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Perseverative interference with object-in-place scene
learning in rhesus monkeys with bilateral ablation
of ventrolateral prefrontal cortex
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Department of Experimental Psychology, Oxford University, Oxford OX1 3UD, United Kingdom

Surgical disconnection of the frontal cortex and inferotemporal cortex severely impairs many aspects of visual
learning and memory, including learning of new object-in-place scene memory problems, a monkey model of
episodic memory. As part of a study of specialization within prefrontal cortex in visual learning and memory, we
tested monkeys with bilateral ablations of ventrolateral prefrontal cortex in object-in-place scene learning. These
monkeys were mildly impaired in scene learning relative to their own preoperative performance, similar in severity
to that of monkeys with bilateral ablation of orbital prefrontal cortex. An analysis of response types showed that the
monkeys with lesions were specifically impaired in responding to negative feedback during learning: The
post-operative increase in errors was limited to trials in which the first response to each new problem, made on the
basis of trial and error, was incorrect. This perseverative pattern of deficit was not observed in the same analysis of
response types in monkeys with bilateral ablations of the orbital prefrontal cortex, who were equally impaired on
trials with correct and incorrect first responses. This may represent a specific signature of ventrolateral prefrontal

involvement in episodic learning and memory.

The prefrontal cortex is important for multiple aspects of
memory, decision making, and cognitive control (Passingham
1993; Goldman-Rakic 1996; Miller 2000). Its involvement in as-
pects of episodic learning and memory can be tested in macaque
monkeys by performance in an object-in-place scene learning
task (Gaffan 1994). In this task, monkeys encounter discrimina-
tion problems in which they must learn which of two foreground
objects is correct in a complex background scene. All of the ele-
ments of the scene differ from problem to problem, but the lo-
cations and identities of all the scene elements are constant for a
particular problem. Monkeys learn object-in-place scene prob-
lems very rapidly relative to, for example, similar discrimination
problems against a constant or neutral background (Gaffan
1994). The learning of object-in-place scene problems is signifi-
cantly impaired by damage to the fornix (Gaffan 1994; Aggleton
et al. 2000) and perirhinal cortex (Easton and Gaffan 2000).

Damage to the prefrontal cortex, or disconnection of the
frontal cortex from inferotemporal cortex by means of crossed
unilateral lesions, produces a devastating impairment in learning
new scene problems (Browning et al. 2005). The impairment
caused by frontal-temporal disconnection can be reproduced, in
part, by crossed unilateral lesions of ventrolateral prefrontal cor-
tex and inferotemporal cortex (Wilson et al. 2007). These obser-
vations are consistent with a role for the prefrontal cortex in
episodic memory and with a role for the ventrolateral prefrontal
cortex specifically in aspects of episodic memory (Wagner et al.
2001; Petrides et al. 2002).

The aim of the current experiment was to evaluate scene
learning in monkeys with bilateral ventrolateral damage, for
comparison with previous data from monkeys with frontal-
inferotemporal disconnection (Browning et al. 2005), disconnec-
tion of ventrolateral prefrontal cortex (via a neurotoxic lesion)
from inferotemporal cortex (Wilson et al. 2007), or bilateral ab-
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lation of orbital prefrontal cortex (Baxter et al. 2007). Although
disconnection of ventrolateral prefrontal cortex from inferotem-
poral cortex impaired scene learning (Wilson et al. 2007), those
lesions included partial involvement of orbital prefrontal cortex
and were produced with a neurotoxic lesion method. Thus, the
current study provides a direct comparison with cortical abla-
tions, as well as with the data from the neurotoxic lesion
method.

In the present study, five monkeys were taught the scene
learning task until they could rapidly learn lists of 20 new scene
problems in each session. After a preoperative performance test
composed of 10 sessions of new scene learning (200 new scene
problems total), each monkey received bilateral ablations of ven-
trolateral prefrontal cortex. An identical performance test was
given post-operatively in which a further 200 new scenes were
learned. As part of the analysis of these data, we compared per-
formance in scene problems where the first response (made by
trial and error) was wrong with problems in which it was correct.
This revealed a unique effect in the group of monkeys with bi-
lateral ventrolateral lesions, in that their impairment was only
significant for scenes in which the first response was wrong. We
present an analysis of their impairment in scene learning and
compare it with results from other prefrontal and inferotemporal
cortical lesions, in which impairments in scene learning occur
irrespective of the outcome of the first response.

