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Ventral Prefrontal Cortex Is Not Essential for Working Memory
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It is widely held that the prefrontal cortex is important for
working memory. It has been suggested that the inferior con-
vexity (IC) may play a special role in working memory for form
and color (Wilson et al., 1993). We have therefore assessed the
ability of monkeys with IC lesions to perform visual pattern
association tasks and color-matching tasks, both with and
without delay. In experiment 1, six monkeys were trained on a
visual association task with delays of up to 2 sec. Conservative
IC lesions that removed lateral area 47/12 in three animals had
no effect on the task. Further experiments showed that these
lesions had no effect on the postoperative new learning of a

color-matching task with delays of up to 2 sec or versions of the
visual association task involving delays of up to 8 sec. In
experiment 2, larger lesions of both areas 47/12 and 45A were
made in the three control animals. This lesion caused a pro-
found deficit in the ability to relearn simultaneous color match-
ing, but subsequent matching with delays of up to 8 sec was
clearly unimpaired. We suggest that the IC may be more im-
portant for stimulus selection and attention as opposed to
working memory.
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It is widely held that the prefrontal cortex is involved in working
memory (Goldman-Rakic, 1987, 1996; Funahashi and Kubota, 1994).
In animal-based research, working memory refers to the ability to
hold information “on-line” to guide behavior in the absence of
explicit cues for action selection. In tests of working memory, unlike
tests of associative memory, the same nonunique stimuli are used
trial after trial in delayed response (DR) and delayed alternation
(DA) tasks; the tests critically require that information held in
memory is changed and updated from trial to trial.

It has recently been proposed that there is a parallel organiza-
tion such that dorsal and ventral parts of the prefrontal cortex are
concerned with working memory for spatial and object or form
information, respectively. This proposal is based on the delay-
dependent selectivities of single units in the sulcus principalis and
the inferior convexity (IC), respectively, in DR tasks (Wilson et
al., 1993). A large number of human imaging studies have been
interpreted in terms of this dichotomy (for review, see Goldman-
Rakic, 1996).

The fact that single units in monkeys or populations of cells in
imaging studies are more active during delays need not imply that
the basic function of the area is to bridge those delays. An analogy
can be made with the dorsal premotor cortex, in which both
single-unit studies and imaging studies have demonstrated activity
related to delays that precede movement execution (Wise and
Mauritz, 1985; Kalaska and Crammond, 1995; Deiber et al., 1996).
The premotor cortex is not, however, regarded as a working
memory structure; it is better characterized as having a role in
movement selection. Its removal disrupts movement selection
even in the absence of a delay before execution (Passingham,
1988). The activity of premotor cortex cells during delays might be
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better interpreted as corresponding to the initial stages of a
movement selection that precede movement execution. The pre-
motor cortex may be able to hold movements in memory, but it is
clear that its function is not restricted to memory.

The results are different for the sulcus principalis (area 46). It
is clear that it plays some role in spatial working memory. Lesions
disrupt spatial DR and DA (Mishkin, 1957; Butters and Pandya,
1969; Passingham, 1985), and there is no effect unless the task has
both delay (Goldman and Rosvold, 1970; Passingham, 1985; Fu-
nahashi et al., 1993) and spatial components (Passingham, 1975;
Mishkin and Manning, 1978).

Passingham (1993), however, has pointed out that it is not clear
whether IC lesions only cause delay-related impairments. Delay
impairments have been recorded without any attempt first to retrain
the animals on simultaneous versions of the tasks. It is therefore
possible that poor performance was not specifically related to the
memory demands of the task; it may be attributable to relearning
other aspects of the task. There are also impairments on tasks, such
as go—no go, with no delay component.

The present study examines the effect of IC lesions on visual
pattern association and color-matching tasks. In each case stimuli
were not trial unique. Postoperatively, we first tested the animals’
relearning of nondelay versions of the task and assessed perfor-
mance with delays only after they had reached criterion without
delay. The lesions in the first experiment were conservative and
focused on the anterior part of the IC, the lateral part of area
47/12 (Petrides and Pandya, 1994; Fig. 1). We thought it impor-
tant not to invade the prearcuate area, because lesions there cause
impairments on visual associative tasks even without delays (Hals-
band and Passingham, 1985; Petrides, 1987). In the second exper-
iment the lesion was extended both ventromedially and caudally
into area 45A (Fig. 1).

