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Abstract

Perirhinal cortex and area TE are
immediately adjacent to each other in the
temporal lobe and reciprocally
interconnected. These areas are thought to
lie at the interface between visual
perception and visual memory, but it has
been unclear what their separate
contributions might be. In three
experiments, monkeys with bilateral lesions
of the perirhinal cortex exhibited a different
pattern of impairment than monkeys with
bilateral lesions of area TE. In experiment 1,
lesions of the perirhinal cortex produced a
multimodal deficit in recognition memory
(delayed nonmatching to sample), whereas
lesions of area TE impaired performance
only in the visual modality. In experiment
2, on a test of visual recognition memory
(the visual paired comparison task) lesions
of the perirhinal cortex impaired
performance at long delays but spared
performance at a very short delay. In
contrast, lesions of area TE impaired
performance even at the short delay. In
experiment 3, lesions of the perirhinal
cortex and lesions of area TE produced an
opposite pattern of impairment on two
visual discrimination tasks, simple object
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discrimination learning (impaired only by
perirhinal lesions), and concurrent
discrimination learning (impaired only by
TE lesions). Taken together, the findings
suggest that the perirhinal cortex, like other
medial temporal lobe structures, is
important for the formation of memory,
whereas area TE is important for visual
perceptual processing.

Introduction

It has long been recognized that the anterior
inferotemporal cortex, which includes the perirhi-
nal cortex ventromedially and area TE dorsolater-
ally (Figs. 1 and 2), plays a critical role in visual
learning and memory (Gross 1973; Mishkin 1982;
Miyashita 1993). The perirhinal cortex has been
considered to be part of a memory system in the
medial temporal lobe that includes the hippocam-
pal region and the entorhinal, perirhinal, and para-
hippocampal cortices (for reviews, see Mishkin
and Murray 1994; Squire and Zola 1997). Area TE
lies immediately adjacent and lateral to the perirhi-
nal cortex and is considered to be the last exclu-
sively visual area in the ventral visual processing
stream (Ungerleider and Mishkin 1982). Area TE
also originates strong anatomical projections to
perirhinal cortex and receives projections from it
(Suzuki and Amaral 1994a). With respect to the
perirhinal cortex, studies in humans, monkeys, and
rats have demonstrated that lesions of perirhinal
cortex (or deactivation by cooling) impair perfor-
mance on tests of learning and memory (Horel et
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Figure 1: The ventral surface of a macaque monkey
brain showing the location of the perirhinal cortex (PR)
and inferotemporal cortical area TE (TE). The perirhinal
cortex forms a band of cortex along the ventromedial
surface of the temporal lobe, lateral to the rhinal sulcus.
Area TE is located immediately lateral to the perirhinal
cortex and consists of a band of cortex lying primarily on
the middle temporal gyrus. See Materials and Methods
for details concerning the boundaries of the perirhinal
cortex and area TE.

al. 1987; Bachevalier et al. 1993; Mumby and Pinel
1994; Ennaceur et al. 1996; Buckley et al. 1997,
Ennaceur and Aggleton 1997; Buffalo et al. 1998a).
Lesions of area TE in monkeys (or deactivation by
cooling) also impair performance on tests of visual
learning and memory (Gross 1973; Dean 1976; Fus-
ter et al. 1981; Mishkin 1982; Buffalo et al. 1998b).
It has not been clear precisely how the perirhinal
cortex and area TE contribute to performance on
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visual memory tests or what their different contri-
butions might be.

In three experiments, we compared the per-
formance of monkeys with lesions limited to the
perirhinal cortex, monkeys with lesions limited to
area TE, and normal monkeys. We explored three
ways in which the perirhinal cortex and area TE
might be functionally distinct. First, because the
perirhinal cortex receives multimodal sensory in-
put whereas area TE receives exclusively visual in-
put, we reasoned that the two areas might differ
with respect to their contribution to memory in
modalities other than vision. Second, because hu-
mans with damage to the perirhinal cortex demon-
strate normal visual perception as evidenced by
intact visual recognition performance with very
short delays (Buffalo et al. 1998a), whereas area TE
has been proposed to play a role in visual percep-
tual processing (Iwai and Mishkin 1968; Gross
1973; Dean 1976; Buffalo et al. 1998b), we rea-
soned that the two areas might differ in their con-
tributions to visual short-term memory and visual
long-term memory. Third, the perirhinal cortex re-
ceives direct input from visual areas upstream from
area TE (Suzuki and Amaral 1994a), and area TE
does not project exclusively to the perirhinal cor-
tex but also originates direct prefrontal and parietal
cortical projections as well as subcortical projec-
tions to the caudate nucleus (Van Hoesen et al.
1981; Saint-Cyr et al. 1990; Webster et al. 1994).
Accordingly, we reasoned that it might be possible
to demonstrate a dissociation between the effects
of lesions of the perirhinal cortex and area TE on
two tasks that involved different kinds of visual
discrimination.
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Figure 2: Line drawings of representative
coronal sections through the temporal lobe of
M. fascicularis adapted from the atlas of Szabo
and Cowan (1984). The sections are arranged
from rostral (A25.0) to caudal (A3.6), and the
rostrocaudal position of each section is indi-
cated in the lateral view. The designations
A25.0, A22.0, and so on, specify distances an-
terior (A) to the intra-aural line. The boundaries
of the perirhinal cortex are indicated in black,
and the boundaries of area TE are indicated in

gray.
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Table 1: Behavioral performance
Experiment 1
V-DNMS T-DNMS
trials to delays delays
criterion

8 15 1 10 40 8 15 1 10
Group I I sec sec min  min min trials sec sec min  min
Normal 1 180 0 92 93 88 73 75 — — — — —
20 440 0 92 94 94 70 69 — — — — —
3? 220 0 91 93 88 79 72 — — — — —
42 120 20 92 97 91 83 76 — — — — —
59 415 0 91 93 88 71 64 — — — — —
6 189 0 94 99 96 86 74 359 91 88 92 68
7 180 0 95 95 91 68 76 292 90 94 86 66
8 0 20 92 93 91 85 78 522 91 93 85 80
9 0 20 92 93 92 85 78 280 91 92 88 84
1 0b 220 60 93 94 90 73 67 446 91 92 84 76
11 — — — — — — — — — — — —
12P — — — — — — — — — — — —
13b _ _ _ _ _ _ _ _ _ _ — _
14b _ _ _ _ _ _ _ _ _ _ _ _
15b _ — — — — — — _ — — — _
16° _ — — — — — — _ — — — _
17b _ — — — — — — _ — — — _
18° — — — — — — — — — — — —
Mean 196 12 92 94 91 77 73 380 91 92 85 75
PR 1 860 480 90 84 88 72 70 704 90 77 63 48
2 100 0 92 79 83 66 72 — — — — —
3 100 460 90 92 85 69 71 464 90 83 68 42
4 0 200 91 83 76 67 51 573 90 75 78 52
5 2034 0 91 87 85 71 66 501 90 74 65 46
Mean 619 228 91 85 83 69 66 561 90 77 69 47
TE 1 440 180 91 88 82 74 60 — — — — —
2 740 0 92 84 76 76 67 — — — — —
3 328 0 93 90 88 65 55 288 90 87 83 70
4 1077 0 91 91 93 66 66 — — — — —
5 760 40 90 93 90 66 66 80 90 90 83 70
Mean 669 4 91 89 86 69 63 123 90 89 83 70

Materials and Methods

SUBJECTS

Twenty-eight male cynomolgus monkeys (Ma-
caca fascicularis) were tested, all weighing be-
tween 3.1 kg and 5.2 kg at the start of the experi-
ment. Five monkeys received bilateral lesions of
the perirhinal cortex (PR group). Five monkeys re-
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ceived bilateral lesions of inferotemporal cortical
area TE (TE group). The remaining eighteen mon-
keys comprised unoperated control groups used in
the individual experiments (N group; see Table 1).

SURGERY

Monkeys were anesthetized using Isofluorane
gas and placed in a stereotaxic headholder that
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Table 1: (Continued)

Experiment 2

Experiment 3

VPC
concurrent
delays simple object discrimination discrimination
1 10 1 10 day day day mean of trials to
Group sec sec min min 1 2 4 3 days criterion
Normal 1 — — — — 77 95 93 88 240
22 — — — — 75 93 95 88 720
32 — — — — 71 90 93 85 640
42 — — — — 75 90 92 86 240
52 — — — — 80 98 97 92 440
6 61 61 62 57 70 93 95 86 333
7 66 57 67 60 78 95 100 91 520
8 67 65 63 60 93 80 88 87 160
9 63 67 65 66 80 98 100 93 360
10 67 63 63 65 88 99 99 95 520
11 71 74 67 63 — — — — —
12 68 67 65 61 — — — — —
13b 66 65 55 73 — — — — —
14° 67 75 81 55 — — — — —
15 66 69 68 69 — — — — —
16P 70 70 71 72 — — — _ _
17° 60 62 71 55 — — — — —
18P 72 57 65 52 — — — — —
Mean 66 66 66 62 79 93 95 89 417
PR 1 52 59 52 46 68 78 91 79 480
2 74 64 65 69 64 81 88 78 303
3 57 53 55 53 61 89 93 81 1039
4 67 68 63 53 73 88 95 85 400
5 82 45 55 49 61 99 95 85 972
Mean 66 58 58 54 65 87 92 82 639
TE 1 — — — — 76 93 94 95 1040
2 — — — — 86 99 100 87 986
3 48 45 50 45 78 89 94 88 440
4 45 56 56 51 61 83 926 80 1040
5 48 53 50 56 83 98 98 93 1160
Mean 47 51 52 51 77 92 96 89 933

(V-DNMS) Visual delayed nonmatching to sample; (T-DNMS) tactual delayed nonmatching to sample; (VPC) visual

paired-comparison task.

“Monkeys N1-N5 were not available for testing on the T-DNMS or VPC tasks.