Results

Extent of ventrolateral prefrontal ablations

The lesion was intended to remove areas 47/12 and 45A (Petrides
and Pandya 2002) bilaterally, using sulcal landmarks to guide the
extent of the ablation. A schematic of the lesions is shown in
Figure 1, and photomicrographs of sections from each of the five
ventrolateral prefrontal lesions are shown in Figure 2. The in-
tended region was ablated in each monkey, although the lesions
varied slightly in medial-lateral extent. Case VLS sustained un-
intended damage to the lateral orbital cortex bilaterally.
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Figure 1. Areas of damage in the five monkeys with ventrolateral pre-
frontal lesions are plotted onto schematic coronal brain sections from a
standard atlas of the rhesus monkey brain (Szwarcbart 2005). Large nu-
merals indicate millimeters anterior to the interaural plane. The lesions
are illustrated as the extent to which damage is present in one, two,
three, four, or all five of the lesion cases, indicated by color going from
light gray to black (the scale is represented at the top of the figure). The
ventrolateral prefrontal cortex is extensively damaged in all five cases
(occupying much of the inferior frontal convexity), although the lateral
borders of the lesions vary from case to case.

Scene learning

Monkeys learned 20 new scene problems in each session. Each
problem consisted of two foreground objects (small alphanu-
meric characters) presented against a complex background scene
composed of a colored background, a number of colored ellipse
segments, and a single large alphanumeric character (examples of
scenes are shown in Fig. 3). The locations and identities of the
foreground objects are fixed within each scene but vary across
scenes. The monkey had to learn which of the two foreground
objects in each scene was correct. In each session, each of the 20
problems was encountered once, one after the other, and then
the list was presented again (in the same order) seven more times.
Performance on the first trial of each problem was determined by
trial and error, and learning progressed rapidly after the first trial.
The performance test data comprised 10 sessions of scene learn-
ing, for a total of 200 new scenes learned. Changes in perfor-
mance (percent error on each trial) between preoperative and
post-operative testing were analyzed using repeated-measures
ANOVA. Testing phase (preoperative vs. post-operative) and tri-
als (repetitions of scenes within a session) were within-subject
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factors, and lesion group (control or ventrolateral prefrontal le-
sion) was a between-subjects factor.

Bilateral ablation of ventrolateral prefrontal cortex pro-
duced a significant impairment in object-in-place scene learning,
with operated monkeys committing about twice as many errors
post-operatively compared with control monkeys, whose error
rates were similar before and after a period of rest equivalent in
time to post-operative recovery for the operated group. This
analysis revealed a main effect of trial, as expected, F; 49, = 478.7,
P <0.000S, a marginal effect of test phase, F(, ;, = 5.01, P = 0.06,
and a test phase by trial interaction, F; 49, = 2.88, P=0.013.
These latter two effects were driven by the performance of the
ventrolateral monkeys, as they were not present when data from
the controls was analyzed alone (Fs < 1). Additionally, there were
interactions of test phase with lesion group, F,; = 5.64,
P =0.049, and of test phase, trial, and lesion group, F; 49, = 2.27,
P =0.044. These data are plotted in Figure 4. Figure 4A shows
learning curves across the eight repetitions of lists of 20 new
scenes, which illustrate slower post-operative learning in the ven-
trolateral group. Figure 4B shows a summary measure (percent-
age errors on trials 2-8 of each new list of scenes) for each mon-
key pre- and post-operatively, and demonstrates that each ven-
trolateral monkey makes more errors post-operatively, whereas
performance of the control monkeys is stable. A within-subjects
(preoperative vs. post-operative) comparison of the summary
measure of number of errors on trials 2-8 for the ventrolateral
group revealed an identical result, ¢4 = 2.72, P = 0.05.