MATERIALS AND METHODS
Subjects

Six rhesus macaques (Macaca mulatta) were used, aged between 2 and 4
years and weighing between 3 and 4 kg. The guidelines in Principles of
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Figure 1. Lateral and ventral views of the intended lesions in the two experiments. The center diagrams show the parcellation of prefrontal anatomical
areas in the macaque monkey proposed by Petrides and Pandya (1994). Area 47/12 is situated on the anterior surface of the lateral IC (left); ventromedially
it extends as far as the lateral orbital sulcus (LO) on the posterior orbital surface and as far as the lateral bifurcation of the medial orbital sulcus (MO)
on the more anterior orbital surface (right). The lateral and orbital parts of 47/12 have been labeled 47/121 and 47/120 (Petrides and Pandya, 1994; or 121
and 120, Carmicheal and Price, 1994). Area 45A is situated more posterior and dorsal to 47/12 on the lateral IC. The top diagrams show lateral and ventral
views of the intended lesion in the first experiment. The lesion was conservative and restricted to 121, where cells active in working memory tasks have
been found. The posterior limit of the lesions was defined by a line drawn between the anterior tips of the superior and inferior rami of the arcuate sulcus
(As and Ai, respectively). Dorsally and ventrally the lesion was bounded by the principal sulcus (Sp) and ventral limit of the IC, respectively. The bottom
diagrams show the intended lesion in the second experiment. The lesions extended further posteriorly to include area 45A and further ventromedially to
include all of area 47/12. In this case the posterior limit of the lesion was defined by a line drawn between the posterior tip of sulcus principalis and the
anterior tip of the inferior ramus of the arcuate sulcus. The ventral limit was the lateral orbital sulcus (posterior) and the medial orbital sulcus (anterior).
The central and lateral sulci (CS and LS, respectively) are also shown.
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Laboratory Care (National Institutes of Health publication 86-23, revised
1985) were followed. The studies were carried out under project and
personal licenses from the British Home Office.

Apparatus

All the experiments were conducted with stimuli presented on a monitor
with a touch-sensitive screen controlled by an IBM computer. A 20 X 28
cm Microvitec touch-sensitive monitor was used in experiment 1, tasks
1-3, and in the first preoperative assessment in experiment 2. Touches
were registered when hand movements interrupted an infrared beam. A
larger 41 X 29 cm Elographics touch-sensitive monitor was used in the
second preoperative testing assessment and the postoperative assessment
in experiment 2. The Elographics monitor uses a pressure-sensitive mech-
anism to register screen touches. The animals were tested in a transport
cage, 30 cm from the monitor.

General procedure

In the first experiment six rhesus monkeys were trained preoperatively on
visual pattern association (task 1). Lateral area 47/12 on the IC was then
removed in three of the animals (Fig. 1), and their postoperative perfor-
mance was compared with their preoperative performance and with the
performance of the three controls retested after a similar interval. The
two groups of monkeys were then compared on new learning of color
matching to a sample (task 2). Task 2 allowed us to test whether the
absence of impairment in task 1 was simply attributable to our use of a
visual pattern association paradigm as opposed to the more conventional
color-matching design. Finally, their performance was compared on the
visual association task with longer delays (task 3).

The three control animals were then used in the second experiment.
Their performance on color matching to a sample was assessed on two
occasions 3 weeks apart. Larger lesions of the IC, including all of areas
47/12 and 45A (Fig. 1), were then made, and the animals were retested
postoperatively 3 weeks later.

Experiment 1

Task 1: visual pattern association task. The animals initially learned a
simultaneous version of the task. Each trial began with the presentation
of one of two cues in the center of the monitor. The cues were either blue
or yellow rectangles 5 cm across and 7 cm in height. Touching the cue
triggered the presentation of two response shapes on either side of the
cue, all of which remained on the screen until the monkey responded.
Only two response shapes were used, and both consisted of distinct black
and white line patterns the same sizes as the cue shapes. One response
pattern consisted of a black cross, consisting of vertical and horizontal
bars, inside a white circle. The other response pattern consisted of a
white-outlined, black-filled ellipse superimposed on a white, vertical bar.
There was a distance of 4.5 cm between the edge of the cue shape and
response shape. The correct response was determined by the color of the
cue. Correct responses were rewarded with delivery of Noyes pellets or
peanuts. The intertrial interval was 4 sec, unless the animal made an
error, in which case it was increased to 7 sec as punishment. Touching the
screen between trials was punished by doubling the intertrial interval. A
rerun correction procedure was used such that the same cue was pre-
sented until the correct response was made. Response shapes were
presented randomly on either side of the cue shape. Each monkey
performed 100 rewarded trials every day. The monkeys were trained to a
criterion of 90% correct responses for 2 consecutive days. The error score
of each animal corresponded to the total error score including errors
made on correction trials.

