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Prefrontal Cortex Function in the Representation of
Temporally Complex Events

Philip G. F. Browning and David Gaffan
Department of Experimental Psychology, Oxford University, Oxford 0X1 3UD, United Kingdom

The frontal cortex and inferior temporal cortex are strongly functionally interconnected. Previous experiments on prefrontal function in
monkeys have shown that a disconnection of prefrontal cortex from inferior temporal cortex impairs a variety of complex visual learning
tasks but leaves simple concurrent object-reward association learning intact. We investigated the possibility that temporal components
of visual learning tasks determine the sensitivity of those tasks to prefrontal-temporal disconnection by adding specific temporal
components to the concurrent object-reward association learning task. Monkeys with crossed unilateral lesions of prefrontal cortex and
inferior temporal cortex were impaired compared with unoperated controls at associating two-item sequences of visual objects with
reward. The impairment was specific to the learning of visual sequences, because disconnection was without effect on object-reward
association learning for an equivalent delayed reward. This result was replicated in monkeys with transection of the uncinate fascicle,
thus determining the anatomical specificity of the dissociation. Previous behavioral results suggest that monkeys represent the two-item
serial compound stimuli in a configural manner, similar to the way monkeys represent simultaneously presented compound stimuli. The
representation of simultaneously presented configural stimuli depends on the perirhinal cortex. The present experiments show that the
representation of serially presented compound stimuli depends on the interaction of prefrontal cortex and inferior temporal cortex. We
suggest that prefrontal-temporal disconnection impairs a wide variety of learning tasks because in those tasks monkeys lay down similar

temporally complex representations.

Key words: discrimination; inferotemporal cortex; learning; macaque; memory; prefrontal cortex

Introduction

The frontal cortex and inferior temporal cortex are strongly func-
tionally interconnected (Fuster etal., 1985). In monkeys, one way
to investigate the significance of this interaction is to assess cog-
nitive function after a surgical disconnection of prefrontal cortex
from inferior temporal cortex. Inferior temporal cortex is essen-
tial for the identification of objects (Tanaka, 1996), and so fron-
tal-temporal disconnection achieved by, for example, a unilateral
lesion of prefrontal cortex in one hemisphere and a unilateral
lesion of inferior temporal cortex in the opposite hemisphere
impairs those visual learning tasks that depend on prefrontal
cortex having access to visual information represented in inferior
temporal cortex. Monkeys with frontal-temporal disconnection
made in this way, by crossed unilateral lesions, are impaired on
tasks such as visual conditional learning, in which particular ini-
tial cues must be associated with subsequent choice stimuli, and
visual strategy implementation, in which different classes of stim-
uli must be associated with different patterns of responding (Bus-
sey et al., 2002b; Gaffan et al., 2002). In addition, a recent exper-
iment has shown that disconnection abolishes learning in a
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discrimination learning set paradigm, a paradigm that encour-
ages the formation of prospective memories (Murray and Gaffan,
2006; Browning et al., 2007). Frontal-temporal disconnection
nevertheless does not impair concurrent object-reward associa-
tion learning, indicating that simple associative learning pro-
cesses are preserved and suggesting that there is a qualitative
difference between frontal cortical involvement in concurrent
object-reward association learning and its involvement in other
tasks (Parker and Gaffan, 1998a; Gaffan et al., 2002).

We examined this difference further by investigating the pos-
sibility that the temporal components of the tasks impaired by
prefrontal cortical lesions are critical for their successful perfor-
mance. In two experiments, we compared the ability of unoper-
ated control monkeys and monkeys with prefrontal-temporal
disconnection to learn concurrent object—reward associations
with additional temporal components in two tasks shown in Fig-
ure 1. In one task (task 2I), the visual stimuli presented for learn-
ing were two-item sequences of visual objects. In another task
(task UD), an unfilled delay was imposed between the chosen
object and the rewards for which the monkeys worked. Task UD
was identical to task 21 except that the second object in the se-
quence was replaced by an unfilled delay. This allowed a valid
comparison between task 21 and task UD concerning the signifi-
cance of the sequential presentation of items in task 2I. The first
experiment compared learning of problems in these tasks in con-
trol monkeys and in monkeys who had received crossed unilat-
eral ablations of prefrontal and inferior temporal cortex.
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reward, like all other aspects of the events and
the experimental contingencies during any ses-

