., 2001; Everling et al., 2002; Lebedev et al., 2004),
lesion (Dias et al., 1996), and neuroimaging (Brass and von
Cramon, 2004) studies have also suggested a PFv+o role in at-
tentional selection because of its apparent importance for select-
ing the stimulus information that is relevant for the task in hand
at the expense of that which is irrelevant.

It might be argued that the importance of PFv+o for atten-
tional selection of task-relevant information is accounted for by
the rule-guided nature of paradigms used to assess selective at-
tention. Typically, paradigms have varied which stimulus infor-
mation is relevant or irrelevant during testing, and a rule deter-
mines which is relevant on a given trial. It could be claimed that
animals are using a conditional rule to decide which stimulus
information is relevant in a given context. In the present experi-
ment, the difficulty of identifying the relevant stimulus was ma-

condition. The numbers of errors made learning in the two conditions are compared before and after surgery. Postoperative
performance is shown on the right and indicated by gray bars. The filled circles, triangles, and squares indicate scores for animals

nipulated in a simple way: by just spatially separating it from the
response positions.

Because PFv+o lesions impair conditional action selection
more severely than discrimination learning (Parker and Gaffan,
1998; Bussey et al., 2001), it has been argued that PFv+o has a
special importance for action selection rather than learning in
general. Conditional tasks, however, differed from discrimina-
tion tasks not just in the conditional nature of the correct re-
sponse but in terms of the difficulty of selecting task-relevant
information. During discrimination, all of the information rele-
vant to the correct choice is present at the position of the correct
stimulus that the animal touches. In a conditional task, however,
the correct action is conditional on information that is spatially
separated from the target of the action. Although the animal’s
attention may be drawn to the response locations, because of
their association with reward, the guiding cue information can-
notbeignored if the animal is to perform well. It might, therefore,
be contended that PFv+o involvement in conditional action se-
lection is a consequence of the importance of PFv+o in identify-
ing and using the task-relevant cue information.

In experiment 1, macaques were taught visuospatial condi-
tional action-selection problems in which they chose between
two response boxes on either side of a touch-screen monitor. The
stimuli for guiding action selection were present within the re-
sponse boxes in the inside condition, so there was no need to
identify task-relevant information at a location other than at that
of the response (Fig. 1a). The PFv+o animals were impaired
although the attentional demands were no greater than in dis-
crimination learning (Fig. 4). The impairment was not caused by
a “failure set” that had generalized from the interleaved trials of
the far, white distractor, and color distractor conditions, on
which the lesion animals were clearly impaired (Fig. 1b—e); in
experiment 2a, the inside condition was tested in isolation, and
again the PFv+o animals were significantly impaired (Fig. 8).
PFv+o has a central role in conditional action selection even
when the difficulty of identifying and using task-relevant infor-
mation is kept to a minimum.

Stimulus identification and use, however, was also a determi-
nant of impairment. Even for controls, simply separating the
stimuli from the response boxes modulated RT (Fig. 4a). The
conditional nature of action selection remained constant, but
the difficulty of using the task-relevant stimulus was increased
because attention would have been immediately drawn to re-
sponse locations associated with rewards. In experiment 1,
PFv+o performance significantly declined with increasing sepa-
ration of stimuli from the action location (Fig. 5). In experiment
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2b, PFv+o animals were significantly worse when they trans-
ferred to versions of a learned problem in which the stimuli were
separated from the contingent actions (Fig. 7). Although statisti-
cally significant, the sizes of the effects were small in experiment
2b. Experiment 3, however, demonstrated a larger effect when
separation between stimulus and response locations was present
during initial learning (Fig. 8). The large PFv+o impairment in
learning with spatial separation could not be attributed to testing
order, preoperative performance differences, or proactive inter-
ference because the effect was replicated in experiment 4 (Fig. 9).