Subsequently the animals were trained to perform the task with a 0 sec
delay. The procedure was identical to the simultaneous presentation task,
except that the cue shape did not remain on the screen while the response
shapes were present. Pressing the cue shape caused it to disappear and
the response shapes to reappear as before. The animals were trained to
perform to a 90% correct criterion over 2 consecutive days of testing. The
number of trials to reach the criterion on the simultaneous version of the
task varied between ~2000 and >10,000.

The animals then learned versions of the task involving 1 and 2 sec
delays between cue offset and response shape onset. The rerun correction
procedure was always used. The delayed visual association task proved
very difficult for some of the animals to learn; it required between just
>400 trials to >12,000 trials. The animals were therefore trained to a
lower criterion of 4 d at 80% correct performance on the 1 and 2 sec delay
conditions.

Before surgery the animals were then retested at 0 and 2 sec delays to
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criteria of 80% correct performance over 4 d. Area 47/12 was then
removed bilaterally in three of the animals, whereas the other three
animals, matched for performance, remained as controls. Three weeks
after surgery the animals were retested on simultaneous and 0 and 2 sec
delay versions of the task. The same criteria were always used (simulta-
neous, 2 d at 90%; 0 sec, 4 d at 80%; 2 sec, 4 d at 80%).

Task 2: color matching. All the animals were then taught to perform
matching to a sample with color stimuli. The cue stimuli used were of
two different colors not used in task 1, red and blue. The stimuli were
the same sizes as those in task 1. In this task the response shapes were
also red and blue bars of the same sizes and shapes as the stimulus
shapes. The procedure followed the same format as task 1. A cue shape
was presented on the center of the screen until touched. Subsequently,
response shapes were presented on either side of the cue shape until
the monkey responded. The response shapes were each of the two color
bars. The correct response was to press the response shape identical in
color to the cue shape. The stimuli were the same sizes and shapes as
in task 1. The animals were first taught to perform simultaneous
matching to a sample (SMS) and then subsequently proceeded to 0 and
2 sec delayed match (DMS) versions. In the DMS versions the cue
shape was extinguished as soon as it was touched and before the
response shapes were presented. A criterion of 80% correct perfor-
mance was used for the simultaneous version and 0 and 2 sec delays. As
before, the error score of an animal corresponded to the total error
score including errors made on correction trials.

Task 3: visual pattern association task with long delays. Finally all the
animals relearned the visual association task with longer delays of up to
8 sec. Animals were retrained to the same criteria on simultaneous and 0
and 2 sec delay versions of the task (simultaneous, 2 d at 90%; 0 sec, 4 d
at 80%; 2 sec, 4 d at 80%). Again error scores corresponded to the total
error scores including errors made on correction trials. A performance
test was then carried out at 4, 6, and 8 sec delays. Performance was tested
by giving each animal 4 d of testing at each delay period. The animals
then proceeded to the next stage of testing regardless of the level of their
performance. The stimuli used in this experiment were slightly smaller
than previously; the cue and response shapes were 2.5 X 3.4 cm and,
consequently, farther apart (8 cm edge to edge).

Experiment 2: color matching

The three animals that had served as controls took part in the second
experiment. Preoperatively the animals were trained to perform color
matching with delays of up to 8 sec. The colors were the same as those
used in experiment 1, task 2. The stimulus size was the same as that used
in experiment 1, task 3. Animals were trained to a 90% criterion (2 d) for
SMS and then to an 80% criterion (4 d) in a 0 sec delay condition and a
2 sec DMS. The error score of each animal corresponded to the total
error score including errors made on correction trials. This was followed
by performance tests of 4 d at each delay period of 4, 6, and 8 sec. Finally
there was another identical preoperative retention test after 3—4 weeks.
Areas 47/12 and 45A were then removed bilaterally in all three animals.
After a recovery period of 3—4 weeks the animals were retested again in
an identical fashion.

Surgery and histology.

All surgery was carried out under sterile conditions with sodium pento-
barbitone anesthesia and with the aid of a binocular operating micro-
scope. Tissue was retracted in anatomical layers, and a bone flap was
removed. The lesions were made by aspiration with a fine gauge sucker.
The wound was closed in anatomical layers. At least 3 weeks were allowed
for recovery before testing resumed.