sion of training, was under computer control.
Stimulus material. The stimuli used were cli-
part “objects” 128 by 128 pixels in size pre-
sented on a white background on the touch-
screen that had a resolution of 800 pixels wide

by 600 pixels high. The monkey chose between
presented objects by touching one of them. For
each set of problems, novel objects were chosen

randomly without replacement by the com-
puter from a pool of 6100 unique objects. For
this choice, a unique random seed was used for
each individual monkey so that the variance
among problem sets produced by differences

Task 21 Task UD
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Figure 1.  Behavioral tasks. Each panel shows a single discrimination problem from each behavioral task. In each testing

session, monkeys learned by trial and error which stimuli led to reward. In each experiment, monkeys learned sets of problems
from the two tasks in a counterbalanced manner. In task 21 (left), monkeys associated two-item sequences of objects with reward.
Intask UD (right), monkeys associated single items with reward separated by an unfilled delay of 2 s.

The second experiment assessed learning in the same tasks in
monkeys with transection of the uncinate fascicle. Transecting
this pathway reliably disconnects frontal cortex from temporal
cortex (Ungerleider et al., 1989) and impairs conditional learning
with visual cues but leaves concurrent object-reward association
learning intact. This suggests that the qualitative difference be-
tween the involvement of frontal-temporal interaction in simple
associative learning and in other, more complex tasks may de-
pend more specifically on the uncinate fascicle (Eacott and Gaf-
fan, 1992; Gutnikov et al., 1997). Thus, assessing associative
learning with additional temporal components after both meth-
ods of frontal-temporal disconnection allowed us both to test the
anatomical specificity of frontal-temporal interaction and to
confirm the reliability of the postoperative effects seen.

Materials and Methods

Subjects. All experiments were conducted in accordance with the UK
Home Office regulations. Six male cynomolgus monkeys (Macaca fas-
cicularis) of mean age 4 years and 9 months and of mean weight 5.3 kg at
the start of training were used. Monkeys were all housed together in large
enclosures with water provided ad libitum. All monkeys had previously
taken part in experiments in which they learned concurrent visual dis-
criminations, and the training history of all monkeys was identical. In
experiment 1, three monkeys were unoperated controls (monkeys A—C),
and three monkeys had unilateral prefrontal ablation in one hemisphere
combined with a unilateral inferior temporal cortex ablation in the other
hemisphere, thus achieving the frontal-temporal disconnection (mon-
keys D—F). The hemisphere (left or right) that received each ablation was
counterbalanced across monkeys. Both groups entered a separate exper-
iment in which they learned concurrent object discriminations and re-
versals (our unpublished data). The operated monkeys were then per-
fused. In experiment 2, the three monkeys who had previously been
controls were tested before and after surgery to transect the uncinate
fascicle.

Apparatus. The apparatus consisted of a computer-controlled touch-
sensitive monitor (380 mm wide by 280 mm high) on which the stimulus
material was presented. The monkey sat in a wheeled transport cage 150
mm from the screen and made choices between stimuli by reaching out
through the bars of the cage. Touches were registered by the computer,
and banana-flavored pellets (190 mg; supplied by Noyes, Lancaster, NH)
were delivered as rewards for correct responses to a food hopper placed
centrally below the monitor. A single large food reward was delivered at
the end of each session by the opening of a box set to one side of the
centrally placed food hopper. The opening of the box with the large food

between the objects used in particular problem
sets was confounded with the variance between
individual monkeys. Figure 1 shows examples
of these clipart objects.