PMonkeys N11-N18 were tested only on the VPC task.

allowed unobstructed access to the temporal por-
tion of the skull. The temporal muscles were ex-
posed and fully retracted, and the zygomatic
arches were removed. Bilateral openings were
made in the skull to expose the anterior and ven-

trolateral portions of the temporal lobe, and the
dura was opened. The pial surface over the in-
tended lesions was first cauterized, and the cauter-
ized tissue together with the underlying cortical
tissue was then removed by suction using a glass
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pipette with an angled tip. Cortical tissue was re-
moved slowly until the white matter was visual-
ized. The dura was then sewn, and the wound was
closed in anatomical layers.

LOCATION OF THE PERIRHINAL
CORTEX AND AREA TE

Before describing the intended lesions of each
of the animals in the two operated groups, it is
useful to summarize briefly the location and
boundaries of the perirhinal cortex and area TE.
Our description of the boundaries of the perirhinal
cortex follow those of Suzuki and Amaral (1994a).
The perirhinal cortex forms a band of cortex along
the ventromedial surface of the temporal lobe
(Figs. 1 and 2). It consists of a smaller, medially
situated area 35 and a larger, laterally situated area
36 (Brodmann 1909). The perirhinal cortex is lo-
cated approximately lateral to the rhinal sulcus and
follows the rhinal sulcus from its anterior border at
the frontotemporal junction (limen insula) through
its caudal extent on the ventral surface of the brain.
The perirhinal cortex typically extends a few mil-
limeters beyond the caudal limit of the rhinal sul-
cus. At its most rostral and dorsal extent, the peri-
rhinal cortex makes up the medial portion of what
is typically referred to as the temporal pole or area
TG. Throughout most of its rostrocaudal extent,
the perirhinal cortex is bordered laterally by area
TE. At its most caudal end, the perirhinal cortex is
bordered laterally by the rostral portion of the para-
hippocampal cortex. The structures that form the
medial border of the perirhinal cortex vary at dif-
ferent rostrocaudal levels. At rostral levels, the me-
dial border is formed by the piriform and periamy-
gdaloid cortices. At more caudal levels, the ento-
rhinal cortex forms the medial border of the
perirhinal cortex.

Area TE is located immediately lateral to the
perirhinal cortex at most levels and consists of a
band of cortex lying primarily on the middle tem-
poral gyrus (Figs. 1 and 2). Area TE corresponds
roughly to Brodmann area 21 (dorsal) and the lat-
eral part of area 20 (ventral) (Brodmann 1909). At
its rostral extent, the perirhinal cortex forms the
medial border of area TE. At its caudal end, the
medial border is formed by the parahippocampal
cortex. Throughout its rostrocaudal extent, area TE
is bordered laterally by superior temporal cortex.
Area TEO forms the posterior border of area TE.
The description of the area TE-perirhinal cortex

border has varied across studies. Based on recent
anatomical studies (Suzuki and Amaral 1990,
1994a, b) in M. fascicularis, we have placed the
area TE-perirhinal cortex border on the medial
bank of the AMTS, [2 mm more lateral than in pre-
vious studies (Meunier et al. 1993; Eacott et al. 1994).

INTENDED PR AND TE LESIONS

For the perirhinal lesions, [B-4 mm of cortex
lateral to the full rostrocaudal extent of the rhinal
sulcus was removed (see Figs. 1 and 2). The medial
portion of the temporal polar region was also re-
moved. This lesion was intended to include the
two distinct cytoarchitectonic regions that com-
pose the perirhinal cortex, that is, areas 35 and 36
of Brodmann (Brodmann 1909).

For the lesions of area TE, the middle temporal
gyrus and a portion of the posterior inferior tem-
poral gyrus were removed (see Figs. 1 and 2). The
intended lesion was bounded laterally by the ven-
tral bank of the STS. We intentionally did not in-
clude the ventral bank of the STS in the lesion to
avoid damaging the large vessel that runs in this
sulcus. The tissue in the ventral bank of the STS
constitutes [B5% of area TE. Accordingly, the in-
tended lesions in the present study included, at
most, [65% of area TE. At its rostral and medial
extent, the intended lesion was bounded by the
fundus of the AMTS through the rostral half of this
sulcus. At its caudal extent, the medial border of
the intended lesion extended to the occipito-tem-
poral sulcus. At its rostral extent, this was a slightly
conservative boundary (the border between area
TE and the perirhinal cortex typically lies on the
medial lip of the AMTS), to avoid any damage to
the perirhinal cortex. At its rostral border, the in-
tended lesion extended to an imaginary line con-
necting the tips of the STS and the AMTS. At its
caudal border, the lesion extended to (10 mm in
front of the ascending inferior occipital sulcus.

HISTOLOGICAL VERIFICATION OF LESIONS

After completion of behavioral testing, oper-
ated monkeys were administered an overdose of
sodium pentobarbital. Following deep anesthetiza-
tion measured by loss of the corneal reflex, the
animals were sacrificed by transcardial perfusion of
fixatives. They were perfused with a solution of
0.9% saline followed by 10% buffered formalin. The
brains were cryoprotected in glycerol solutions
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and sectioned in the coronal plane at 50 um on a
freezing microtome. Every fifth section was mounted
and stained with thionin to assess the extent of the
lesions.

The brains from four monkeys that matched
the average weight of each of the two operated
groups were used as a histological control group.
Thionin-stained sections from the four monkeys in
the histological control group, extending from the
tips of the temporal poles to the caudal extent of
area TE, were scanned into a Macintosh G3 com-
puter at 0.50-mm intervals. Cortical areas were
classified on the basis of cytoarchitectonic charac-
teristics using a light microscope (Leica WILD 3Z)
and were marked on the computerized images of
each section. The cytoarchitectonic criteria used
to determine the perirhinal cortex-area TE border
follow those of Suzuki and Amaral (pers. comm.).
Briefly, distinctions between the lateral portion of
the perirhinal cortex and area TE include the fol-
lowing: layer II of the perirhinal cortex contains
distinct aggregates of cells, whereas area TE does
not; layer III of area TE is more radially oriented
than in the perirhinal cortex; layer IV in area TE is
thicker and more densely populated than in the
perirhinal cortex; and area TE, unlike the perirhi-
nal cortex, is characterized by a clear separation
between layers V and VI. Because there are no
clear cytoarchitectonic criteria by which to distin-
guish area TE from area TEO, we designated the
caudal extent of area TE as the beginning of the
posterior middle-temporal sulcus. Using NIH Image
software, areal measurements were made of area
TE and the perirhinal cortex in each monkey.

The area of each of the two cortical regions
was measured by calculating, at each rostrocaudal
level, the medial-lateral extent of cortical layer I of
area TE (including the ventral bank of the superior
temporal sulcus) and the perirhinal cortex. This
measurement was then multiplied by the interval
between the sections (0.50 mm), and the sum of
these products then provided an areal estimate for
each of the two cortical regions. This same proce-
dure was followed for both the left and right tem-
poral lobes, and the estimates for each hemisphere
were averaged. The estimates from all four control
monkeys were averaged, and this value was used as
the estimate of the normal area for the two cortical
regions.

Thionin-stained sections at 0.50-mm intervals
were scanned and measured for each monkey in
the two surgical groups in the same way as for the
four histological control monkeys. The final calcu-
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lation yielded an estimate of spared cortex in the
lesioned monkeys. This value was then divided by
the estimate of the averaged normal area for the
same cortical region, thereby yielding an estimate
(from 0 to 1) of the proportion of spared tissue.
This estimate was then subtracted from 1 and mul-
tiplied by 100 to obtain an estimate of the percent-
age of bilaterally damaged tissue. For example, ani-
mal PR 2 was estimated to have 15.15 mm? of bi-
laterally spared perirhinal cortex. This value was
divided by the mean area of perirhinal cortex cal-
culated from the four histological control animals
(112.80 mm?), to yield 0.13 as the proportion of
bilaterally spared tissue and 100(1 — 0.13) = 87 as
the percentage of perirhinal cortex damaged. Be-
cause of the large variation between monkeys in
the surface areas within the temporal lobe, the
amounts of cortical damage in the animals with
lesions are necessarily only estimates.

BEHAVIORAL TASKS

Findings from six behavioral tasks will be pre-
sented. The actual order in which the tasks were
given is as follows: (1) visual delayed nonmatching
to sample (V-DNMS), (2) simple object discrimina-
tion, (3) concurrent discrimination learning, (4) re-
testing of V-DNMS, (5) visual paired-comparison
(VPO), and (6) tactual delayed nonmatching to
sample (T-DNMS). The findings from the six tasks
have been grouped to form three experiments. Ex-
periment 1 addressed whether lesions of PR or TE
produced a multimodal memory impairment and
included the V-DNMS and T-DNMS tasks. Experi-
ment 2 determined the effects of PR and TE lesions
on both short-term and long-term visual recogni-
tion memory using the VPC task. Experiment 3
determined the effects of PR and TE lesions on
visual discrimination learning and included the
simple object discrimination and concurrent dis-
crimination tasks.

The three experiments necessarily have differ-
ent groups of control animals (see Table 1). Behav-
ioral tasks 1-4 (see above) form our standardized
test battery by which we have routinely assessed
the effects of lesions. All 10 unoperated control
monkeys (N1-N10) that have been tested on this
same battery were used as the control group for
the V-DNMS task and the retest of the V-DNMS task
in experiment 1 and the two discrimination tasks
in experiment 3. After completion of the standard-
ized battery, not all of the original 10 control mon-
keys could be given the other tests. Monkeys N6-
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N10 were tested on the T-DNMS (experiment 1). A
larger group of 13 control monkeys (N6-N18)
were tested on the VPC task. This group includes
all unoperated monkeys tested on this task in our
laboratory to date. Only five of these control mon-
keys for the VPC task (N6-N10) had exactly the
same behavioral history as the operated groups.
However, the difference in behavioral history
did not affect performance (N6-N10 vs. N11-N18:
no differences in performance at each delay, all
Ps > 0.10).