‘When the animals had completed their testing they were anesthetized with
sodium pentobarbitone and perfused with 90% saline and 10% formalin.
The head was placed in a stereotaxic apparatus, and a vertical cut was made
caudal to the lunate sulcus. The brains were then removed, photographed,
and placed in 10% sucrose formalin until they sank. The brain was then cut
at the position of the anterior commissure and cut in 50 wm coronal sections.
Every fifth section was stained with cresyl violet for analysis.

Experiment 1: removal of area 47/12. As explained in the introductory
remarks, the lesions in the first experiment were deliberately conservative.
The intention was to include area 47/121 (Petrides and Pandya, 1994) or 121
(Carmicheal and Price, 1994). Lateral and ventral views of the intended
lesion are shown in Figure 1, top. Dorsally the lesion should extend to 5 mm
below the sulcus principalis to the lateral orbital sulcus in the ventral
direction. The posterior limit was defined as a line drawn between the most
anterior points on the superior and inferior rami of the arcuate sulcus.
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Figure 2. Coronal cross-sections through the prefrontal cortex in animals PREF1, PREF2, and PREF3 in experiment 1. The most posterior section (fop)
is taken approximately 1-2 mm in front of the posterior tip of sulcus principalis (Sp). The lesion (indicated by the thick dark line joining areas of intact
cortex) did not extend as far back as this section in any of the animals. The next section (second from top) is taken rostral to the last section to show the
inferior ramus of the arcuate sulcus (A4i). The lesion can be seen in each animal at this level, but it is limited in extent. Its ventral limit is far from the
lateral orbital sulcus (LO). The third and fourth sections from top are taken at distances one-third and two-thirds between the second section and the most
anterior section (bottom) taken where the lateral ramus of the bifurcated medial orbital sulcus (MO) approaches the lateral surface. The superior ramus

of the arcuate sulcus (4s) is also shown. Scale bar, 1 cm.

Figure 2 shows the lesions for experiment 1. In all cases the lesions
removed the lateral part of the convexity, area 47/121. In every case there
was incomplete damage to the orbital part of area 47/12, because the
lesions did not extend as far as the lateral orbital sulcus (47/120, Petrides
and Pandya, 1994; or 120, Carmicheal and Price, 1994). This was partic-
ularly noticeable in the more posterior sections when the position of the
lateral orbital sulcus was still relatively medial (for example, the second
section shown for each animal in Fig. 2). The most posterior section (Fig.
2, top row) for each animal shows that the tissue in the posterior inferior
convexity, between the sulcus principalis and the inferior limb of the
arcuate sulcus, remained intact in each case. One monkey, PREF3,
sustained additional damage to anterior orbital area 11 bilaterally (see
the most anterior section for PREF3 in Fig. 2).

Experiment 2: removal of areas 47/12 and 45A. The lesions were
similar in the second experiment, but the intention was to include area
45A as well as area 47/121 (Petrides and Pandya, 1994) on the lateral
surface and 47/120 on the orbital surface (see Fig. 1, center and
bottom). The posterior limit of the lesion was defined by a line drawn
from the back of the sulcus principalis to the most anterior point on the
inferior ramus of the arcuate sulcus. We took care to avoid the tissue

immediately adjacent to the arcuate sulcus (45B and area 8; Petrides
and Pandya, 1994). In its more posterior part, the ventromedial extent
of the lesion was defined by the lateral bank of the lateral orbital
sulcus. More anteriorly the ventromedial extent of the lesion was
defined by the lateral bank of the lateral bifurcation of the medial
orbital sulcus (see Fig. 1, center and bottom).

Figure 3 shows the lesions for experiment 2. The most posterior section for
each animal (Fig. 3, top row) shows that the lesion extended more posteriorly
in experiment 2 than it had in experiment 1 (for comparison, see the most
posterior sections in Fig. 2, top row). In each case the lesion extended to the
posterior end of the sulcus principalis. The second section for each animal
was taken from approximately the level of the anterior tip of the inferior
arcuate sulcus and shows large lesions in the lateral IC and the ventral
surface as far as the lateral orbital sulcus (for comparison, see the second
sections in Fig. 2). More anteriorly, in animals PREF4 and PREFS5, the
lesion extends as far as the lateral branch of the medial orbital sulcus. The
lesion in PREF6 was smaller than in the other two animals, not quite
reaching the lateral bank of the lateral orbital sulcus on the right. In PREF4
and PREF5 there was slight damage to the tissue just dorsal to the sulcus
principalis at the back.
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PREF4