Task procedure. The behavioral tasks used in
each experiment (described in Fig. 1) were
based on the concurrent object-reward associ-
ation learning task. On any trial, two images
were displayed on the left and right sides of the
touchscreen. Any such pair of images constituted a discrimination prob-
lem in which one image was designated as correct and the other incorrect.
The left-right position of the images was random. The monkeys chose
between the images by touching within their boundaries and learned by
trial and error which stimuli led to reward. In task 2I, monkeys associated
two-item sequences of objects with reward. In this task, after a choice had
been made the delivery of reward or nonreward occurred after the pre-
sentation of another object in the same left—right position as the image
chosen. This object remained on the screen for 2000 ms. There was no
requirement to touch the second object in the sequence, although all
monkeys tended to rapidly touch it, especially in the initial stages of
learning a new set. [Over the course of experiment 1, monkeys made a
mean of 1.75 responses per trial to this object in the first session with a
new set and remained in contact with the object for a mean period of 795
ms, indicating that they were generally attentive to the two-item se-
quence (no difference between groups: both #.,) < 1).] Previous behav-
ioral studies have shown that monkeys readily learn about serial com-
pound stimuli, even when the individual items are acquired incidentally
(Gaffan and Dickinson, 2008). The second object in the sequence was
unique to each choice stimulus such that a choice of the S— would begin
the S— sequence, whereas a choice of the S+ would begin the S+ se-
quence. In task UD, monkeys associated single items with reward, where
the choice and delivery of reward or nonreward were separated by an
unfilled delay of 2 s. Correct choices were rewarded with the delivery of
190 mg reward pellets.

Trials were separated by an intertrial interval of 10 s after a correct
choice and of 20 s after an incorrect choice. Discriminations were learned
concurrently in sets of four problems. [Although this small number
could potentially have resulted in the formation of a discrimination
learning set, thus complicating our interpretation (Browning et al.,
2007), there was no increase in the within-problem rate of learning over
the course of the experiment evidenced by an absence of any linear effect
of set number on performance in either task by unoperated monkeys (all
F(; < 1). This can be seen in supplemental Table 1 (available at www.
jneurosci.org as supplemental material).] Each presentation of the four
problems together constituted a block of trials in which each problem
was presented once. The order of problems within each block was ran-
domized. Daily sessions consisted of 30 blocks of trials unless the session
was the first session with that set, in which case sessions consisted of 25
blocks. [All monkeys had previously formed part of an experiment in
which they learned four-item sequences (our unpublished data). These
four-item sequences were difficult for the monkeys to learn, and perfor-
mance was frequently poor in the first session. In that experiment, there-
fore, the first session with a set, in which many errors were made, was
shortened to prevent the monkeys getting overly frustrated. When the
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monkeys entered the present experiment, with two-item sequences, we
wanted to ensure the task procedure was identical in every way bar the
number of items presented in a sequence. This ensured that our data were
comparable with our previous investigations.] The monkeys continued
daily sessions with a set of four problems until a criterion was met. This
criterion was 90% correct choices in the whole session, in sessions after
the first session with a new set, or of 90% correct choices after the first
block of the session if that session was the first with that set. Once the
criterion was met, learning began on the next set of novel problems. After
a correct choice on the last trial in a session, a lunchbox containing the
full daily diet of a monkey opened. An incorrect choice on this trial meant
that another problem from the set was presented until a correct choice
was made and the lunchbox obtained. All these contingencies, including
the opening of the lunch box, were controlled by computer.

Monkeys learned a total of eight sets of problems in task 2I and eight
sets of problems in task UD. These sets were presented in a counterbal-
anced manner as follows. Monkeys first learned four sets of task 21, then
eight sets of task UD, and finally the remaining four sets of task 21. This
design was adopted to minimize general practice effects or other more
specific learning effects particular to any one task, such as the develop-
ment of a learning set (see above). After completing experiment 1, the
unoperated control monkeys later performed experiment 2. They re-
ceived bilateral section of the uncinate fascicle, and their postoperative
rate of learning over eight new sets of problems in tasks 2I and UD,
presented in the same counterbalanced manner as in experiment 1, was
compared with their preoperative learning rate in those tasks. The de-
pendent measure of errors to criterion was transformed to a natural
logarithmic scale before appropriate statistical tests were performed.