All groups of animals were given some addi-
tional tasks during the course of behavioral testing.
Specifically, after the retest of the V-DNMS task, all
operated monkeys were tested on several other
tasks including a motor skill task as well as spatial
and nonspatial memory tasks. It is important to
note that both operated groups had exactly the
same testing history.

Experiment 1: Do the Perirbinal Cortex
and Area TE Contribute to Memory
in More Than One Modality?

Materials and Methods
SUBJECTS

The five PR monkeys, the five TE monkeys,
and control monkeys N1-N10 were tested on the
V-DNMS task. The 10 control monkeys included all
of the unoperated monkeys with the same behav-
ioral history tested in our laboratory to date. For
the T-DNMS task, control monkeys N1-N5 were
tested together with four of the PR monkeys and
two of the TE monkeys. Monkeys N6-N10 were
not available for testing on the T-DNMS task. Addi-
tionally, prior to administration of the T-DNMS
task, one monkey from the PR group (PR 2) had to
be euthanized as a result of a tumor. Two monkeys
from the TE group (TE 1 and TE 2) had to be
euthanized as a result of gastrointestinal disorder,
and one monkey from the TE group (TE 4) devel-
oped behavioral problems that prevented his par-
ticipation.

BEHAVIORAL TESTING

All testing was conducted in the Wisconsin
General Testing Apparatus (WGTA; Harlow and
Bromer 1938). In this apparatus, the experimenter
and monkey face opposite sides of a testing tray

that has three food wells. A sliding opaque door
separates the monkey from the testing tray, and a
sliding door with a one-way mirror separates the
experimenter from the tray. The one-way mirror
allows the experimenter to observe the monkey
but prevents the monkey from seeing the experi-
menter. During a trial, the experimenter lowers the
one-way mirror and raises the opaque door, allow-
ing the monkey to respond to the objects on the
testing tray.

Each operated group was allowed 6-8 weeks
of recovery prior to the start of behavioral testing.
During four to six daily sessions of pretraining, op-
erated monkeys and control monkeys learned to
obtain food by displacing objects that covered any
of three food wells located on a stimulus tray in
front of the testing chamber.

V-DNMS

In this task, monkeys first displaced a single
object (the sample object) covering the center well
of the three-well food tray to obtain a food reward.
The opaque door was then lowered between the
monkey and the wells. After an 8-sec delay, the
door was raised to expose two objects, the previ-
ously presented sample object and a novel object,
each covering one of the two lateral food wells.
Monkeys had to displace the novel object to obtain
a raisin reward. The position of the novel object
(covering the right or left food well) varied pseu-
dorandomly on each trial (Gellerman 1933).
Twenty trials per day were given, with an intertrial
interval of 20 sec. Each trial used a new pair of
objects selected randomly from a collection of
>400 junk objects. After reaching a learning crite-
rion of 90% correct (90 correct choices in 100 con-
secutive trials), monkeys were tested with succes-
sively longer delays of 15 sec, 1 min, 10 min, and
40 min between the sample and choice trials. Mon-
keys were tested for 100 trials with the 15-sec and
1-min delays (20 trials per day for 5 days), and 50
trials with the 10-min and 40-min delays (5 trials
per day for 10 days).

Seven to twelve months after the first admin-
istration of the V-DNMS task, monkeys were re-
tested on the V-DNMS task. The task was given in
the identical way it had been given originally.

T-DNMS

Four PR monkeys, 2 TE monkeys, and 5 con-
trol monkeys were tested on the T-DNMS task. The
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procedure for the T-DNMS task was modified from
that reported by Suzuki et al. (1993). An opaque
barrier (72 cm long by 18 cm high) was inserted
between the testing cage and the stimulus tray to
block the monkey’s view of the objects. A rectan-
gular platform (8 cm wide by 45.5 cm long by 7.5
cm high), with its long axis oriented parallel to the
opaque barrier, was secured to the stimulus tray of
the WGTA [1.5 cm in front of the opaque barrier
on the experimenter’s side of the apparatus. The
platform contained two round wells, 6.4 cm in di-
ameter and spaced 8 cm apart, measured from the
center of each well. The junk objects used in the
tactual task were mounted on round disks that fit
snugly into the wells. The experimenter could
manually lock the objects mounted on the round
disks into place by moving a lever. A pool of [1150
objects differing in shape, size, and texture was
used for the tactual task. At the bottom of each of
the wells that held the round disks was a smaller
well (1.5 cm diam.) that held the food rewards.
The opaque barrier, the platform, and the tactual
objects were constructed so that monkeys could
easily grasp objects that were presented on the
other side of the opaque barrier but could not see
the objects from any position in the testing box.
Behavioral observation during pretraining and ad-
ministration of the T-DNMS task confirmed that the
monkeys could not see the objects from any posi-
tion in the testing box. For example, during test-
ing, the monkeys did not attempt to peer over the
opaque barrier before making a choice but simply
reached over the barrier to grasp the objects. More-
over, even when the monkeys were performing at
criterion level on the T-DNMS task, they were
equally likely to grasp the correct or incorrect ob-
ject during their first contact with the objects.

PRETRAINING

Pretraining for the T-DNMS task was adminis-
tered in four phases. During the first three phases
of pretraining, a single object was used and was
always rewarded.

In phase 1, the platform but not the opaque
barrier was used, and monkeys had full view of the
training object. The animals learned to displace the
training object and retrieve a food reward when
the object was placed randomly in one of the two
object wells. Initially, the object was not locked
into the object well and could easily be removed.
When the animals readily displaced the unlocked
object from the well, the object was then locked

into place, and the animals were required to tug on
the object three times before it was released by the
experimenter. Pilot experiments showed that if
monkeys were allowed to displace unlocked ob-
jects, they would quickly knock the objects out of
the wells while searching for the reward without
examining the objects tactually. Thus, the proce-
dure of requiring the animals to tug on the object
a fixed number of times helped ensure that all ani-
mals received equal tactual exposure to the ob-
jects. This same procedure was also used during
the regular administration of the T-DNMS task. Dur-
ing this phase of pretraining, two tones lasting [
sec each, generated from a minielectronic synthe-
sizer, were presented immediately after the re-
warded object was displaced to alert the animal to
the presence of a reward. The tones were used
throughout tactual pretraining and throughout the
T-DNMS task. Phase 1 required one or two testing
sessions.

In phase 2, a transparent barrier was inserted
into the WGTA between the testing cage and the
stimulus tray. The animals could still see the object
and learned to reach over the transparent barrier to
displace the object. Again, they were required to
tug three times before the object was released, and
the tones were presented each time the object was
successfully displaced. This phase required be-
tween two and four testing sessions.

In phase 3, the animal’s view of the training
object was gradually decreased by attaching opaque
panels that progressively covered more of the
transparent barrier. At various times during this
phase, the monkeys stopped performing the task,
and their view of the objects had to be increased to
encourage them to work again. Gradually, the ani-
mals learned to displace the object and retrieve the
food reward while reaching over a barrier that
completely blocked visual access. This phase re-
quired 5-10 training sessions.

Pilot experiments showed that monkeys ini-
tially had some difficulty displacing flat objects.
This difficulty affected the monkey’s choice and
appeared to interfere with learning of the task.
Therefore, phase 4 of pretraining was initiated to
overcome the initial difficulty observed in displac-
ing certain objects. In this phase, the monkeys
were given practice displacing 10 training objects
with the opaque panels in place. These 10 training
objects varied in size, shape, and texture and pro-
vided the monkeys with practice in displacing ob-
jects that varied with respect to the difficulty with
which they could be displaced. These 10 objects
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were not used subsequently on the T-DNMS task,
but were used only in pretraining. Monkeys were
presented with one object at a time, and each ob-
ject was rewarded. In a given session, monkeys
were presented with each of the 10 objects twice
in random order. Training in this phase was con-
tinued until the monkey quickly and easily dis-
placed all 10 objects twice within a given session.
This phase required two to four training sessions.

TRAINING

Monkeys first reached over the opaque barrier
and tugged three times on a sample object locked
into one of the wells. After tugging three times on
the object, the monkey was presented with a
single tone that signaled the end of the sample
phase. The monkey was not allowed to displace
the sample object, nor was the monkey rewarded
during the sample phase. Following the presenta-
tion of the tone, an opaque door was then lowered
to block the monkey’s access to the platform. After
an 8-sec delay, the opaque door was raised, and
monkeys could reach over and palpate the sample
object and a novel object that covered the two
object wells. The monkeys were required to dis-
place the novel object to receive the food reward.
Only displacement of the correct object was fol-
lowed immediately by two tones. Once an object
was displaced, no correction was allowed. An in-
tertrial interval of 20 sec was used. The sample
object and the correct choice object appeared over
the left or right object well in a modified Gellerman
(1933) sequence. Each daily session consisted of
20 trials and was comprised of five trials with the
sample and correct choice objects both on the left,
five trials with the sample and correct choice ob-
jects both on the right, five trials with the sample
object on the left and the correct choice object on
the right, and five trials with the sample object on
the right and the correct choice object on the left.
These four trial types were mixed throughout the
testing session. Each trial of a given session used a
new pair of tactual objects selected from a collec-
tion of approximately 150 junk objects. After
reaching a learning criterion of 90% correct (90
correct choices in 100 consecutive trials), mon-
keys were tested with successively longer delays of
15 sec, 1 min, and 10 min between the sample and
choice trials. Monkeys were tested for 100 trials
with the 15-sec and 1-min delays (20 trials per day
for 5 days) and 50 trials with the 10-min delay (5
trials per day for 10 days).
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Results

HISTOLOGICAL RESULTS: DESCRIPTIONS
OF THE LESIONS IN THE PR GROUP

GENERAL OBSERVATIONS

For each of the lesions in the PR group, the
extent of removal will be described at four rostro-
caudal levels: at the level of the temporal pole,
corresponding roughly to A25.0 in Figure 2; at the
level of the region rostral to the amygdala, corre-
sponding to A19.0 in Figure 2; at the level of the
amygdala, corresponding to A16.4 in Figure 2; and
at the level of the rostral hippocampus, corre-
sponding to A13.4 in Figure 2. On average, the PR
group sustained an estimated 74% damage to the
perirhinal cortex (PR 1=73%, PR 2=87%, PR
3 =065%, PR 4 =069%, PR 5=77%). All monkeys
sustained some damage to the perirhinal cortex at
the polar region, although in most cases the most
dorsal part of area 36 was spared at the pole. In all
cases, there was extensive damage to the perirhi-
nal cortex beginning rostral to the amygdala and
extending through the caudal extent of the peri-
rhinal cortex. The amount of unintended damage
outside the perirhinal cortex was minimal in all but
one case (PR 1). Monkeys PR 2-PR 5 sustained little
or no direct damage to area TE. Monkey PR 1 sus-
tained extensive unilateral damage to area TE (see
details below). Monkeys PR 2-PR 5 sustained mini-
mal damage to rostral parahippocampal cortex,
whereas monkey PR 1 sustained moderate unilat-
eral damage to the parahippocampal cortex. The
entorhinal cortex was completely spared in all
cases. Additionally, in none of the cases was there
damage to the amygdala or the hippocampal re-
gion. There was minimal white matter damage in
all cases.