To determine whether poor post-operative performance in
the ventrolateral group could be attributed to perseveration of
initial incorrect responses during subsequent repetitions of each
scene, the 200 scenes in each performance test were subdivided
based on whether the initial response to each scene, during its
first presentation in the session, was correct (1C) or wrong (1W).
Correction trials (in which the incorrect object was not present)
were given during the first presentation of each scene only and
were not counted in the analysis. We examined the percentage of
error on subsequent trials with each scene, comparing the fre-
quency of errors with 1C scenes and 1W scenes. This analysis
revealed that monkeys with ventrolateral ablation were impaired
in learning 1W scenes but not 1C scenes, because their increase
in errors post-operatively was almost entirely confined to 1W
scenes. Comparison of responding between preoperative and
post-operative revealed expected significant main effects of trial
and 1C/1W, a marginal main effect of test phase (preoperative/
post-operative), and an interaction of 1C/1W with trial. Impor-
tantly, there was a significant three-way interaction of 1C/1W,
test phase, and group: F; ;= 5.71, P =0.048. This interaction
was decomposed in two separate ANOVAs, which revealed a
1C/1W by test phase interaction in the ventrolateral group,
Fq,4=7.99, P=0.047, but not in the controls, F 3 = 0.029,
P = 0.88. Furthermore, the effect of test phase in the ventrolateral
group is not significant for 1C trials, F; 4, =2.77, P=0.17, but it
is for 1W trials, F(; 4, = 7.93, P = 0.048. These data are plotted in
Figure 5. Thus, the impairment after the ventrolateral lesion
seems to stem primarily from a tendency not to correct perfor-
mance based on errors made during the first run through each
new list of scene problems.

Comparison of individual data points also suggests that the
differential effect of ventrolateral prefrontal lesions on 1C versus
1W trials cannot simply be ascribed to a task difficulty effect or
an artifact of the scale of measurement. Consider the perfor-
mance of monkeys with ventrolateral prefrontal lesions on trial 2
of 1C problems, and the performance on trial 3 of 1W trials.
Preoperatively, trial 2 of 1C is more difficult than trial 3 of 1W, in
that monkeys make more errors on trial 2 of 1C than on trial 3 of
1W, and yet post-operatively, monkeys are more impaired on
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Intended

Figure 2. Lesions of VLPFC in cases VL1-VL5. The intended lesion is shown in red on coronal sections of a normal rhesus monkey in the leftmost column,
at five stereotaxic levels through the prefrontal cortex, moving from rostral to caudal from the top to the bottom of the figure. Photomicrographs of brain
sections from cases VL1-VL5 at corresponding stereotaxic levels are shown in the other columns.

trial 3 of 1W than they are on trial 2 of 1C. This supports the idea
that the observed impairment is not simply an effect of greater
difficulty, overall, of 1W trials.

Similar analyses were conducted for five other groups of
monkeys, whose data are reported in other publications: mon-
keys with bilateral ablation of orbital prefrontal cortex (Baxter et
al. 2007), bilateral ablation of the entire prefrontal cortex
(Browning et al. 2005), crossed unilateral lesions of frontal cortex
and inferotemporal cortex (Browning et al. 2005), crossed uni-
lateral lesions of ventrolateral prefrontal cortex and inferotem-
poral cortex (Wilson et al. 2007), and bilateral ablation of peri-
rhinal cortex (Easton and Gaffan 2000). Each lesion group was
considered individually in a two-way within-subjects ANOVA
(lesion X 1C/1W) to evaluate the significance of the lesion (test
phase) X 1C/1W interaction, followed by focused ANOVAs to
determine the effect of the lesion on 1C and 1W trials separately
as was done for the ventrolateral lesion group above. Results of
these analyses are summarized in Table 1. None of these lesion
groups show the same pattern of perseverative interference in
scene learning observed in the monkeys with bilateral ablation of
ventrolateral prefrontal cortex in the present study, that is, a
post-operative impairment in 1W trials
but not in 1C trials. Furthermore, this
comparison between groups suggests
that the lack of impairment shown by
ventrolateral lesioned monkeys on 1C
trials is not a result of a floor effect pro-
duced by very efficient preoperative
learning in 1C trials. The absolute level
of impairment in monkeys with bilateral
orbital prefrontal lesions is similar to
that of monkeys with bilateral ventrolat-
eral prefrontal lesions, and monkeys
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with bilateral orbital prefrontal lesions are impaired on 1C trials
in addition to 1W trials.