Surgical procedures. Operations were performed in a single stage under
sterile conditions. The monkeys were anesthetized throughout surgery
with barbiturate (thiopentone sodium) administered through an intra-
venous cannula. Monkeys were maintained in a state of deep anesthesia
by monitoring pulse rate, blood oxygenation, body temperature, and
peripheral reflexes. The ablations were made by aspiration with the aid of
an operating microscope. Monkeys received buprenorphine hydrochlo-
ride (0.01 mg/kg) as an analgesic and amoxicillin (8.75 mg/kg) to prevent
infection, daily, for 1 week postoperatively.

Unilateral prefrontal ablation. In the hemispheres with prefrontal ab-
lation, the intention was to remove prefrontal cortex while sparing cin-
gulate, supplementary, and premotor cortices. The posterior limit of the
lesion on the lateral surface of the frontal lobe followed an approximate
line joining the tips of the ascending and descending limbs of the arcuate
sulcus and the posterior end of the principal sulcus. The entire arcuate
sulcus was to be spared. From the anteriormost point of the ascending
limb of the arcuate sulcus, the boundary extended medially and then
ventrally into the interhemispheric fissure. Medially, this boundary re-
mained at this same anterior—posterior level up to the crown of the
cingulate sulcus. The entire cingulate cortex was to be spared. All cortex
forward of this boundary was removed, including the cortex in both
banks of the principal sulcus. From the anteriormost point of the de-
scending limb of the arcuate sulcus, the boundary extended downward to
the lateral sulcus. The entire orbital surface of the frontal lobes was re-
moved, including the cortex in the medial and lateral orbital sulci. This
orbital removal was extended onto the ventral part of the medial surface
of the hemisphere as far dorsally as the rostral sulcus. The white matter
surrounding the corpus striatum and the striatum itself was to be left
intact.

Unilateral inferior temporal cortex ablation. The boundaries of the uni-
lateral inferotemporal ablation were identical to those in previous exper-
iments with this lesion in our laboratory (Browning et al., 2007). The
arch of the zygoma was removed, and the temporal muscle was detached
from the cranium and retracted. A bone flap was raised and extended
with a rongeur, and then the dura mater was cut. The extent of the
intended lesion is shown in Figure 1. The ablation extended from the
fundus of the superior temporal sulcus to the fundus of the rhinal sulcus,
and posteriorly included both banks of the anterior part of the occipito-
temporal sulcus. The posterior limit of the ablation was a line drawn
perpendicular to the superior temporal sulcus, 5 mm anterior to the
inferior occipital sulcus. The anterior limit of the ablation was the ante-
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rior tip of the superior temporal sulcus and a line drawn round the pole
from that tip to the rhinal sulcus. Within these limits, all the cortex was
removed, including both banks of the anterior and posterior middle
temporal sulci.

Uncinate fascicle transection. Uncinate fascicle transection was
achieved using the same procedure as Ungerleider et al. (1989). The
zygomatic arch was removed to allow the temporal muscle to be retracted
to expose the bone overlying the lateral sulcus. The bone overlying and
surrounding the lateral sulcus was removed with a rongeur. The dura was
cut, and the pia mater along the inferior lip of the lateral sulcus was
cauterized from the temporal pole to the level of the central sulcus, leav-
ing intact crossing arteries where possible. The cortex within the lower
bank of the lateral sulcus was removed, exposing the pia mater in the
lower limb of the insula. The underlying white matter of the uncinate
fascicle adjacent to the foot of the insula was sectioned by cautery and
aspiration. The removal was performed bilaterally, and when the surgery
was complete, overlying tissue was closed in layers. Monkeys were al-
lowed 12-14 d for postoperative recovery.