Figure 3. Coronal cross-sections through the prefrontal cortex in animals PREF4, PREFS, and PREF6 in experiment 2. The five sections are taken at
approximately the same or slightly more posterior levels as those shown in Fig. 2. The most posterior section (fop) is taken approximately 1 mm in front
of the posterior tip of sulcus principalis (Sp) (there is some slight skew from the coronal plane in PREF4 and PREFS5). The lesion is already present in
this section in each case (compare Fig. 2, fop, where there is no damage at this level). The next section (second from top) was taken at a level to include
the anterior tip of the inferior arcuate sulcus (Ai) in at least one hemisphere. The lesion is extensive at this point and already extends toward the lateral
orbital sulcus (LO) on the ventral surface (compare Fig. 2, second from top, where the lesion even in a slightly more anterior section is limited to part
of the lateral surface). Sections third and fourth from top are taken at a one-third and two-thirds of the distance between the second section and the most
anterior section taken at the point where the lateral ramus of the medial orbital sulcus (MO) approaches the lateral surface. The superior ramus of the

arcuate sulcus (As) is also shown. Scale bar, 1 cm (same scale as in Fig. 2).

Statistical comparisons

Performance was assessed in two ways. Comparisons between groups
were made using the nonparametric Mann—-Whitney test. Where there
were preoperative data, the preoperative and postoperative scores were
listed and compared using a matched sample ¢ test.

RESULTS

Experiment 1

Task 1: visual pattern association task

The animals that underwent surgery were not impaired on the
simultaneous task or the delayed tasks at 0 or 2 sec. Figure 4 shows
the total error scores (including errors made on correction trials).
Nonparametric group comparisons showed that, postoperatively,

there was no significant difference between the performance of the
two groups on simultaneous (U = 3.5; p = 0.6579), 0 sec delay (U =
3.0;p = 0.5127), or 2 sec delay (U = 3.0; p = 0.5127) versions. When
the comparisons were made between the preoperative and postop-
erative scores of each individual animal, it was apparent that in all
cases the animals improved after the lesion. The improvement was
significant for PREF1 and PREF3 at the 0 sec delay (+ = 4.80; df =
3; p = 0.017; and ¢ = 10.23; df = 3; p = 0.002, respectively) but not
at the 2 sec delay (+ = 1.04; df = 6; p = 0.338; and ¢ = 1.54; df = 6;
p = 0.174, respectively). For PREF2 the improvement was not
significant for delays of either 0 sec (t = 0.74; df = 3; p = 0.513) or
2sec (t = 1.87;df = 7; p = 0.103).
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Figure 4. Visual associative task (experiment 1, task 1). The left side
shows the total errors (including correction errors) each animal made in
relearning to perform the visual association task with 0 and 2 sec delays.
A histogram bar is shown for the control group (always on the left) and the
experimental group (always on the right) for each delay time. The right side
shows the error scores for relearning the task with simultaneous presen-
tation of the sample and match choices and with 0 and 2 sec delays.
Hatching indicates postoperative performance of the experimental group
after the ventral prefrontal cortex has been removed from area 47/12. Bar
heights indicate group mean performance; @ and M, performance of
individual animals in the control and experimental groups, respectively.

Task 2: color matching

There was no evidence of any impairment on the color SMS or
DMS in the animals that underwent surgery when their perfor-
mance was compared with that of the control group. Figure 5
shows the total error scores (including errors made on correction
trials). Group comparisons showed that there was no significant
difference in performance in simultaneous (U = 3.0; p = 0.5127),
0 sec delay (U = 3.0; p = 0.5127), and 2 sec delay (U = 3.0; p =
0.5127) versions of the task.

Task 3: visual association task

There was no evidence of any impairment in the performance of
the animals that underwent surgery at even the longest delays
when they were compared with the control group. Figure 6 shows
the total number of errors (including errors made on correction
trials) made in the first 4 d of testing for each of the delay periods.
Group comparisons showed that there was no significant differ-
ence in performance at the 0 sec delay (U = 4.0; p = 0.8273), 2 sec
delay (U = 1.0; p = 0.1266), 4 sec delay (U = 2.0; p = 0.2752), 6
sec delay (U = 3.0; p = 0.5127), or 8 sec delay (U = 2.0; p =
0.2752).

It should be noted that the additional removal of area 11 in one
animal, PREF3, did not have any detrimental effect on perfor-
mance; PREF3 made fewer errors at every stage of all the tasks
than either of the other two animals in the experimental group.
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Figure 5. Color match (experiment 1, task 2). Shown is the total number
of errors (including correction errors) made in the new, postoperative
learning of the color matching task with simultaneous sample and match
presentation and with delays of 0 and 2 sec. Hatching indicates the
performance of the experimental group with a lesion in area 47/12. Bar
heights indicate group mean performance; @ and M, performance of
individual animals in the control and experimental groups, respectively.