An attempt was also made to manipulate the difficulty of se-
lecting the task-relevant information by interposing irrelevant
stimuli between relevant stimuli and the response boxes (Fig.
1d,e). The attentional load imposed by irrelevant stimuli even
outside a task-relevant location can make visual discrimination
difficult after lesions in posterior ventral stream areas, such as
temporal occipital area TEO and visual area V4 (De Weerd et al.,
1999, 2003). In the current investigations, the irrelevant distrac-
tors did not cause any additional slowing of response in the con-
trol animals beyond that already induced by separation of the
stimuli and response boxes (Fig. 4b). The irrelevant distractors
did not cause any additional impairment after PFv+o lesion be-
yond that already seen with spatial separation of stimuli and re-
sponse boxes (Fig. 6). It should be remembered, however, that
PFv+o performance was already, on average, at chance once the
stimuli and response boxes were separated in the far condition.

The significant influence of stimulus response box distance is
consistent with an attentional role for PFv+o. PFv+o is a pre-
frontal division of a stream of areas concerned with directing the
bias of attention toward relevant information (Kastner and Un-
gerleider, 2000) and adaptively encoding task parameters that
determine successful behavior (Duncan, 2001). The effect of
PFv-+o lesions is distinct to that of TEO/V4 lesions. TEO/V4
lesions make it difficult to disentangle relevant and irrelevant
stimuli when they are close together and therefore within the
range encompassed by a receptive field of a neuron in temporal
lobe area TE. Moving the stimuli away from each other made
matters better after a TEO/V4 lesion (Buffalo et al., 2005), but, in
the present experiment, moving the stimuli farther from the
movement targets made matters worse. At the core of the PFv+o
deficit is a failure to identify what information in an array is
relevant for the task in hand rather than a failure to focus selec-
tively on a relevant visual stimulus at the expense of a spatially
adjacent one. The critical determinant of impairment was not
difficulty of focusing on one stimulus as opposed to another, as
might be the case after TEO/V4 lesion, but simply the allocation
of attention to any location other than that of the response, which
was closely associated with reward. The deficit may be better
described as an impairment of identifying and using behaviorally
relevant information rather than an impairment in selecting one
visual stimulus as opposed to another as occurs after TEO/V4
damage.

It might be argued that separation of the stimulus and re-
sponse locations introduced a confounding working memory el-
ement into the task. This is unlikely for two reasons. First, stim-
ulus response box separation did not entail any delay between
presentation of the stimuli and response boxes, and the stimuli
were present at the time that the response was made. Second,
unlike the case with dorsolateral prefrontal lesions, delay is not a
critical determinant of PFv+o lesion impairment or activation
(Rushworth et al., 1997; Petrides, 2005).

Lateral frontal neuron activity, unlike more posterior or me-
dial frontal activity, is strongly correlated with stimulus attention
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rather than with movement intention or expectations about the
consequences of the movement (Boussaoud and Wise, 1993;
Matsumoto et al., 2003; Wallis and Miller, 2003). The possibility
that lateral frontal neurons might have a critical role in maintain-
ing information in short-term memory has received considerable
interest. Lebedev et al. (2004), however, have shown that activity
in this region better represents the location of attended stimuli
than it does the location of remembered stimuli. Within the
lateral prefrontal cortex, PFv+o, rather than dorsolateral pre-
frontal cortex, may be more concerned with identifying behav-
iorally relevant signals and their implications for action
(Rushworth and Owen, 1998; Hoshi and Tanji, 2004; Ninokura et
al,, 2004).

PFv+o is just one part of a distributed circuit for conditional
action selection, and it has been difficult to determine its special
contribution. Proportionally more dorsal premotor than pre-
frontal neurons encode conditional rules for action selection
(Wallis and Miller, 2003), and striatal neurons encode new
action-selection rules more quickly than prefrontal neurons dur-
ing learning (Pasupathy and Miller, 2005). Lesion studies suggest
that a striatal premotor circuit may be most important for recall-
ing old and well established conditional rules but less important
for new learning (Nixon et al., 2004). In conjunction with such
previous studies, the present results suggest that PFv+o is less
involved in automatization but instead that it is concerned with
deployment of efficient learning strategies (Bussey et al., 2001)
and in the initial registration of information that will be used to
guide new conditional action contingencies.
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