Histology. At the completion of all behavioral testing, subjects were
deeply anesthetized and transcardially perfused with physiological saline
followed by 10% formalin. The brains were extracted and cut on a freez-
ing microtome in 50 wm sections in the coronal plane. Figure 2 shows
four actual sections and their corresponding reconstructions from mon-
key D. Reconstructions from monkeys E and F at the same anterior—
posterior level (Paxinos et al., 2000) are also shown. The estimated extent
of the lesion in each monkey was plotted onto scanned sections taken
from an unoperated macaque and highlighted in red. These ablations
were essentially as intended except for partial sparing of perirhinal cortex
in monkey D and unintended damage limited to the anterior cingulate
gyrus in monkeys E and F. The ablations in experiment 2 were intended
to section the uncinate fascicle. The histological results from these mon-
keys are shown in Figure 4. Sections were taken at the level of the anterior
commiissure, and the expected degeneration of this structure can be seen
in the section taken from monkey A. In the adjacent reconstruction, the
aspirated tissue is outlined on an intact macaque section in red. Recon-
structions from other monkeys are also shown. As stated above, exposure
of the uncinate fascicle necessarily requires the removal of some cortex
from the inferior bank of the lateral sulcus and from the lower foot of the
insula. In addition to this expected cortical damage, monkey A and mon-
key B sustained minor unintended damage unilaterally. Monkey A had
minor damage to the superior temporal gyrus in the left hemisphere, and
monkey B had damage to the fundus of the superior temporal sulcus in
the left hemisphere. Monkey C had no unintended cortical damage. All
the uncinate fascicle transections were complete.

Results

The behavioral results from experiment 1 are shown in Figure 3.
This figure shows the mean number of errors to criterion made
by control monkeys and monkeys with crossed unilateral lesions
of prefrontal and inferior temporal cortex in the two tasks over
eight sets of problems. Overall monkeys with frontal-temporal
disconnection made ~2.9 times more errors in task 2I than un-
operated control monkeys. Learning in the two-item task was
compared with task UD, in which a single object must be associ-
ated with delayed reward. Both groups of monkeys made a simi-
lar number of errors overall in this task. The data shown in Figure
3 were analyzed by ANOVA using “task” as the within-subjects
factor and “group” as the between-subjects factor. This compar-
ison revealed a significant task-by-group interaction (F,,, =
23.87; p = 0.008). Pairwise comparisons indicated that the mon-
keys with frontal-temporal disconnection learned problems in
task 2I significantly slower than controls (¢, = 5.095; p = 0.007)
butlearned problems in task UD at a rate comparable with that of
control monkeys (t.,) = 1.693; p = 0.166). The specificity of the
impairment was particularly striking in this experiment, because
control animals learned more slowly in the unfilled delay task
than in the two-item task (¢,, = 5.502; p = 0.031, paired ¢ test).
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Figure 2. Histological reconstructions. A, Intended area of the asymmetric ablations in monkeys with disconnection of prefrontal cortex from inferior temporal cortex (group PFC X IT) shown
from lateral, ventral, and medial views. The shaded areas indicate the areas of intended removal; the unilateral prefrontal ablation is shownin light gray, and the unilateral inferior temporal ablation
is shown in dark gray. Monkeys received a prefrontal ablation in one hemisphere and an inferotemporal ablation in the opposite hemisphere. The hemisphere (left or right) that received each
ablation was counterbalanced across monkeys. PS, Principal sulcus; AS, arcuate sulcus; CIN, cingulate sulcus; ROS, rostral sulcus; MOS, medial orbital sulcus; LOS, lateral orbital sulcus; 10S, inferior
occipital sulcus; STS, superior temporal sulcus; LS, lateral sulcus; OTS, occipitotemporal sulcus; AMTS, anterior middle temporal sulcus; RS, rhinal sulcus. B, Coronal sections of the actual and
reconstructed lesions of monkeys from group PFC XX IT at different anterior—posterior levels [estimated from Paxinos et al. (2000)]. The first column shows four actual sections taken from monkey
D. The second column shows a reconstruction, colored in red, of the extent of the asymmetric prefrontal and inferotemporal removal in monkey D represented on cresyl violet-stained sections taken
from a normal macaque brain. The remaining two columns show similar reconstructions from monkeys E and F. Monkey D had left hemisphere prefrontal ablation and right hemisphere inferior
temporal ablation. Monkeys E and F had right hemisphere prefrontal ablation and left hemisphere inferior temporal ablation.