Experiment 2

Figure 7 shows each monkey’s color SMS performance before and
after surgery. In Figure 7 the total postoperative scores (including
errors made on correction trials) are compared with the first
preoperative scores. The second preoperative test scores are not
shown, because there was a breakdown in the first touch screen
and the animals had to adapt to using a second touch screen. The
performance of the animals was disrupted while they learned how
to ensure that their responses were registered. By the time they
had performed the preoperative retention tests at 0 and 2 sec
immediately before surgery, all animals had adapted to the new
monitor.

Postoperatively, all the animals made more errors during re-
learning of color SMS than they had made during the first pre-
operative test. The impairment was significant in each case, as
assessed by a matched-sample ¢ test (PREF4: df = 1;¢ = 93;p <
0.004; PREFS: df = 2; ¢ = 3.30; p < 0.041; PREF6: df = 4; ¢ =
2.31; p < 0.041).

Figure 8 shows the total number of errors (including errors in
correction trials) made in obtaining the 400 rewards at each of
the delay intervals. The data are shown for both preoperative
tests, because preoperatively the animals had adapted to the
second touch screen by the time they were given the second
preoperative test.

The effect of the lesion was assessed by comparing the number
of errors made in relearning the task with the criterion at 0 and 2
sec delays and the number of errors made during the attainment
of 400 rewards (4 d of testing) on the performance testing at 0, 2,
4, 6, and 8§ sec delays. Postoperatively all the animals made more
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Figure 6. Visual association task (experiment 1, task 3). Shown is the
total number of errors (including correction errors) made by each animal
during the first 400 rewarded trials of the visual association task at each
delay period (0, 2, 4, 6, and 8 sec). Hatching denotes the experimental
group with removal of area 47/12. Bar heights indicate group mean per-
formance; @ and M, performance of individual animals in the control and
experimental groups, respectively.

errors in relearning the task on 0 sec delay trials than they had
during the second preoperative test. However, the impairment
was only significant in PREFS, as assessed by a matched sample ¢
test (df = 3; t = 4.91; p = 0.08). It was not significant for either
of the other animals (PREF4: df = 3;¢ = 1.03; p = 0.191; PREF6:
df = 3; ¢+ = 0.36; p = 0.37), and as a group they performed
similarly to the animals on the second occasion. All animals
relearned the task in the minimum period of 4 d of testing as they
had done before surgery.

There was no evidence of a delay-dependent deficit, because
postoperative performance did not decline at longer delays (2, 4,
6, and 8 sec). Postoperative group performance at the longer
delays was always within the range of both the first and second
preoperative test group performances. Although PREF5 always
performed worse than on either preoperative test, PREF4 and
PREF6 sometimes performed better and sometimes worse than
before surgery.

DISCUSSION

The anatomy of the inferior convexity

We did not observe any delay-dependent defects after IC lesions.
On the contrary, in the second experiment, SMS was profoundly
impaired, but the imposition of delays, after initial relearning,
caused no more difficulty than preoperatively (Figs. 7, 8).

It might be argued that the lesion was not selective enough to
affect just DMS but leaving SMS intact. If the lesions were made
any smaller, however, as in the first experiment, not only was there
no deficit on any of the simultaneous presentation tasks, but there
was no deficit on any of the delay trials either (Figs. 4-6).
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Figure 7. Color matching task (experiment 2). The column on the left
indicates the total number of errors (including correction errors) during
relearning of simultaneous color matching on the first preoperative retest.
The hatched column on the right indicates the relearning scores after
removal of ventral prefrontal cortex areas 47/12 and 45A. Bar heights
indicate the group mean performance; @, performance of individual
animals on each retest.