The extent of the lesion in each monkey of the
PR group is plotted on representative coronal sec-
tions (Fig. 3). The rostrocaudal levels used to illus-
trate the lesions are the same as those used in Fig-
ure 2. The full rostrocaudal extent of the lesion in
animal PR 2 is shown in Figure 4. The lesion in this
monkey most closely approximated the intended
lesion and will be described first. Then, shorter,
comparative descriptions of the lesions in the
other animals in the PR group are provided.

PR 2

At its rostral extent, the lesion in monkey PR 2
began at the level of the temporal pole with dam-
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Figure 3: The extent of the lesions of perirhinal cortex in
each of the five monkeys in the PR group (PR 1-PR 5) is
plotted on representative coronal sections redrawn from the
atlas of Szabo and Cowan (1984). In each case, the area of
the lesion is indicated in black. The rostrocaudal level is
indicated below each section (see Figs. 1 and 2 for borders
of the perirhinal cortex).

age involving cortical layers I and II and encom- temporal pole was more extensively damaged and
passing about the ventral one-third of the medial included approximately one-half of the medial por-
portion of the pole on the left side (A25.0; Fig. 4A). tion of the temporal pole. Rostral to the amygdala
On the right side, the ventromedial portion of the (A22.0; Fig. 4B), the lesion included, bilaterally, all
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layers of area 36. At this level, much of area 35 was
spared along with the dorsal part of area 36. At a
more caudal level, at the level of the amygdala
(A16.4; Fig. 4D), there was nearly complete re-
moval of the perirhinal cortex bilaterally, including
both areas 35 and 36. The removal of the perirhinal
cortex continued through the caudal extent of the
perirhinal cortex, at the level of the rostral hippo-
campus (A13.4; Fig. 4F), and included minimal
damage to the parahippocampal cortex, which ex-
tended in the rostrocaudal plane [2 mm on the left
side and 1 mm on the right side. The lesion in

monkey PR 2 was estimated to have damaged 87%
of the perirhinal cortex. There was no damage to
either laterally adjacent area TE or the entorhinal
cortex. The hippocampus and amygdala were com-
pletely spared bilaterally. Additionally, there was
minimal white matter damage.

PR 3

Overall, the lesion in monkey PR 3 was esti-
mated to have damaged 65% of the perirhinal cor-
tex. Anterior to the amygdala, the damage to the

AN

Figure 4:
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Figure 4: Photomicrographs of representative sections through the left and right temporal lobes of monkey PR 2, whose
lesion most closely approximated the intended lesion (see Fig. 2). The sections are arranged from rostral (A) to caudal (£),
and the lesion is indicated by arrows at each level. (rs) Rhinal sulcus; (sts) superior temporal sulcus; (TE) area TE; (A)

amygdala; (E) entorhinal cortex; (H) hippocampus.

perirhinal cortex was moderate, sparing most of
the dorsal portion of area 36 and area 35. From the
level of the amygdala through the caudal extent of
the perirhinal cortex, the damage to the perirhinal
cortex was similar to that in monkey PR 2. At this
level the damage was extensive, including both ar-
eas 35 and 36. There was minimal damage to the
most medial portion of area TE bilaterally, at the tip
of the anterior middle temporal sulcus, extending
posteriorly for <1 mm. Previously, we rated the
amount of damage in lesioned brains on a scale
from 0-3 (Buffalo et al. 1998b). A score of 0 cor-
responded to no damage, 1 corresponded to mini-
mal (up to [B5%) damage, 2 corresponded to mod-
erate (up to [H5%) damage and 3 corresponded to
extensive (up to 100%) damage. The amount of TE
damage in monkey PR3 corresponds to a rating of
0.25 on the right and 0.02 on the left according to
the scale used in Buffalo et al. (1998b). The lesion
included moderate damage to the right parahippo-
campal cortex extending [¥ mm into the parahip-
pocampal cortex. The entorhinal cortex was com-

L E A R N I N G

pletely spared bilaterally. Additionally, the amyg-
dala and hippocampal region were completely
spared bilaterally. There was minimal white matter
damage.

PR 4

The lesion of the perirhinal cortex in monkey
PR 4 was estimated to have damaged 69% of the
perirhinal cortex. There was moderate damage to
the perirhinal cortex bilaterally starting from the
pole, with more extensive damage on the right
side. Similar to the lesion in monkey PR 2, at levels
rostral to the amygdala, most of the dorsal portion
of area 36 and area 35 was spared bilaterally. At the
level of the amygdala, most of the perirhinal cortex
was removed, including both areas 35 and 36. The
lesion extended through the caudal extent of the
perirhinal cortex and included minimal damage on
the left and moderate damage on the right to the
medial portion of parahippocampal cortex extend-
ing about 3 mm in the rostrocaudal plane. Area TE
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and the entorhinal cortex were completely spared
bilaterally. Neither the amygdala nor the hippo-
campal region was involved in the lesion, and there
was little or no damage to the underlying white
matter.

PR 5

The lesion of the perirhinal cortex in monkey
PR 5 was estimated to have damaged 77% of the
perirhinal cortex. There was extensive damage to
the perirhinal cortex on the right side and moder-
ate damage on the left in the polar region, although
there was sparing of the dorsal portion of area 36
and area 35 rostral to the amygdala. From the level
of the amygdala to the caudal extent of the peri-
rhinal cortex, the lesion included both areas 35 and
36. There was a small amount of damage to area TE
on the left side anterior to the level of the amygdala
that extended [11.5 mm in the rostrocaudal plane,
and there was a very small amount of damage to
area TE on the left side at the level of the caudal
amygdala. On the right side, there was a very small
amount of damage to area TE that extended [1 mm
in the rostrocaudal plane. This amount of TE dam-
age corresponds to a rating of 0.22 on the left and
0.02 on the right, according to the scale used in
Buffalo et al. (1998b). Additionally, on the left side,
the lesion included minimal damage to the rostral
parahippocampal cortex that extended [B.5 mm
into the parahippocampal cortex. There was no
damage to either area TE or the parahippocampal
cortex on the right side. The entorhinal cortex,
amygdala, and hippocampal region were com-
pletely spared bilaterally. There was minimal white
matter damage.

PR 1

Although the damage to the perirhinal cortex
in monkey PR 1 was similar to that in monkey PR
2, monkey PR 1 sustained an extensive amount of
damage outside the intended lesion. The lesion
was estimated to have damaged 73% of the perirhi-
nal cortex. Similar to the other cases, the removal
of the perirhinal cortex anterior to the amygdala
was moderate in that it spared the dorsal portion of
area 36 and area 35. At the level of the amygdala
and through the caudal extent of the lesion, the
perirhinal cortex removal was extensive, including
both areas 35 and 36. On the right side, there was
no damage to area TE, and there was minimal dam-
age to the parahippocampal cortex extending [2.5
mm in the rostrocaudal plane. The entorhinal cor-
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tex, amygdala, and hippocampal region were com-
pletely spared bilaterally. There was minimal white
matter damage.

When the brain of monkey PR 1 was removed,
it was noticed that the left mandibular bone had
protruded through the craniotomy that was made
during surgery, and this protruding bone had com-
pressed most of the middle temporal gyrus on the
left side. This protrusion caused an extensive
amount of direct damage to area TE unilaterally, as
well as extensive compression of the remaining
intact area TE tissue on that side. The damage to
area TE extended from the pole through the caudal
extent of area TE. This protrusion also caused a
minimal amount of compression of the rostral para-
hippocampal cortex extending for [4 mm in the
rostrocaudal plane. Because the histological analy-
sis of the lesion in this monkey was carried out [5
years after the surgical removal of the perirhinal
cortex, it is impossible to determine exactly when
this protrusion occurred during this 5-year period.
That is, it is unclear when, during the course of
behavioral testing, the unilateral damage to area TE
occurred. The overall behavioral findings did not
change when the scores of monkey PR 1 were
excluded.

HISTOLOGICAL RESULTS: DESCRIPTIONS
OF THE LESIONS IN THE TE GROUP

GENERAL OBSERVATIONS

For each of the lesions in the TE group, the
extent of removal will be described at four rostro-
caudal levels: at the level of the region rostral to
the amygdala, corresponding to A19.0 in Figure 2;
at the level of the amygdala, corresponding to
A16.4 in Figure 2; at the level of the rostral hippo-
campus, corresponding to A13.4 in Figure 2; and at
the caudal extent of area TE, corresponding to
AG6.6 in Figure 2. On average, the TE group sus-
tained an estimated 61% damage to area TE (TE
1 =44%, TE 2 =55%, TE 3 = 69%, TE 4 = 64%, TE
5 =71%. On average, the TE group sustained an
estimated 32% damage to the portion of area TE
that lies in the ventral bank of the superior tempo-
ral sulcus. All monkeys sustained moderate to ex-
tensive removal of area TE throughout the rostro-
caudal extent of area TE. The amount of unin-
tended damage outside area TE was minimal in all
cases. In all cases there was little or no damage to
the perirhinal cortex. However, monkey TE 5 sus-
tained minimal bilateral compression of the peri-
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rhinal cortex extending [2 mm on the left and [
mm on the right. This compression was due to
extensive enlargement of the ventricles at the level
of the caudal amygdala and the hippocampus. It is
not clear whether this ventricle enlargement was
accompanied by direct damage to the white matter
at these levels. The parahippocampal cortex was
spared in all cases except for monkeys TE 2 and TE
5, who sustained a minimal amount of damage to
the parahippocampal cortex. The rostral portion of
area TEO was minimally damaged in all five TE
monkeys. Additionally, in no cases was there dam-
age to the entorhinal cortex, the amygdala, or the
hippocampal region. There was minimal white
matter damage in all but two cases (TE 3 and TE 5).