The impairment in task 2I was stable over the eight sets learned, =~ mental material) (unoperated: F(, ,) < 1; operated: F, ,, = 1.85;
evidenced by the absence of a linear effect of set number on  p = 0.306).

performance of both operated and unoperated monkeys (see In the second experiment, using the monkeys that had formed
supplemental Table 1, available at www.jneurosci.org as supple-  the normal control group, we assessed learning after disconnec-
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Figure3.  Experiment 1. Learning proficiency in each task is shown by the mean number of
errors per set of visual discrimination problems; group means are shown by bars, and individual
means are shown by letters. Letters correspond to each monkey's histologically verified lesions
shown in Figure 2. Monkeys with disconnection of prefrontal cortex from inferior temporal
cortex (shaded bars; PFC XX IT) were impaired relative to controls (unshaded bars) at associating
two-item sequences of visual objects with reward (Task 2I). The same monkeys were not im-
paired at associating single items with reward after an unfilled delay (Task UD). *p << 0.05.

tion accomplished by surgically sectioning the white matter of the
uncinate fascicle. This disconnection produced a pattern of im-
pairment very similar to that seen in the first experiment with
crossed unilateral ablations using the same tasks. This is shown in
Figure 4. In task 2I, monkeys made 2.2 times more errors post-
operatively, but in task UD, the number of errors was comparable
with that made preoperatively. This pre—post difference in mean
errors per set was significantly greater in task 2I than in task UD,
as predicted (¢,, = 3.586; p = 0.035, one-tailed). Similar to ex-
periment 1, the impaired postoperative performance on task 21
was stable over the eight sets tested; no linear effect of set number
on performance was evident (F, ,) < 1).

Discussion

Previous experiments have shown that a surgical disconnection
of prefrontal cortex from inferior temporal cortex achieved either
by crossed unilateral ablations of prefrontal and inferior tempo-
ral cortex or by transection of the uncinate fascicle does not im-
pair simple object—reward associative learning (Eacott and Gaf-
fan, 1992; Parker and Gaffan, 1998a; Gaffan et al., 2002). In the
present experiments, we added temporal components to the
standard object-reward associative learning task and assessed
learning rates in monkeys with prefrontal-temporal disconnec-
tion. The first experiment compared control monkeys with mon-
keys that had received prefrontal-temporal disconnection ac-
complished by a unilateral ablation of prefrontal cortex in one
hemisphere and a unilateral ablation of inferior temporal cortex
in the opposite hemisphere. The second experiment compared
preoperative and postoperative performance of monkeys with a
surgical transection of the uncinate fascicle. Previous studies have
shown that both disconnections, while leaving simple object—
reward association learning intact, impair more complex visual
memory tasks, including object-in-place scene learning and con-
ditional learning (Eacott and Gaffan, 1992; Parker and Gaffan,
1998a,b; Bussey et al., 2002b; Browning et al., 2005; Browning
and Gaffan, 2008). However, in the present experiment, monkeys
with either form of disconnection were substantially impaired
simply when the stimuli presented for association learning were
extended in time to form two-item serial visual compounds. In
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contrast, association learning in the unfilled delay task, in which
only a single object must be associated with reward in any one
trial, proceeded at a normal rate. The normal learning rates in
disconnected monkeys on the unfilled delay task show that a
disruption of simple short-term memory processes is not the
cause of the impairments seen in the two-item task. Thus, overall,
prefrontal-temporal disconnected monkeys were consistently
and substantially impaired in associating serial visual compounds
with reward, and the impairment was clearly specific to the learn-
ing of serial visual compound discriminations, because these dis-
connections were without effect on single-item associative learn-
ing for an equivalent delayed reward.