The small prefrontal lesions were made in the first experiment
because we were concerned that previous reports of nondelay
impairments (Iversen and Mishkin, 1970) might be attributable to
damage to the prearcuate areas 45B and 8 (Petrides and Pandya,
1994). Removal of the prearcuate area in itself causes impaired
performance on visual association tasks (Halsband and Passing-
ham, 1982; Petrides 1985, 1987). The conservative lesions of
lateral IC area 47/121 (Carmicheal and Price, 1994; Petrides and
Pandya, 1994) in the first experiment were intended to avoid the
prearcuate area but to remove the area in which cells have been
reported with visual delay activity (Rosenkilde et al., 1981; Wilson
et al.,, 1993; Miller et al., 1996). The larger lesions that did cause
SMS impairments involved all of 47/12 (including 47/120) as far as
the lateral orbital sulcus and the more posterior 45A and there-
fore included more of the tissue that is known to have visual
projections (Webster et al., 1994). The inclusion of area 45A may
have been critical in causing the deficit. There are also form-
related delay cells in anterior 45 (Goldman-Rakic, 1996), and
retrograde dyes injected into this area also label most subdivisions
of area TE and tissue just lateral and anterior to the rhinal sulcus
(Pandya and Yeterian, 1996). The more ventromedial part of
47/12 has connections with the superior temporal sulcus (Barbas,
1988) and contains visually responsive neurons that also respond
to food rewards (Rolls and Baylis, 1994; Baylis et al., 1995).

The inferior convexity and working memory

According to Goldman-Rakic (1987, 1996), working memory
guides behavior when sensory guidance is not possible. Studies
have shown that sulcus principalis lesions disrupt memory-guided
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Figure 8. Color matching with delays (experiment 2). Shown is the total
number of errors (including correction errors) made during the first 400
rewarded trials at each delay (0, 2, 4, 6, and 8 sec) during the two
preoperative tests and the postoperative test (hatched bar). Bar heights
indicate group mean performance; @, performance of individual monkeys.

responses but not sensory-guided responses (Goldman and Ros-
vold, 1970; Passingham, 1985; Funahashi et al., 1993); these stud-
ies are consistent with the hypothesis that the sulcus principalis is
involved in working memory. Funahashi et al. (1993) showed that
even small principalis lesions impaired oculomotor, spatial DR
with delays of 8 sec but left a simultaneous version unaffected. The
results of the present experiment were the reverse; IC lesions
impaired relearning of SMS but not the subsequent performance
of DMS with delays of up to 8 sec.

Our results suggest that previously reported deficits on DMS
after IC lesions may actually reflect a problem in relearning the
matching task, and that the delay may not have been crucial.
Passingham (1975) started postoperative testing at 0 sec, and
Mishkin and Manning (1978) started testing at 10 sec.

The results are consistent with previous reports of IC lesions
causing impairments on nondelay tasks. Passingham (1975) also
reported that monkeys with IC lesions were impaired on SMS
after they had failed to relearn the task at 0 sec delay. It could
have been argued that prolonged experience of failure with 0 sec
delays led to the monkeys’ acquiring a failure set that prevented
them from learning SMS. The present results suggest that the
impairment on SMS was genuine. Iversen and Mishkin (1970) also
reported that monkeys with IC lesions were impaired on an
auditory go—no go task without delay. The present results suggest
that the inclusion of a response suppression element is not nec-
essary for a task to be impaired by IC removal. Disconnection of
the frontal and temporal lobes, either by uncinate fascicle section
or crossed lesions, also causes impairment on pattern association
tasks with no delay component (Eacott and Gaffan, 1992; Parker
and Gaffan, 1997).

Kowalska et al. (1991) have previously reported that IC lesions
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impaired relearning of delayed nonmatching to a sample with trial
unique objects with 10 sec delays. Once the initial 10 sec delay task
was relearned, however, the monkeys were not impaired by
lengthening the delays. The present finding of impaired SMS
suggests that the animals in the study by Kowalska et al. (1991)
were impaired at just relearning the nonmatching task, and even
the 10 sec delay component may not have been important. The
absence of delay dependency in the impairment in the study of
Kowalska et al. (1991) could have been explained by the use of
trial unique stimuli; trial unique matching can be performed on
the basis of recognition memory. The absence of DMS impair-
ment in the present experiment cannot be explained in the same
way. When just two color patterns are used, the one that consti-
tuted the incorrect response choice on one trial may be the correct
choice on the subsequent trial; there is an opportunity for inter-
ference between trials, which should tax the ability of working
memory to recall the relevant information on any given trial.
Furthermore, it should be noted that the impairments caused by
IC lesions are not restricted to tasks with color or form stimuli.
Spatial delayed response is also disrupted by IC lesions (Iversen
and Mishkin, 1970; Passingham, 1975; Mishkin and Manning,
1978). This is consistent with the recent demonstration of parietal
connections with IC (Cavada and Goldman-Rakic, 1989).