The extent of the lesion in each monkey is
plotted on representative coronal sections (Fig. 5).
The rostrocaudal levels used to illustrate the le-
sions are the same as those used in Figure 2. The
full rostrocaudal extent of the lesion in animal TE 4
is shown in Figure 6. The lesion in this monkey
most closely approximated the intended lesion and
is described first. Then, shorter, comparative de-
scriptions of the lesions in the other animals in the
TE group are provided.

TE 4

At its rostral extent, the lesion in monkey TE 4
began bilaterally just at the tip of the STS (A22.0;
Fig. 6), with damage involving only cortical layers
I and II. Just rostral to the amygdala (A19.0; Fig. 6),
the lesion expanded to encompass all layers of area
TE. At this level, however, there was some sparing
of medial portions of area TE. Additionally, most of
the ventral bank of the STS was spared on the left.
At the level of the amygdala (A16.4; Fig. 6), there
was moderate removal of area TE, with the AMTS
completely spared bilaterally. There was no dam-
age to laterally adjacent perirhinal cortex. Addi-
tionally, there was minimal damage to the under-
lying white matter. At the level of the hippocam-
pus (Al3.4; Fig. 6), the removal of area TE
continued to spare portions of the ventral bank of
the STS. In addition, laterally adjacent parahippo-
campal cortex was completely spared bilaterally.
At this level there was moderate damage to the
underlying white matter. The removal of area TE
continued through the caudal extent of area TE
(A6.6; Fig. 6) and included extensive damage on
the left and moderate damage on the right to the
underlying white matter. At caudal levels, the le-
sion included minimal damage to the rostral por-
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tion of area TEO for [2 mm on the left and 0.5 mm
on the right. The lesion was estimated to have dam-
aged 64% of area TE. Finally, the lesion was esti-
mated to have damaged 42% of the portion of area
TE that lies in the ventral bank of the STS.

TE 1

The removal of area TE in monkey TE 1 was
less complete than in monkey TE 4 and was esti-
mated to have damaged 44% of area TE. Although
there was moderate damage to area TE throughout
its rostrocaudal extent, the AMTS was completely
spared bilaterally. The lesion was estimated to have
damaged 14% of the portion of area TE that lies in
the ventral bank of the STS. The perirhinal cortex
was completely spared bilaterally. On the left side
there was minimal damage to the parahippocampal
cortex that extended [11.0 mm in the rostrocaudal
plane. The parahippocampal cortex was com-
pletely spared on the right side. The lesion in-
cluded minimal damage to the rostral portion of
area TEO, extending for [B.0 mm in the rostrocau-
dal plane, bilaterally. There was minimal damage to
the underlying white matter, which was more
prominent on the left side than on the right.

TE 2

The removal in monkey TE 2 was estimated to
have damaged [55% of area TE. The lesion was
estimated to have damaged 42% of the portion of
area TE that lies in the ventral bank of the STS.
Rostral to the amygdala, the lesion was extensive,
involving most of area TE including the tissue in
the ventral bank of the STS. At the level of the
amygdala, part of the ventral bank of the STS was
spared bilaterally. There was minimal sparing of
the most medial portion of area TE. There was
minimal damage to the parahippocampal cortex
that extended for [2.5 mm in the rostrocaudal
plane, bilaterally. The lesion continued through
the caudal extent of area TE on the left side; there
was some caudal sparing of area TE ((2.0 mm) on
the right side. Area TEO was damaged minimally
on the left, extending [2.0 mm into area TEO.
There was no damage to the perirhinal cortex,
amygdala, or hippocampal region, and there was
minimal white matter damage throughout the ex-
tent of the lesion.

TE 3

The removal in monkey TE 3 was estimated to
have damaged 69% of area TE. The lesion was es-
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Figure 5: The extent of the lesions of area TE in each of the
five monkeys in the TE group (TE 1-TE 5) is plotted on
representative coronal sections redrawn from the atlas of
Szabo and Cowan (1984). In each case, the area of the
lesion is indicated in black. The rostrocaudal level is indi-
cated below each section (see Figs. 1 and 2 for borders of
area TE).

timated to have damaged 27% of the portion of ventral bank of the STS, but this tissue was spared
area TE that lies in the ventral bank of the STS. on the left side. There was some sparing of medial
Anteriorly, the lesion began at about the tip of the area TE tissue bilaterally. At the level of the rostral
STS. On the right side, the removal included the amygdala, the removal was fairly extensive and in-
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cluded all of area TE except the portion that lies in
the ventral bank of the STS on the left side. At the
level of the caudal amygdala, the removal was
more moderate, with bilateral sparing of tissue in
the ventral bank of the STS and in both banks of
the AMTS on the left side. The lesion continued
through the caudal extent of area TE and into ros-
tral area TEO. Area TEO was minimally damaged on
the right, extending [5.5 mm. Bilaterally, the peri-
rhinal cortex, the parahippocampal cortex, the
amygdala, and the hippocampal region were com-
pletely spared. There was moderate damage to the
underlying white matter on the left side that ex-
tended [b mm in the rostrocaudal plane. Again, the
damage on the right side was more extensive, with
the white matter damage extending [111.5 mm in
the rostrocaudal plane.

TE 5

The removal in monkey TE 5 was estimated to
have damaged 71% of area TE. The lesion was es-
timated to have damaged 35% of the portion of
area TE that lies in the ventral bank of the STS. The
lesion began anterior to the tip of the STS on the
left side and at the tip of the STS on the right side.
At levels rostral to the amygdala, the damage to
area TE was extensive and included the ventral
bank of the STS. From the level of the amygdala
through the caudal extent of area TE, the damage
to area TE was more moderate, with sparing of
tissue laterally, in the ventral bank of the STS, as
well as at medial aspects of area TE. Additionally, at
the level of the mid-amygdala, the ventricles began
to enlarge bilaterally. This enlargement continued
and expanded through the caudal amygdala and
through the hippocampal region. This ventricle en-
largement caused compression of the lateral peri-
rhinal cortex and parahippocampal cortex bilater-
ally. The compression of the perirhinal cortex ex-
tended in the rostrocaudal plane [2.0 mm on the
left side and [11.0 mm on the right side. The com-
pression of the parahippocampal cortex extended
in the rostrocaudal plane [B.0 mm, bilaterally. Ad-
ditionally, there was some very minimal rostral
area TEO damage extending [11.5 mm into area
TEO on the left side and 2.0 mm into area TEO on
the right side. The ventricle enlargement did not
cause any direct damage to the amygdala or the
hippocampus. However, there was some displace-
ment of the lateral nucleus of the amygdala bilat-
erally. There was also moderate white matter dam-
age, bilaterally, extending from the level of the cau-
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dal amygdala through the caudal extent of the
lesion.

Experiment 1

Results
V-DNMS

Figure 7A shows the mean number of trials
required by each group of monkeys to reach crite-
rion level performance on the first administration
of the V-DNMS task with a delay of 8 sec. Individual
scores for each monkey in the PR, TE, and N
groups are shown in Figure 7A and Table 1. Al-
though the PR and TE groups required numerically
more trials on average to obtain criterion level per-
formance (620 trials and 670 trials, respectively,
compared with 196 trials for the N group), a one-
way ANOVA comparing the performance of the
three groups of monkeys revealed no significant
effect of group [F(2,17) = 2.43, P> 0.10]. On the
second administration of the V-DNMS task with a
delay of 8 sec, a one-way ANOVA comparing the
performance of the three groups of monkeys re-
vealed a significant effect of group [F(2,17) = 5.50,
P < 0.05]. Separate comparisons of each group’s
performance revealed that the PR group was sig-
nificantly impaired relative to the N group
(PR = 228 trials, N = 12 trials; P < 0.05). The per-
formance of the TE group was not different from
either the N group or the PR group (TE = 44 trials;
both Ps > 0.10).

Figure 7B shows performance of the three
groups of monkeys across delays on the two DNMS
tests, averaged together for each monkey.The
score for the 8-sec delay is the average score on the
final 100 trials of training for the two times that the
task was given. A two-way ANOVA involving all
three groups and four delays (15 sec, 1 min, 10
min, and 40 min) revealed a significant effect of
group [F (2,17) = 14.32, P < 0.01; see Fig. 7C] and
a significant effect of delay [F (3,51) = 118.90,
P <0.01], but no group by delay interaction [F
(6,51) = 0.72, P > 0.10]. Post-hoc analysis (Fisher’s
PLSD, two-tailed) revealed that both operated
groups were impaired relative to the N group
(both Ps < 0.01; see Fig. 7C).

Separate comparisons (two-tailed #tests) based
on each group’s scores at each of the delays
revealed that the PR and TE groups performed
significantly worse than the N group at the 15-
sec delay (N =94%, PR =85%, TE=89%; both
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Ps < 0.01); at the 1-min delay (N = 91%; PR = 83%,
P <0.01; TE = 86%, P =0.05); and at the 10-min
delay (N =77%; PR=069%, P<0.05; TE=069%,
P =0.05). At the 40-min delay, the TE group per-
formed significantly worse than the N group
(N = 72%; TE = 63%, P < 0.01). The PR group per-
formed numerically worse than the N group, but
this difference did not reach statistical significance
(PR = 66%, P =0.09). The PR and TE groups per-
formed similarly at all delays (all Ps > 0.10). Scores
for each monkey on the two separate presentations
of the V-DNMS task are given in Table 1. The over-

all findings were the same when each presentation
was analyzed separately.