A composite ratio measure of the post-operative impairment
in 1W and 1C trials is also presented in Table 1. This ratio has a
value of 1 when all errors scored are divided equally between 1C
and 1W trial types. The ratio is greater than 1 when more errors
are scored on 1W trials and less than 1 when more errors are
scored on 1C trials. Table 1 shows that this value is close to 1 for
control monkeys (who are unimpaired overall), monkeys with
bilateral orbital prefrontal lesions (who are mildly impaired), and
monkeys with bilateral perirhinal lesions (who are severely im-
paired). It is greater than 1 for monkeys whose lesions include
ventrolateral prefrontal cortex, either alone or as a component of
a larger prefrontal lesion or disconnection. Note that in the mon-
keys with larger prefrontal lesions, although the degree of im-
pairment in 1W trials is larger than 1C trials, the 1C impairment
is also significant. Thus, the selective impairment on 1W trials is
apparently unique to bilateral lesions of ventrolateral prefrontal
cortex. Comparison of the ratio measure, calculated for indi-
vidual monkeys, reveals that monkeys with ventrolateral lesions
have higher ratios than both unoperated controls, separate-

Figure 3. Three examples of scenes are shown, illustrating the background elements and the two
foreground stimuli (small alphanumeric characters, e.g., F and W in the scene on the /eft).
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operatively.

variance ts, = 1.99, P=0.05 (one-tailed), and monkeys with bi-
lateral orbital lesions, separate-variance i) = 2.19, P=0.037
(one-tailed). Individual subject data for the ratio measure are pre-
sented in Table 2.

The same monkeys were tested on simple object-reward as-
sociation learning (except VL3, who had already encountered
this task preoperatively, as CON1; see Materials and Methods).
We considered whether perseverative interference would also
take place in this task, where monkeys learn two-choice discrimi-
nation problems between pairs of clip-art objects against a neu-
tral background. Like scene learning, learning is by trial and er-
ror, and so the first encounter with each problem can either be
correct or an error. The data from this task were analyzed in the
same way, as errors/problem for 1C and 1W problems separately,
averaged across three sets of 10 problems. Monkeys made about

(A) Learning curves across trials 1-8 for new scene learning in pre- and post-operative
performance tests in control monkeys and monkeys with bilateral ventrolateral prefrontal ablation.
Monkeys with ventrolateral prefrontal lesions show slower learning post-operatively. (B) Individual
performance on object-in-place scene learning for each monkey (CON1-CON4, controls; VL1-VL5,
monkeys with bilateral ablations of ventrolateral prefrontal cortex). The measure plotted is mean
performance (percentage error) across trials 2-8 of lists of new scenes learned pre- and post-
operatively. The monkeys with ventrolateral lesions are mildly impaired in scene learning post-

Ventrolateral Bilateral ablation of ventrolateral pre-

frontal cortex impaired performance in
an object-in-place scene learning task, a
monkey model of episodic memory.
Moreover, when performance was com-
pared for scenes in which the initial re-
sponse was correct (1C) with scenes in
which the initial response was incorrect
(1W), a unique pattern emerged: impair-
ment was significant only for 1W trials
and not for 1C trials. A separate study of
selective lesions of orbital prefrontal cortex (Baxter et al. 2007)
found that these lesions produced impairment on both types of
trials. Larger lesions of the prefrontal cortex, which include both
the ventrolateral and orbital prefrontal cortex, impair learning in
both 1C and 1W trials, although the magnitude of impairment in
1W trials tended to be larger than that of 1C trials, consistent
with the inclusion of the ventrolateral prefrontal cortex in these
lesions. The new data reported in the present study suggest that
perseverative responding in scene learning after lesions to pre-
frontal cortex may be specifically attributable to damage to the
ventrolateral prefrontal cortex, rather than to the orbital prefron-
tal cortex. Furthermore, damage that is limited to the ventrolat-
eral prefrontal cortex does not appear to be sufficient to produce
a marked impairment in learning on trials in which the initial
response is correct. Finally, this perseverative pattern of respond-
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Figure 5.