Neither of our experiments included an operated control
group, and this leaves each of the results open to a possible alter-
native explanation. In experiment 1, with crossed unilateral le-
sions, it is possible that the effects seen were effects of unilateral
lesions alone rather than effects specifically of crossed unilateral
lesions. Previous experiments that have used the technique of
prefrontal-temporal disconnection by crossed unilateral lesions
have sometimes included a test of unilateral temporal or unilat-
eral prefrontal lesions alone, and have always found that the uni-
lateral lesions alone do not produce the impairments seen after
disconnection (Gaffan and Murray, 1990; Gaffan and Hornak,
1997; Parker and Gaffan, 1998a,b; Easton and Gaffan, 2001; Bus-
sey et al., 2002b; Gaffan et al., 2002; Browning et al., 2005, 2007).
However, because these experiments used visual learning and
memory tasks that were not identical to the present task, we
cannot rule out the possibility that unilateral lesions alone may
impair serial visual compound learning. Similarly, in experiment
2, with uncinate fascicle section, it is possible that the effects seen
were effects of the partial removal of cortex in the superior tem-
poral gyrus, which is necessary to expose the uncinate fascicle for
surgical section. Again, some previous experiments on uncinate
fascicle section did include a control group with superior tempo-
ral gyrus removals and uncinate fascicle intact, and saw no im-
pairment in visual learning and memory tasks in these operated
control monkeys (Eacott and Gaffan, 1992), but, because the
behavioral tasks in those experiments did not include the present
behavioral task, we again cannot rule out the possibility that this
control operation may impair serial visual compound learning.
However, if in fact the effects we saw were not caused by prefron-
tal-temporal disconnection, then serial visual compound learn-
ing, unlike other visual learning and memory tasks, must be sen-
sitive both to unilateral prefrontal or temporal lesions alone and
to bilateral partial removals of the superior temporal gyrus. This
joint alternative explanation of our results seems to us improba-
ble, but it is important to note that we cannot rule it out.

The present experiment did not measure the monkeys’ learn-
ing about the second items in two-item sequences. Previous ex-
periments, however, have done so, and have demonstrated con-
clusively that monkeys acquire two kinds of knowledge about the
items after the first item in sequences of this kind, presented
exactly as in the present experiment. First, Gaffan and Dickinson
(2008) showed that, after monkeys learned two-item sequences,
subsequent changes in the value of one item taken from such a
sequence generalized to the other item taken from the sequence,
a generalization that must be mediated by a learned association
between the two items, acquired during the initial learning of the
two-item sequence. We suggest that this learned association of
the second item with the first item, demonstrated in Gaffan and
Dickinson’s study (2008), allows the monkey to bridge the delay
between the initial choice and the reward outcome in the two-
item sequence task. Second, an unpublished study by S. A. Gut-
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C-D are followed by reward. Uncinate fas-
cicle section impairs visual-visual condi-
tional learning (Gutnikov etal., 1997), and
this supports the idea that both visual-vi-
sual conditional learning and visual serial
compound learning depend on the same
8 mechanism, namely, the acquisition of se-
rial visual configural representations. The
configural representation of simultaneous
visual compounds, on the other hand, is
not impaired by uncinate fascicle section
(Gutnikov et al., 1997). Simultaneous vi-
sual configural learning depends critically

1 Preop
=0 Postop

[ A

Task 21

Figure 4.

performance (unshaded bars). *p << 0.05.

nikovand D. Gaffan gave monkeys transfer tests with the separate
elements of three-item serial compounds after the compounds
were learned. For example, after learning the sequence A-B-C-
reward, the monkey was given single-trial transfer tests of prefer-
ence between A alone and a trial-unique novel object, between B
alone and a trial-unique novel object, and between C alone and a
trial-unique novel object. In 100 such one-trial tests of each type
(A, B, and C), given to three monkeys that had learned 100 such
three-item discriminations, monkeys chose A on 70.3% of one-
trial transfer tests, B on 84%, and C on 87.4%. (In similar transfer
tests with the separate elements of the unrewarded three-item
sequences, the monkeys chose the novel object in preference to
the element taken from the unrewarded sequence.) These results
show that, during the learning of the three-item sequences, the
monkeys learned a reward association to the items after the first
item, and that this association was stronger than the reward as-
sociation to the first item itself. In summary, these two kinds of
learning about the items after the first item in a multi-item se-
quence discrimination, namely item—item association and item—
reward association, demonstrate that monkeys in learning multi-
item sequences attend to and learn about the items after the first
item in any sequence.