In summary, compared with the N group, the
PR group and the TE group exhibited an overall
deficit on the delay portion of the V-DNMS task.
The two lesion groups performed similarly.

T-DNMS

There were no group differences in the
amount of time required to complete any of the
tactual pretraining phases. Figure 8A shows the

Figure 6:
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Figure 6:

Photomicrographs of representative sections through the left and right temporal lobes of monkey TE 4, whose

lesion most closely approximated the intended lesion (see Fig. 2). The sections are arranged from rostral (A) to caudal (),
and the lesion is indicated by arrows at each level. The asterisk (*) indicates a processing artifact. (rs) Rhinal sulcus; (sts)
superior temporal sulcus; (PR) perirhinal cortex; (E) entorhinal cortex; (A) amygdala; (H) hippocampal region; (PH)

parahippocampal cortex.

mean number of trials required by each group
of monkeys to reach criterion level performance
on the basic task with an 8-sec delay. Individual
scores for the PR, TE, and N groups are shown in
Figure 8A and in Table 1. A one-way ANOVA com-
paring the performance of the three groups of
monkeys revealed a significant effect of group
[F(2,8) = 8.06, P < 0.05]. Posthoc analysis (Fish-
er’s PLSD, two-tailed) revealed that the PR group
was significantly impaired relative both to the N
group and to the TE group (PR =561 trials,
TE = 184 trials, N = 380 trials, Ps < 0.05). The TE
group was unimpaired relative to the N group
(P> 0.05). Figure 8B shows the performance
of the three groups across delays from 8 sec
to 10 min. A two-way ANOVA involving the three
groups (N, PR, and TE) and the three longer de-
lays (15 sec, 1 min, and 10 min) revealed a sig-
nificant effect of group [F(2,8) =50.08, P < 0.01]
and delay [F(2,16) = 74.43, P < 0.01] and no sig-
nificant group x delay interaction [F(2,16) = 3.25,
P> 0.05].

L E A R N I N G

Separate comparisons (two-tailed #-tests) based
on each group’s scores at each of the delays re-
vealed that the PR group performed significantly
worse than both the TE group and the N group
at the 15-sec delay (N = 92%, TE = 89%, PR = 77%;
PR vs. N, P<0.01; PR vs. TE, P<0.05), at the
1-min delay (N =85%, TE=83%, PR =069%; PR
vs. N, P<0.01; PR vs. TE, P<0.05), and at the
10-min delay (N = 75%; TE = 70%; PR = 47% both
Ps < 0.01). The TE group performed similarly to
the N group at all delays (all Ps > 0.10).

Figure 8C shows the performance of the three
groups of monkeys averaged across all three de-
lays (15 sec, 1 min, and 10 min). The PR group
was significantly impaired relative to the N and
TE groups (N =84%, TE = 81%, PR = 64%; both
Ps <0.01). The TE group performed similarly to
the N group (P > 0.10).

In summary, the results from the T-DNMS task
demonstrate a dissociation between the PR and TE
groups. Compared with both the N group and the
TE group, the PR group exhibited a severe deficit
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Figure 7: Performance on the V-DNMS task by normal monkeys (N = 10), monkeys with lesions of the perirhinal cortex
(PR =5), and monkeys with lesions of area TE (TE = 5). (A) Performance on initial learning on the first administration of
the V-DNMS task with an 8-sec delay. Symbols show trials to criterion for individual monkeys. (B) Performance across
delays on the two administrations of the V-DNMS task, averaged together for each monkey. Bars represent s.e.m.. (C)
Performance across all delays (15 sec, T min, 10 min, and 40 min averaged together) on the two administrations of the
V-DNMS task. Symbols show the performance of individual monkeys. See Table 1 for individual scores of all monkeys.

on the T-DNMS task (Fig. 8C). The TE group per- dissociation between the effects of lesions limited
formed similarly to the N group on this task. to the perirhinal cortex and lesions limited to area
TE. Although both operated groups were similarly
impaired on the test of visual recognition memory,

Discussion
these groups performed differently on the test of
The results from experiment 1 demonstrated a tactual recognition memory. Specifically, on the T-
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Figure 8: Performance on the T-DNMS task by normal monkeys (N = 5), monkeys with lesions of the perirhinal cortex
(PR = 4), and monkeys with lesions of area TE (TE = 2). (A) Performance on initial learning of the T-DNMS with an 8-sec
delay. Symbols show trials to criterion for individual monkeys. (B) Performance across delays on the T-DNMS task. Bars
represent s.e.M. (C) Performance across all delays (15 sec, T min, and 10 min averaged together) on the T-DNMS task.
Symbols show the performance of individual monkeys. See Table 1 for individual scores of all monkeys.
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DNMS task, monkeys in the PR group were im-
paired both in learning the task with an 8-sec delay
(Fig. 8A) and in performing the task at delays of 15
sec, 1 min, and 10 min (Fig. 8B,C). In contrast, the
TE group performed normally on the T-DNMS task.
Monkeys and humans with damage to the medial
temporal lobe are known to exhibit multimodal
memory deficits (Milner 1972; Murray and Mishkin
1984; Suzuki et al. 1993; Malkova et al. 1995; Gou-
let and Murray 1996). The findings from the pre-
sent study extend these findings by showing that
lesions limited to the perirhinal cortex itself are
sufficient to produce a severe deficit in both visual
and tactual recognition memory in monkeys.

Experiment 2: Do the Perirbinal
Cortex and Area TE Make
Distinct Contributions to Visual
Recognition Memory?

Materials and Methods
SUBJECTS

The 5 PR monkeys, 3 of the TE monkeys, and
13 of the control monkeys (N6-N18) were tested
on the VPC task. Prior to the administration of the
VPC task, two monkeys from the TE group (TE1l
and TE 2) had to be euthanized as a result of gas-
trointestinal disorder.

BEHAVIORAL TESTING: VPC

PRETRAINING

Subjects were habituated for 20 min a day for
5 days to a primate chair that was in a darkened,
well-ventilated, sound and light attenuating cham-
ber (78 cm x 55 cm X 46 cm). The subjects faced a
rear projection screen located 41 cm directly in
front of the subject where the stimuli would be
presented.

TESTING

First, the monkey viewed two identical stimuli
side by side. The monkey was required to look at
the stimuli for a cumulative looking time of 25 sec
(familiarization). Then, after a delay interval, the
monkey again viewed two stimuli, the familiar
stimulus and a new stimulus for a total of 5 sec of
cumulative looking. One second after the comple-
tion of the first test phase, a second test phase was
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presented. In the second test phase, which con-
trolled for side preferences, the old stimulus was
again presented with another new stimulus, but
the left/right position of the old stimulus was re-
versed. Memory was assessed by the amount of
time monkeys looked at the new stimulus. If a
monkey looked longer at the new stimulus, it can
be inferred that he had a memory for the familiar,
and now less interesting, stimulus. Monkeys were
given 10 trials a day. Each day, one of four delays
was given. The delays were 1 sec, 10 sec, 1 min,
and 10 min. The order of the delays was random-
ized for each subject.

During testing sessions, the position of the
subject’s eyes were recorded by a high resolution
video camera (Sony Video Hi8 CCD-TR600) unob-
trusively mounted just above the rear-projection
screen. The video images were displayed on a Sony
Trinitron superfine pitch TV monitor (model no.
CUM-1271). The video images were also routed
into a 16-bit Video VGA board where a computer
program automatically overlaid trial information
(trial number, test phase, and delay interval) onto
the video image before storage to tape (JVC Super
VHS). The experimenter controlled the length of
the familiarization and test phases, and the com-
puter controlled the delay interval.

The stimuli were high contrast, black and
white computer-generated two-dimensional shapes.
The stimuli were transferred to photographic
slides that contained two stimuli each, 11 x 18 cm
in size and separated from each other by 11 cm
when projected onto the screen. A Kodak carousel
projector (model no. 760H) was encased in a
sound insulating box so that slides could be ad-
vanced silently. The projected stimuli were passed
through a red filter (A25) to reduce the brightness
of the background. Pilot work had indicated that
without a filter, monkeys tended to avoid looking
at the rear projection screen and the stimuli be-
cause of the intense light from the projector.

SCORING

Each session’s videotape was scored by two
experimenters blind to the test conditions. The po-
sition of the eye (i.e., fixating the left or right
stimulus on the screen) was determined by analyz-
ing the position of reflected light off the cornea. If
the reflection was on the left side of the pupil, the
subject was looking right, and if the reflection was
on the right side of the pupil, the subject was look-
ing left. During pilot work we were able to con-
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struct precise descriptions of what constituted
stimulus fixation and what constituted looking be-
tween or to the side of the stimuli. Scoring was
accomplished by counting the number of frames
(frame-by-frame analysis) in which the subject
looked at the right or left stimulus. Overall inter-
rater-reliability was 0.94. The left and right frame
counts were then entered into a computer along
with a “familiar” versus “new” scoring key. The
computer converted the frame counts into per-
centages of looking right versus left for each test
phase, decoded the familiar versus new scoring
key, and determined the percent preference for
the new stimulus for each individual trial and for
the entire session.

Results
VPC

Figure 9 and Table 1 show the performance of
the three groups (3 TE monkeys, 5 PR monkeys,
and 13 N monkeys) across the delays of 1 sec,
10 sec, 1 min, and 10 min. A two-way ANOVA
using all groups and all delays revealed a signif-
icant effect of group [F(2,18)=17.07, P <0.01],
and significant effect of delay [F(3,54) = 2.94,
P < 0.05] but no significant group x delay interac-
tion [F(6,54) = 1.62, P> 0.10].