Performance on trials 2-8 of learning new scene problems divided by whether the initial response to each scene was correct (1C) or wrong

(1W), according to each monkey’s choice for each problem. (Trial 1 is omitted because, by definition, it is O for 1C scenes and 100 for TW scenes.) All
monkeys make more errors in learning scenes to which their initial response is incorrect. The performance of control monkeys is indistinguishable
between their two performance tests (before and after a rest period equivalent to the post-operative recovery time of monkeys that receive surgery).
Ablation of ventrolateral prefrontal cortex does not significantly increase the errors monkeys make in learning 1C scenes, but it substantially impairs
learning of TW scenes. Data from monkeys with bilateral ablation of orbital prefrontal cortex are shown for comparison (Baxter et al. 2007). These lesions
produce a similar overall deficit in scene learning in terms of total errors on trials 2-8, but this effect is due to a mild impairment in learning in both 1C
and TW trials. Left and right panels were replotted with permission from the Society for Neuroscience © 2007, Figure 5 of Baxter et al. 2007.
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Table 1. Comparison of scene learning impairments after different cortical lesions

Preoperative (% error) Post-operative (% error) Effects
Lesion Overall 1C 1w Overall 1C 1w Lesion Lesion X 1C/TW 1C 1W Ratio? Reference
Control 6.73 5.29 8.00 6.65 5.11 7.97 — — — — 0.992 This study®
Ventrolateral PFC 5.59 4.74 6.29 12.07 7.28 17.16 * * — * 1.698 This study
Orbital PFC 4.02 2.89 527 10.73 8.35 13.27 ** * ** % (0.880 Baxter et al. 2007
Bilateral PFC 16.68 12.88 20.75 46.45 25.05 68.55 ** *x * % 1.726 Browning et al. 2005
FL X IT 6.50 5.47 7.43  29.67 19.70 40.43 ** * * ** 1.550 Browning et al. 2005
VIPFC X IT 12.48 9.80 15.26 29.07 20.04 37.80 ** — * * 1.438 Wilson et al. 2007
PRh 8.97 4.67 13.13  38.27 2233 56.07 * *x * * 0.944 Easton and Gaffan 2000

1C, first trial correct; TW, first trial wrong; FL X IT, frontal lobe/inferotemporal cortex disconnection; PFC, prefrontal cortex; PRh, bilateral lesion of
perirhinal cortex; and vIPFC X IT, ventrolateral prefrontal/inferotemporal cortex disconnection.

“Ratio = (post-operative 1W/preoperative 1W)/(post-operative 1C/preoperative 1C). The value shown in the table is the mean ratio for all the monkeys
in each group (n = 3-5), not the ratio of the mean percentage error for each condition.

PControl data also presented and used for comparison in other papers (Baxter et al. 2007; Mitchell et al. 2007).

*P < 0.05; *P < 0.01.

ing is not seen in another associative learning task (object-reward
association learning) that requires an intact prefrontal cortex but
does not require frontal-inferotemporal interaction (Parker and
Gaffan 1998). Thus, it may reflect a specific contribution of ven-
trolateral prefrontal cortex to episodic memory.

The present results are consistent with an early report of
perseverative behavior in reversal learning after selective lesions
of the inferior frontal convexity (Iversen and Mishkin 1970).
However, they are somewhat surprising in light of the association
of perseverative behavior with damage to the orbital prefrontal
cortex (e.g., Jones and Mishkin 1972). It must be noted that
many studies of “orbital” prefrontal cortex include damage to the
prefrontal cortex termed ventrolateral in the present study and in
other investigations (e.g., Rushworth et al. 1997; see also Petrides
and Pandya 2002). Recent investigations of discrete lesions of the
orbital prefrontal cortex have reported deficits in reversal learn-
ing that are not perseverative in nature (Izquierdo et al. 2004),
consistent with the present findings. It may be difficult in other
settings to distinguish errors that are perseverative in nature from
errors that reflect failures in acquiring new stimulus-reward as-
sociations, for example, in extinction performance (Izquierdo
and Murray 2005).

It is important to compare the present results with the study
of crossed unilateral lesions of the ventrolateral prefrontal cortex
(made with neurotoxin injections) and inferotemporal cortex
(Wilson et al. 2007), which reported impairments in scene learn-
ing that were more severe than those found for bilateral ablations

Table 2.
and TW (initial response wrong) scenes

Individual subject data for object-in-place scene learning pre-

of ventrolateral prefrontal cortex in the present study. When
these results are compared, two of the three lesion cases in the
study of disconnection lesions had neurotoxin injections into
the orbital surface in addition to lesions of the ventrolateral pre-
frontal cortex, although the injections of the orbital surface were
observed only to produce small foci of cell loss rather than frank
lesions of orbital prefrontal cortex. Thus, the severity of their
impairments may reflect the combination of ventrolateral dam-
age and partial lesions of the orbital cortex. This may also explain
the fact that monkeys with the neurotoxic disconnection lesions
were significantly impaired in both 1C and 1W trials, although
their 1IW impairment was more severe.