Monkeys’ learning of serial compound visual discriminations
could be explained simply by their acquisition of two-term asso-
ciations. For example, a monkey exposed to the sequence A-B-
reward could learn the two associations A-B and B-reward. A
more plausible explanation, however, is that monkeys learn these
discriminations by acquiring a configural representation of the
whole event A-B-reward. That is because the configural account,
but not the simple associative account, can explain monkeys’
learning of visual-visual conditional discriminations and its sen-
sitivity to prefrontal-temporal disconnection. In a visual-visual
conditional discrimination, the monkey learns, for example, not
only A-B-reward and C-D-reward but also A-D-nonreward and
C-B-nonreward. This discrimination cannot be solved by acquir-
ing two-term associations like A-B and B-reward. Rather, the
monkey must learn that the unique visual configurations A-B and

Experiment 2. a, Coronal sections of the actual and reconstructed lesions in monkeys A—C, who had disconnection of
prefrontal and inferotemporal cortex by surgical section of the uncinate fascicle. b, Learning proficiency on each task is shown by
the mean number of errors per set of visual discrimination problems; group means are shown by bars, and individual means are
shown by letters. Letters correspond to each monkey’s histologically verified lesions shown in a. Similar to the monkeys in
experiment 1, these monkeys were impaired at associating two-item sequences of visual objects with reward (b, task 21) but were
not impaired at associating single items with reward after an unfilled delay (b, task UD), compared with their preoperative

Task UD on the perirhinal cortex, and the physio-
logical and computational mechanisms
for this specialization may be distinct from
those required for elemental representa-
tions (Buckley et al., 1997; Buckley and
Gaffan, 1998; Bussey and Saksida, 2002;
Bussey et al., 2002a, 2005). Together, all
these results suggest that monkeys process
both serial and simultaneous visual com-
pound events in a similar configural way,
acquiring a configural representation of
the whole event, but that the brain mech-
anisms of these configural representations
differ in that only the serial configurations depend on prefrontal—
temporal interaction.

Our hypothesis of an impairment in configural representa-
tion of temporally complex visual events can also explain
other effects of prefrontal-temporal disconnection. For exam-
ple, strategy alternation (Gaffan et al., 2002) and object dis-
crimination learning set (Browning et al., 2007) both depend
on temporally complex representations, because in those tasks
normal performance depends on a representation of the
present trial in configuration with immediately preceding
(retrospective memory) or immediately upcoming (prospec-
tive memory) trials (Gaffan et al., 2002; Browning et al., 2007).
In contrast, in concurrent object—reward association learning
and in the unfilled delay task in the present experiment, only a
temporally simple object-reward association is required. Sim-
ilarly, in object-in-place scene learning, spatially distant ele-
ments of a scene, including background objects as well as
choice objects, must be represented together even though they
are seen in successive fixations (Browning et al., 2005).

Bilateral ablations of prefrontal cortex in the monkey produce
impairments in a broad variety of cognitive tasks. Along with
similar evidence from human neuroscience, this has led to the
characterization of prefrontal cortex in terms of general cognitive
abilities such as working memory (Goldman-Rakic, 1995), exec-
utive function (Miller and Cohen, 2001), or fluid intelligence and
adaptive plasticity (Duncan, 2001). Instead, we suggest that the
effects of bilateral prefrontal lesions are broad because all cogni-
tive tasks require some form of temporally complex representa-
tion. The advantage of the temporal-frontal disconnection tech-
nique is that it can assess whether there is a need for prefrontal
processing of one particular type of temporally complex repre-
sentations, namely those that necessarily involve visual objects.
When that type is not needed, as in the unfilled-delay task, no
impairment is produced by the disconnection even though those
tasks require fluid intelligence or working memory to the same
extent that the two-item task does.
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