Individual comparisons (two-tailed #tests)
were performed to determine differences between
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Figure 9: Performance on the VPC task by normal

monkeys (N = 13), monkeys with lesions of the perirhi-
nal cortex (PR = 5), and monkeys with lesions of area TE
(TE = 3). Bars represent s.e.M. Broken line represents
chance performance.
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the groups at each of the four delays. The TE group
was impaired even at the shortest (1-sec) delay.
That is, the monkeys with TE lesions looked at the
novel stimulus only 47.0% of the time, whereas the
N monkeys looked at the novel stimulus 66.4% of
the time (P < 0.01). Additionally, at the 1-sec delay,
the TE group did not perform significantly above
chance (P> 0.10). In contrast, the PR group was
unimpaired at the 1-sec delay (PR = 66.4% prefer-
ence, P > 0.10). Moreover, at the 1-sec delay, the
TE group performed significantly worse than the
PR group (P < 0.01). Importantly, the finding of
intact performance by the PR group at the 1-sec
delay indicates that the PR group, unlike the TE
group, did not have any primary deficit in percep-
tion or in the appreciation of novelty.

At the 10-sec delay, both the TE and PR groups
were impaired relative to the N group (TE = 51.3%
preference, PR =57.8% preference, N =05.5%
preference; TE versus N, P<0.05; PR vs. N,
P <0.05). At the 1-min delay, both operated
groups were impaired relative to the N group
(TE =52.0% preference, PR =58.0% preference,
N = 66.3% preference; TE vs. N, P < 0.01; PR vs. N,
P <0.05). At the 10-min delay, both operated
groups were impaired relative to the N group
(TE = 50.6% preference, PR =54.0% preference,
N = 62.1% preference; both Ps < .05). Additional-
ly, there was no difference between the two op-
erated groups at any of the delays of 10 sec and
longer (all Ps > 0.10). Finally, at these longer de-
lays, the TE monkeys did not perform above
chance [#s(3)< 1.0, Ps >0.10]. The PR monkeys
performed above chance at the 1-min delay
[#1(4) = 3.16, P < 0.05] but not at 10 sec or 10 min
[ts(4)<1.93,Ps>0.10].

The amount of time needed to accumulate 25
sec of looking time during the familiarization phase
was similar among the N, PR, and TE groups (27.2,
29.1, and 31.5 sec, respectively; one-way ANOVA,
P > 0.10). The TE group required a little more time
than the N group to accumulate 25 sec of looking
time (N vs. TE, P < 0.05; PR vs. TE, P > 0.10). How-
ever, there was no suggestion of a gross abnormal-
ity in viewing behavior.

In summary, the findings point to a dissocia-
tion between the TE and PR groups. Specifically, at
the shortest delay tested (1 sec), the TE group was
significantly impaired, whereas the PR group per-
formed normally. Additionally, at this delay the TE
group performed significantly worse than the PR
group. Moreover, the PR group was not impaired
until after a delay of 10 sec or longer. In contrast,
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the TE group was impaired at all delays; the per-
formance of the TE group was not different from
chance at any delay tested.

Discussion

The findings from experiment 2 provide addi-
tional evidence of a dissociation between the ef-
fects of perirhinal cortex lesions and area TE le-
sions. Lesions of the perirhinal cortex selectively
impaired long-term memory. Immediate memory
was intact. The impairment in the PR group cannot
be attributed to a visual perceptual deficit, because
such a deficit would be expected to impair perfor-
mance at the short delay as well as at longer delays.
In contrast, the TE group was severely impaired
even at a delay as short as 1 sec. This impairment
suggests that the TE group could not adequately
perceive, attend to, or process the visual stimuli. In
summary, the pattern of results indicates that the
deficits following lesions of the perirhinal cortex
and lesions of area TE are distinct. The impairment
following lesions of the perirhinal cortex is best
described as a memory impairment, whereas the
impairment following lesions of area TE is best de-
scribed as a visual perceptual deficit.

Experiment 3: Do the Perirbinal
Cortex and Area TE Make
Distinct Contributions to Visual
Discrimination Learning’?

Materials and Methods
SUBJECTS

Five PR monkeys, 5 TE monkeys, and control
monkeys N1-N10 were tested on the simple object
discrimination and concurrent discrimination learn-
ing tasks. These 10 control monkeys included all of
the monkeys with the same behavioral history
tested in our laboratory to date.

BEHAVIORAL TESTING: SIMPLE
OBJECT DISCRIMINATION TASK

Monkeys were given four separate two-choice
object discrimination tasks. Each discrimination
task required monkeys to learn to discriminate a
distinctive pair of objects, which could be learned
by normal monkeys in a single day. The four dis-
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criminations consisted of a red versus a green pea-
nut shell, a white versus a black rectangle, a pink
versus a yellow plastic eggshell, and a piece of a
real Oreo cookie versus a plastic cookie. For the
first three pairs of objects, a raisin reward was con-
cealed within the underside of the object. For the
last pair, the monkey was allowed to take the Oreo
cookie as his reward. Each discrimination pair was
administered over two daily session of 20 trials
each, with an ITI of 15-20 sec. Two days later, an
additional session of 20 trials was administered.
The position of the correct object varied pseudo-
randomly (over the left or right well; Gellerman
1933). An interval of 3 days elapsed between the
administration of each pair. Performance was as-
sessed as the percentage of correct responses for
each day of testing.

BEHAVIORAL TESTING: CONCURRENT
DISCRIMINATION LEARNING TASK

Monkeys were required to simultaneously
learn eight pairs of objects. Presentation of the
pairs was intermingled so that each pair was pre-
sented five times during the course of a single ses-
sion (40 trials per day). The stimuli were chosen
specifically so that there would be interference be-
tween pairs of objects, making this a much more
difficult discrimination task than the simple object
discrimination task. Stimulus features including
color and shape were repeated between pairs of
objects. Accordingly, successful performance on
this task required the monkey to discriminate the
stimuli along more than one dimension. During
each trial, one pair of objects was presented over
the lateral food wells, and the monkey had to dis-
place the correct object to find a raisin reward.
One object in each pair was always correct, and its
left-right position varied according to a pseudoran-
dom sequence (Gellerman 1933). Monkeys were
tested until they reached a criterion of 39 correct
responses in 40 consecutive trials during a single
test session.

Results
SIMPLE OBJECT DISCRIMINATION

Figure 10A shows the performance of the
three groups of monkeys on the object discrimina-
tion task across the 3 days of testing. Performance
was averaged across the four object discrimina-
tions. Individual scores for monkeys in the PR, TE,
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Figure 10:

(A) Average daily performance on four simple object discrimination tasks by normal monkeys (N =10),

monkeys with lesions of the perirhinal cortex (PR = 5), and monkeys with lesions of area TE (TE = 5). Bars represent the
s.e.M. (B) Performance of the same monkeys averaged across all 3 days of testing. Symbols show the performance of

individual monkeys (see also Table 1).

and N groups are shown in Table 1. A two-way
ANOVA comparing the performance of the three
groups of monkeys on the 3 days of the simple
object discrimination task revealed a significant ef-
fect of group [F(2,17) =5.68, P < 0.05], a significant
effect of day [F(2,34) = 79.14, P < 0.05], and no sig-
nificant group x day interaction [F(2,34) = 1.70,
P >0.10]. Separate comparisons based on each
group’s scores on each day of testing revealed that
the PR group performed significantly worse than
the N group and the TE group on day 1 (PR = 65%
correct, TE = 77% correct, N = 79% correct; PR vs.
N, P < 0.01; PR vs. TE, P < 0.05). Additionally, the
PR group performed significantly worse than the
TE group on Day 4 (PR =92% correct, TE = 96%
correct; P = 0.05). There were no significant differ-
ences between the TE group and the N group on
any of the testing days (all Ps > 0.10).

Post-hoc analysis (Fisher’s PLSD, two-tailed) re-
vealed that when the 3 days of testing were con-
sidered together (Fig. 10B), the PR group was sig-
nificantly impaired relative to both the N group
and the TE group (PR = 82% correct, TE = 89% cor-
rect, N = 89% correct; PR vs. N, P <0.05; PR vs.
TE, P < 0.05; TE vs. N, P> 0.10).

Thus, compared with the N group, the PR
group exhibited a deficit on the simple object dis-
crimination task across the 3 testing days; this im-
pairment was most evident on the first day of test-
ing. In contrast, there were no differences be-
tween the performance of the TE group and the N
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group on this task. Importantly, because the PR
group performed significantly worse than the TE
group, this task demonstrated a dissociation be-
tween the effects of the PR and area TE lesions.

CONCURRENT DISCRIMINATION LEARNING TASK

Figure 11 shows the mean number of trials
required by each group of monkeys to reach crite-
rion level performance on the concurrent discrimi-
nation learning task. Individual scores for the
PR, TE, and N groups are shown in Figure 11
and in Table 1. A one-way ANOVA comparing the
performance of the three groups of monkeys re-
vealed a significant effect of group [F(2,17) = 2.33,
P <0.01]. Post-hoc analysis (Fisher’s PLSD, two-
tailed) revealed that the TE group was significantly
impaired relative to the N group (TE = 933 trials,
N =417 trials, P <0.01). Additionally, the TE
group was marginally impaired relative to the PR
group (PR =639, P =0.08). There was no signifi-
cant difference between the N group and the PR
group (P> 0.10).

In summary, this task provided an additional
dissociation between the effects of PR and area TE
lesions. The TE group was impaired on this task
relative to the N group; in contrast, although two
of the five monkeys did not perform well, the PR
group as a whole was not significantly impaired.
Moreover, the TE group was marginally impaired
relative to the PR group.
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Figure 11: Performance on the concurrent discrimina-
tion learning task by normal monkeys (N = 10), mon-
keys with lesions of the perirhinal cortex (PR = 5), and
monkeys with lesions of area TE (TE = 5). Symbols show
trials to criterion for individual monkeys.

Discussion

The findings from experiment 3 demonstrate
additional dissociations between the effects of le-
sions of the perirhinal cortex and lesions of area
TE. The PR group was impaired on the simple ob-
ject discrimination task and unimpaired on the

concurrent discrimination task. In contrast, the TE
group was unimpaired on the simple object dis-
crimination task and impaired on the concurrent
discrimination task.