The impairment after bilateral ablations of ventrolateral pre-
frontal cortex is not larger in magnitude than that observed after
neurotoxic ventrolateral lesions (crossed with inferotemporal ab-
lation). This suggests that the deleterious effect of bilateral ven-
trolateral ablation in scene learning probably cannot be ascribed
to the interruption of fibers of passage through the ablated region
of cortex, an explanation suggested for some previous effects of
ablations of this region (Mishkin and Manning 1978).

The comparison of scene learning impairments after lesions
of orbital prefrontal cortex (Baxter et al. 2007) and ventrolateral
prefrontal cortex (present study) is instructive in terms of under-
standing different contributions of these two areas of prefrontal
cortex to episodic learning and memory. In our earlier study of
orbital prefrontal lesions, we theorized that the mild effect of
these lesions on scene learning reflected a contribution of this

and post-operatively, broken down by 1C (initial response correct)

Preoperative (% error)

Post-operative (% error)

Group Case Overall 1C 1w Overall 1C w Ratio®
Control CON1 5.79 2.61 8.52 5.29 3.12 6.95 0.683
CON2 3.36 3.23 3.47 3.07 3.05 3.09 0.942
CON3 10.40 8.87 11.84 9.86 7.22 12.15 1.261
CON4 7.36 6.47 8.16 8.36 7.07 9.67 1.083
Ventrolateral PFC VL1 4.64 3.74 5.30 15.10 6.25 26.46 2.991
VL2 11.30 10.71 11.77 14.30 10.64 17.27 1.478
VL3 3.29 1.62 4.59 8.00 3.91 11.70 1.058
VL4 4.36 3.79 4.90 5.07 3.57 6.57 1.423
VL5 4.36 3.82 4.91 17.90 12.02 23.81 1.542
Orbital PFC ORB1 3.64 1.51 5.95 10.60 6.72 14.58 0.550
ORB2 2.00 1.81 2.18 9.50 8.12 10.93 1.116
ORB3 6.43 5.34 7.68 12.10 10.20 14.29 0.973

“Ratio = (post-operative 1W/preoperative 1W)/(post-operative 1C/preoperative 1C) as in Table 1.

PFC, prefrontal cortex.
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region to noticing novel information and facilitating its encod-
ing in inferotemporal cortex (Frey and Petrides 2002) or to stra-
tegic processes used to optimize encoding of information in
memory (Kao et al. 2005). Ventrolateral prefrontal cortex has
been hypothesized to be involved in multiple cognitive control
processes in episodic memory (Badre et al. 2005; Badre and Wag-
ner 2007). In particular, this region may contribute importantly
to the resolution of proactive interference in memory (Badre and
Wagner 2005). This is consistent with the effect of ventrolateral
prefrontal lesions on scene learning in the present study, in
which a selective deficit in 1W trials can be interpreted as a fail-
ure to resolve interference between the initial trial-and-error re-
sponse to the scene with the feedback from that trial that the
initial choice is incorrect. Another possibility, not exclusive of
the foregoing one, is that ventrolateral prefrontal cortex is spe-
cifically engaged when a response to negative feedback must be
planned (Monchi et al. 2001). The disruption of processing in
both orbital and ventrolateral prefrontal cortex following bilat-
eral prefrontal damage or frontal-inferotemporal disconnection
(Browning et al. 2005) results in severe deficits in episodic
memory, whereas the disruption of one or the other produces
comparatively mild impairments. Future experiments may test
specifically the extent to which these processes may interact with
one another, as well as by parametrically manipulating the
amount of proactive interference in memory by altering param-
eters of the scene learning task, for example, by increasing the
similarity between elements of the background scenes. This may
increase the extent to which the macaque monkey model of epi-
sodic memory may be useful for translating between studies of
the neurobiological mechanisms that underlie this ability in
monkeys with neuropsychological and neuroimaging studies of
episodic memory in humans.