Human ventral prefrontal cortex and working memory

Parts of the human ventrolateral and dorsolateral prefrontal cor-
tices (VLPFC and DLPFC, respectively) are homologous to the
macaque IC and DLPFC (Petrides and Pandya, 1994; Rajkowska
and Goldman-Rakic, 1995). It has been claimed that VLPFC has
a modality-specific role in form and face working memory (Baker
et al., 1996; Courtney et al., 1996; Goldman-Rakic, 1996; Mc-
Carthy et al., 1996). Although it is true that there is VLPFC
activation during form and face DMS in these and other studies
(Haxby et al., 1995; Swartz et al., 1995), there is similar activation
in face, form, and color tasks that are performed in the absence of
delay (Corbetta et al., 1991; Haxby et al., 1994; Kosslyn et al.,
1994; Mclntosh et al., 1996; Grady et al., 1996). This is shown
graphically in Figure 9. The role of the human VLPFC, like the
monkey IC, is not limited to tasks with a delay component.

There is evidence that a part of DLPFC is also important for
nonspatial working memory tasks (Petrides et al., 1993; McCarthy
et al.,, 1994). It is, in fact, activation in this region that distin-
guishes pattern DMS from SMS (Swartz et al., 1995) and in-
creases with delay in face SMS (Haxby et al., 1995). The left
ventral frontal tissue in opercular Broca’s area, however, is also
more active in delays (Haxby et al., 1995). It could be argued that
there are two distinct populations of form and spatial cells within
the DLPFC. If this is the case, however, the subareas cannot be
resolved with current imaging methods.

The human VLPFC also resembles the monkey IC in that its
role is not restricted to form, face, and color tasks; it is also
concerned with spatial matching tasks whether they involve delays
(Jonides et al., 1993; Anderson et al., 1994; Smith et al., 1995;
Owen et al., 1996) or not (Corbetta et al., 1991). The activation of
the VLPFC in spatial tasks is approximately 2 cm more posterior
than the form, face, and color focus (Fig. 9B). One study that
claimed VLPFC activation in form tasks but not in spatial tasks
(McCarthy et al., 1996) just considered coronal slices taken at the
level of the more anterior VLPFC form area.

Conclusion
In summary, the results suggest that the DLPFC and the IC are
not parallel working memory mechanisms, with the DLPFC op-
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Figure 9. Peak regional cerebral blood flow changes in the human
prefrontal cortex during matching tasks. Summarized are positron
emission tomography studies in which the Tailarach and Tournoux
(1988) coordinate system has been used. Peaks from both hemispheres
are plotted onto the same figures. A, There are clear foci of activation
in the VLPFC during form and face DMS and other working memory
tasks (O). Other foci, however, clearly fall into the DLPFC (OJ). I,
From Petrides et al. (1993); 2, Haxby et al. (1995); 3, Baker et al.
(1996); and 4, Courtney et al. (1996). The more posterior ventral foci
lie at some distance from the rest and were recorded by Haxby et al.
(1995); they may be in Broca’s area in the left hemisphere. B, There are
also similar VLPFC (O) and even some DLPFC ([J) foci when subjects
perform form, face, and color SMS tasks. 5, From Corbetta et al.
(1991); 6, Haxby et al. (1994); 7, Kosslyn et al. (1994); and 8, Grady et
al. (1996). Although it is clear that spatial working memory tasks
activate DLPFC (not shown), the VLPFC is also frequently activated
(o). Within the VLPFC, however, there seems to be an anterior—
posterior division between nonspatial and spatial foci. Some of the
spatial foci were recorded in SMS tasks (9, from Corbetta et al., 1991);
others were recorded in DMS tasks (10, from Jonides et al., 1993; 11,
Anderson et al., 1994; 12, Smith et al., 1995; 13, Baker et al., 1996; and
14, Owen et al., 1996).

erating on spatial input and the IC operating on visual inputs
(Goldman-Rakic, 1987, 1996). The pattern of impairment after IC
damage is not analogous to that seen after principalis damage.
First the deficit does not depend on the imposition of a delay.
Second, it does not depend on interference from non-trial unique
stimuli. Third, both spatial and nonspatial tasks are impaired.
Petrides (1994, 1996) has suggested an alternative “two-level”
hypothesis of prefrontal function. The DLPFC is involved in
second-order manipulation and monitoring of both spatial and
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nonspatial information in working memory. The IC is involved in
“first order executive processes, such as active selection, compar-
ison and judgement of stimuli held in short-term and long-term
memory” (Petrides, 1996, page 1457). The present finding is
consistent with the two-level hypothesis, because active selection,
comparison, and judgment of the cue and response shapes are
essential for SMS. Our findings, however, suggest that the role of
the IC in selection, comparison, and judgment extends beyond
those situations in which the stimuli must be held in memory.
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