General Discussion

Table 2 summarizes the results from all three
experiments. The PR and TE lesion groups differed
with respect to their patterns of impairment (1st
and 2nd columns, respectively). First, lesions of
the perirhinal cortex impaired memory in both the
visual and tactual modalities; lesions of area TE
impaired memory only in the visual modality (ex-
periment 1). Second, lesions of perirhinal cortex
selectively impaired long-term visual recognition
memory but spared short-term memory at delays of
1 sec; lesions of area TE impaired both short-term
memory and long-term memory (experiment 2).
Finally, lesions of perirhinal cortex impaired per-
formance on the simple object discrimination task
but spared performance on the concurrent dis-
crimination task. Lesions of area TE produced the
opposite pattern: Performance was spared on the
simple object discrimination task but impaired on
the concurrent discrimination task. Figure 12 high-
lights these four differences between the two le-
sion groups.

Why did TE lesions impair concurrent discrimi-
nation learning and short-term performance on the
visual paired-comparison task but spare perfor-
mance on the simple object discrimination task?
We suggest that intact visual areas upstream from
area TE, for example, areas TEO and V4, are suffi-

Table 2:  Summary of behavioral findings
PR vs. N TE vs. N PR vs. TE

Experiment 1

V-DNMS + +

T-DNMS s = +
Experiment 2

VPC (1-sec delay) - + ar

VPC (10 sec to 10 min) + +
Experiment 3

Simple object discrimination + - ar

Concurrent discrimination = I +

Shading identifies instances where performance of the PR group differs from that of the TE group. (+) Impaired performance
relative to normal monkeys, P < 0.05. (-) Normal performance, P> 0.10. (+) A significant difference between the PR and
TE groups, P < 0.05. A marginally significant difference between the PR and TE groups, P = 0.08. Abbreviations are as

in Table 1.
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Figure 12: (A) Performance on the
T-DNMS task (trials to criterion), the VPC
task (1-sec delay), the simple object dis- Simple Object Discrimination Concurrent Discrimination
crimination task (mean of 3 test days), and )
the concurrent discrimination learning 1001 1200 *a
task (trials to criterion) by monkeys with
lesions of the perirhinal cortex (PR), mon- o5 10001
keys with lesions of area TE (TE), and nor- -
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tive to normal monkeys (P<0.05). ) A 5 8[ g 00
marginally significant difference between * =
the PR and TE groups; P = 0.08. The num- 8o 400
bers in parentheses indicate the number of
monkeys in each group. Bars represent the 75 I—
S.E.M. N(10) PR(5) TE(S) N(10) PR(5) TE(5)

cient to process the relatively simple objects used
in the simple object discrimination task. However,
these upstream visual areas are not sufficient to
process the more complex two-dimensional pat-
tern stimuli used in the VPC task or the more com-
plex, multiple objects used in the eight-pair con-
current discrimination task. Processing these
stimuli requires area TE. Because areas TEO and V4
send direct projections to the perirhinal cortex (Su-
zuki and Amaral 1994a,b), visual information pro-
cessed in these areas has access to the medial tem-
poral lobe memory system, even in the presence of
area TE lesions.

Why did perirhinal cortex lesions impair per-
formance on the simple object discrimination task
but spare short-term memory performance on the
VPC task and spare concurrent discrimination
learning? We suggest that short-term memory per-
formance on the VPC task was spared because PR
lesions cause primarily a memory problem and,
like other medial temporal lobe lesions, do not im-
pair performance at very short delays. We further
suggest that PR lesions spared concurrent discrimi-
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nation learning because PR lesions impair declara-
tive memory, and in the monkey the concurrent
discrimination task does not provide a good test of
this form of memory. This task has been consid-
ered previously to be a task of habit learning (Mish-
kin et al. 1984; Phillips et al. 1988; Buffalo et al.
1998b). In this task monkeys must learn how two
stimuli are different and which differences are rel-
evant to the task. This differentiation is accom-
plished gradually, day by day, over hundreds of
trials, and learning improves progressively from
chance to higher levels of performance. For dis-
crimination learning of this kind, identifying which
stimulus is the rewarded one is secondary to the
gradual tuning in of the appropriate stimulus di-
mension.

In contrast, when only a single pair of objects
needs to be learned and the objects are easily dis-
criminable, as in the simple object discrimination
task, learning which stimulus is correct becomes
the major work of the task. By this formulation, an
object discrimination that takes only 10-20 trials to
learn (e.g., the simple object discrimination task)
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should be expected to be more sensitive to the
effects of medial temporal lesions than a discrimi-
nation that takes 300-500 trials to learn (e.g., the
concurrent discrimination task). An earlier review
of the data from 46 two-choice discrimination tasks
found that the tasks learned quickly were more
sensitive to medial temporal lobe lesions than the
tasks learned gradually (Squire and Zola-Morgan
1983; for a more recent discussion of this same
idea, see Wise and Murray 1999). Finally, in other
work, combined perirhinal and entorhinal cortex
lesions in the monkey impaired visual discrimina-
tion learning when a single pair of stimuli was used
and learning in normal animals occurred relatively
quickly (Murray et al. 1998; Baxter et al. 1999).

The effects of area TE lesions were opposite to
the effects of perirhinal cortex lesions. Lesions of
area TE spared performance on the simple object
discrimination task and impaired performance on
tasks that involved more complex and potentially
interfering stimuli (eight-pair concurrent discrimi-
nation learning). This pattern of findings is consis-
tent with studies demonstrating that the effects of
area TE lesions depend on the difficulty of the vi-
sual discrimination (Mishkin 1954; Mishkin and Pri-
bram 1954; Mishkin and Hall 1955; Pribram and
Mishkin 1955; Gross 1973).

The present interpretation that lesions of the
perirhinal cortex impair declarative memory is dif-
ferent from earlier proposals that the perirhinal
cortex is involved in the perceptual processing of
visual stimuli (Eacott et al. 1994) or in the identi-
fication of individual objects (Buckley and Gaffan
1997, 1998a,b). According to these proposals, le-
sions of the perirhinal cortex do not selectively
impair memory but instead produce a deficit that
includes impaired visual perceptual processing or
impaired object identification. The study by Eacott
et al. (1994) assessed the performance of monkeys
with combined lesions of the perirhinal and ento-
rhinal cortex on five separate tasks of matching to
sample that included simultaneous-matching and
0-sec delay conditions. Delays of 5 sec, 15 sec, and
30 sec were also tested. Under simultaneous or
0-sec delay conditions, the matching-to-sample task
purports to assess visual perceptual ability rather
than memory. When performance on the simulta-
neous-matching-to-sample and the 0-sec delay con-
ditions were combined across two of the five tasks
(tasks A and D in Eacott et al. 1994), the operated
monkeys were impaired.

However, this study does not provide strong
evidence for an impairment in visual perceptual

processing in the operated monkeys. First, the si-
multaneous-matching and 0-sec delay conditions in
the matching-to-sample task do not provide an un-
ambiguous assessment of the capacity for visual
perceptual processing. Specifically, the task re-
quires not only visual perceptual processing but
also the retention and sustained application of the
matching rule. Diminished performance on the si-
multaneous and 0-sec delay conditions could there-
fore reflect either a visual perceptual impairment
or a difficulty retaining and implementing the
matching rule. Second, it is unclear whether the
scores of the operated animals reflect significant
impairment. Performance measures for the simul-
taneous-matching and O-sec delay conditions were
obtained on all five tasks. By inspecting the rela-
vant figures, we estimate that the average differ-
ence between the scores of the operated and nor-
mal groups was only 4% for the simultaneous-
matching condition (task A =5%, task C = 3%,
task A1 = 1%, task D = 11%, task E = 1%) and 6%
for the 0O-sec delay condition (task A =5%, task
C =11%, task Al = 8%, task D = 7%, task E = 0%.
No statistical data were reported, except for the
analysis that combined only tasks A and D.
Buckley and Gaffan suggested that perirhinal
cortex lesions impair performance only when the
monkey’s ability to identify individual objects is
sufficiently taxed, either by increasing the number
of stimuli to be discriminated (Buckley and Gaffan
1997), by presenting the object from an unusual
view (Buckley and Gaffan 1998a,b), or by present-
ing the object in an unfamiliar context (Buckley
and Gaffan 1998a). However, a clear interpretation
of the findings from the studies by Buckley and
Gaffan is difficult because all three monkeys with
perirhinal cortex lesions that participated in these
studies sustained inadvertent damage to area TE.
Based on the available neurohistological informa-
tion from the reports by Buckley and Gaffan, the
amount of TE damage in the three animals with
perirhinal cortex lesions appears sufficient to ac-
count for the observed impairments (see Buffalo et
al. 1998b). Based on the scale used by Buffalo et al.
(1998b), the amount of inadvertent area TE dam-
age in these animals was rated as follows:
PRh1 = 1.4, PRh2 = 1.3, PRh3 = 1.17. This amount
of damage to area TE is sufficient to produce im-
paired performance on the concurrent discrimina-
tion learning task (see Buffalo et al. 1998b; Fig. 6A).
In summary, the present findings demonstrate
the distinct functions of the perirhinal cortex and
area TE. The deficits following lesions of area TE
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are consistent with an impairment of visual percep-
tion. Lesions of area TE produced a unimodal visual
impairment in visual recognition memory (experi-
ment 1), an impairment in visual recognition even
at very short delays (experiment 2), and an impair-
ment in relatively complex visual discrimination
learning together with sparing of simple visual ob-
ject discrimination learning (experiment 3). In con-
trast, the impairment following perirhinal lesions is
best described as a memory impairment. Lesions
of perirhinal cortex produced a multimodal impair-
ment in recognition memory (experiment 1), spared
shortterm memory and impaired long-term memory
(experiments 1 and 2), and impaired simple object
discrimination learning while sparing more com-
plex visual discrimination learning (experiment 3).
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