Materials and Methods

Subjects

Eight rhesus monkeys (Macaca mulatta), six male (CON1/VL3,
CON2, CON4, VL1, VL2, VLS) and two female (CON3, VL4),
3.33-7.44 kg (22- to 51-mo-old) at the beginning of behavioral
training, participated in this study. The monkeys were housed
socially in troops, separated by sex, in indoor enclosures attached
to standard caging. Water was always available ad libitum in the
home enclosure; each monkey’s daily food ration was delivered
in the test box and was supplemented with fruit and forage mix
in the home enclosure.

Object-in-place scene learning was tested alongside perfor-
mance in a strategy implementation task (Gaffan et al. 2002).
Results from the strategy implementation task, and subsequent
post-operative testing in discrimination learning, are described
in a separate publication. The critical test data for scene learning
came from pre- and post-operative performance tests, which were
identical for all monkeys, and consisted of 2 d of strategy imple-
mentation testing alternating with 2 d of scene learning for a
total of 12 sessions of each task, the last 10 of which constituted
the data for the performance test (see also Baxter et al. 2007). Five
of the monkeys (VL1, VL2, CON1/VL3, VL4, VLS) received bilat-
eral ablations of ventrolateral prefrontal cortex. Three monkeys
(CON2, CON3, CON4) remained as unoperated controls. One
monkey (CON1/VL3) completed the entire sequence of pre- and
post-operative testing as an unoperated control and then re-
ceived a further performance test on scene learning and strategy
implementation, a ventrolateral prefrontal lesion, and then a
post-operative performance test on scene learning and strategy
implementation. For purposes of data analysis, he is treated as
two separate cases, and is designated CON1 when his data from
his first performance test are discussed and as VL3 when his data
related to his ventrolateral lesion are discussed (including his
second preoperative performance test).
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Object-in-place scene learning

The object-in-place scene learning task was adapted from the
method of Gaffan (1994). This task employed artificially con-
structed background scenes that occupied the whole area of the
display screen. The background scenes were generated by an al-
gorithm based on a random number generator. Each scene was
unique in that it varied in several randomly selected attributes,
including (1) the background color of the screen; (2) the location
of ellipses on the screen; (3) the color, size, and orientation of
ellipse segments; (4) the typographic character, clearly distinct in
size from the foreground objects; and (5) the color of the typo-
graphic character. All the colors were assigned with the con-
straint that the foreground objects should be visible (i.e., there
was a minimum separation in color space between the colors of
a foreground object and the color of any element of its local
background). Two background objects, small randomly chosen
and colored typographic characters, were placed within each
scene. In each scene, one of the two foreground objects was the
correct one for the monkey to touch (rewarded) and the other
was incorrect (unrewarded). The locations and identities of the
foreground objects were fixed within each scene but varied be-
tween scenes. Because these scenes were randomly generated, an
infinite number of unique scenes could be presented. (For ex-
amples of stimuli, see Gaffan 1994; Browning et al. 2005; Fig. 3).
After each monkey learned to touch single foreground objects
against a black background, additional scene elements were in-
troduced in shaping programs until the monkey reliably touched
the foreground object when presented with a new scene. Prob-
lems were then introduced with two foreground objects (one
correct and one incorrect, as described above), and the number of
scenes given in each session was gradually increased, based on
each monkey’s performance. Training continued until perfor-
mance was stable (for all eight monkeys, mean of 58.1 sessions,
range 30-111).

In the final version of the task, 20 new scenes were pre-
sented in each session; the list of 20 scenes was repeated eight
times. Each trial began with the presentation of a scene problem
on the screen (a background scene containing two foreground
objects). A touch to the correct object caused the object to flash
for 2.4 sec, and then the screen blanked and a reward pellet (190
mg; P.J. Noyes) was delivered, followed by a 5-sec intertrial in-
terval. A touch to the incorrect object caused the screen to blank
immediately, followed by a 20-sec intertrial interval. Touches
anywhere else in the scene caused the screen to blank and the
trial was repeated, following a 20-sec intertrial interval. For the
first repetition of the list of scenes only, incorrect responses were
followed by a correction trial in which the scene was re-presented
with only the correct object present. The subsequent seven rep-
etitions of the list of scenes did not contain correction trials, and
the scenes were presented in the same order in which they were
encountered in the first run through the list. Monkeys learned
which object in each scene was correct by trial and error, gener-
ally very rapidly during the first run through the list, because
error rates were very low during the second run through the list
(9%-21.5%; chance is 50%). When the monkey completed the
final trial of a session, the lunchbox opened and the monkey
received the large food reward. If the final trial was incorrect, a
correction trial was given so that the monkey only ever received
the large food reward following a correct response. The depen-
dent measure was the number of errors (initial touches of the
incorrect foreground object) in each presentation of the list of 20
scenes.

Surgery

Neurosurgical procedures were performed in a dedicated operat-
ing theater under aseptic conditions. Each operated monkey’s
neurosurgical procedure consisted of a bilateral ablation of the
ventrolateral prefrontal cortex. In cases VL2-VLS5, steroids (meth-
ylprednisolone, 20 mg/kg) were given intramuscularly (i.m.) the
night before surgery, and three doses were given 4-6 h apart
(intravenously [i.v.] or i.m.) on the day of surgery, to protect
against intraoperative edema and post-operative inflammation.
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Case VL1 received intravenous dexamethasone (2 mg/kg) i.v.
once during the surgery only. FEach monkey was sedated on the
morning of surgery with both ketamine (10 mg/kg) and xylazine
(0.5 mg/kg), i.m. Once sedated, the monkey was given atropine
(0.05 mg/kg) to reduce secretions, antibiotic (amoxicillin, 8.75
mg/kg) for prophylaxis of infection, opioid (buprenorphine 0.01
mg/kg i.v., repeated twice at 4-6 h intervals on the day of surgery,
i.v. or i.m.) and nonsteroidal anti-inflammatory (either meloxi-
cam, 0.2 mg/kg, i.v. or carprofen, 4 mg/kg, i.m.) agents for anal-
gesia, and an H2 receptor antagonist (ranitidine, 1 mg/kg, i.v.) to
protect against gastric ulceration as a side-effect of the combina-
tion of steroid and nonsteroidal anti-inflammatory treatment.
The head was shaved and an intravenous cannula put in place for
intraoperative delivery of fluids (warmed sterile saline drip, 5
mL/h/kg). The monkey was moved into the operating theater,
intubated, placed on isoflurane (VL1, VL3, VL4, 1-2.5%, to effect,
in 100% oxygen) or sevoflurane (VL2 and VLS, 2.25-4.5%, to
effect, in 100% oxygen) anesthesia, and then mechanically ven-
tilated. Adjustable heating blankets allowed maintenance of nor-
mal body temperature during surgery. Heart rate, oxygen satura-
tion of hemoglobin, mean arterial blood pressure, end tidal CO,,
body temperature, and respiration rate were monitored continu-
ously throughout surgery.

The monkey was placed in a head-holder and the head
cleaned with alternating antimicrobial scrub and alcohol and
draped to allow a midline incision. The skin and underlying galea
were opened in layers. The temporal muscles were retracted as
necessary to expose the skull surface over the intended lesion
site. A bone flap was turned over the frontal lobes, and the cra-
niotomy was extended with rongeurs as necessary. The dura was
cut and reflected over the frontal lobes. The ventrolateral pre-
frontal cortex was removed bilaterally extending from the ven-
tral lip of the principal sulcus to the fundus of the lateral orbital
sulcus. The anterior limit was a line joining the anterior tips of
the principal and lateral orbital sulci. The posterior limit was a
line joining the posterior tip of the principal sulcus and the an-
terior tip of the inferior limb of the arcuate sulcus, then extend-
ing from the tip of the arcuate sulcus to the posterior tip of the
lateral orbital sulcus. All of the cortex was removed within these
limits (cf. Rushworth et al. 1997). Cortical tissue was removed by
subpial aspiration using a small-gauge sucker insulated every-
where except at the tip; electrocautery was applied to remove the
pia mater and control bleeding encountered during the ablation.

When the lesion was complete, the dura was sewn over the
lesion site, the bone flap replaced and held with loose sutures,
and the skin and galea were closed in layers. The monkey was
removed from the head-holder and anesthesia discontinued. The
monkey was extubated when a swallowing reflex was observed,
returned to the home cage, and monitored continuously until
normal posture was regained (usually within 10 min). Nonsteroi-
dal anti-inflammatory analgesic (meloxicam, 0.2 mg/kg, oral)
and antibiotic (amoxicillin, 8.75 mg/kg, oral) treatment contin-
ued following surgery, in consultation with veterinary staff, for
4-5 d. Operated monkeys rejoined their social groups as soon as
practicable after surgery, usually within 3 d of the operation.
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