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Comparison of the Effects of Damage to the Perirhinal and
Parahippocampal Cortex on Transverse Patterning and
Location Memory in Rhesus Macaques

Maria C. Alvarado and Jocelyne Bachevalier
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Monkeys with damage to the parahippocampal (TH/TF) or perirhinal (PRh) cortex were tested on two sets of the transverse patterning
(TP) problem (A�/B�, B�/C�, C�/A� and D�/E�, E�/F�, F�/D�) and delayed nonmatching-to-location paradigm (DNML),
with delays ranging from 10 to 600 s. Damage to either area impaired acquisition and performance of TP but not of linear discriminations
(e.g., A�B�C�X). Damage to areas TH/TF impaired performance of the DNML at all delays but only affected memory for objects at the
longest delay, as measured by a delayed nonmatching-to-sample task (DNMS) (Nemanic et al., 2004). Damage to the PRh impaired
performance of the DNMS but not of the DNML. The results present a dissociation in object and place memory for these two cortical
regions and suggest a role for each in the cortical circuitry supporting configural/relational memory.
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Introduction
Recent studies have begun to investigate the specific contribution
that the hippocampus and the adjacent parahippocampal corti-
ces [including the entorhinal cortex, perirhinal cortex (PRh), and
areas TH/TF] make to memory processes (Lavenex and Amaral,
2000; Murray et al., 2000; Suzuki and Eichenbaum, 2000). For
object recognition, emerging views suggest that the parahip-
pocampal cortical areas may mediate familiarity/novelty judge-
ments of individual stimuli (Brown and Aggleton, 2001; Yoneli-
nas, 2002), whereas the hippocampus is needed to acquire, store,
and recollect inter-item relationships and their context (Eichen-
baum et al., 1989; Squire et al., 1989; Sutherland and Rudy, 1989;
Mishkin et al., 1998; O’Reilly and Rudy, 2001). However, other
data do not support this view (Manns and Squire, 1999; Wood et
al., 1999; Stark et al., 2002).

Likewise, although the well established role of the hippocam-
pus in rodent spatial memory has been replicated in both mon-
keys (Parkinson et al., 1988; Gaffan and Harrison, 1989; Angeli et
al., 1993; Murray et al., 1998; Beason-Held et al., 1999; Hampton
et al., 2004; Alvarado and Bachevalier, 2005) and humans
(Maguire et al., 1998; Iaria et al., 2003), that of parahippocam-

pal cortical areas is still controversial. Areas TH/TF contribute
to spatial memory in monkeys and humans (Bohbot et al., 1998;
Ploner et al., 2000; Kohler et al., 2002; Nemanic and Bachevalier,
2002; Málková and Mishkin, 2003), although similar evidence in
rodents is task dependent (Liu and Bilkey, 2002; Burwell et al.,
2004; Jarrard et al., 2004; Winters et al., 2004). Furthermore,
perirhinal damage impairs performance on some spatial memory
tasks (Wiig and Bilkey, 1994; Nagahara et al., 1995; Otto et al.,
1997; Liu and Bilkey, 1998a,b) but not others (Gaffan, 1994; En-
naceur et al., 1996; Aggleton et al., 1997; Wiig and Burwell, 1998;
Bussey et al., 1999; Winters et al., 2004), and perirhinal neurons
do not change their pattern of activation during spatial memory
tasks (Burwell et al., 1998; Aggleton et al., 2000; Vann et al., 2000).

Finally, with respect to configural and/or relational memory
(Rudy and Sutherland, 1995; Eichenbaum, 2001; O’Reilly and
Rudy, 2001), hippocampal damage impairs nonspatial relational
memory tasks (Ridley et al., 1995; Clark et al., 2002), including
the transverse patterning problem in rodents, monkeys, and hu-
mans (Alvarado and Rudy, 1995a,b; Dusek and Eichenbaum,
1998; Rickard and Grafman, 1998; Reed and Squire, 1999; Rondi-
Reig et al., 2001; Alvarado et al., 2002; Alvarado and Bachevalier,
2005), and performance on relational memory tasks is associated
with hippocampal activation in humans (Davachi and Wagner,
2002; Driscoll et al., 2003; Hanlon et al., 2003; Astur and Consta-
ble, 2004; Heckers et al., 2004; Preston et al., 2004). However,
performance on configural tasks is also impaired by perirhinal
and/or TH/TF damage (Buckley and Gaffan, 1998; Dusek and
Eichenbaum, 1998; Eacott et al., 2001; Bucci et al., 2002; Bussey et
al., 2002; Moran and Dalrymple-Alford, 2003), suggesting that
these cortical areas may, likewise, contribute to relational
memory.

Given these conflicting results, the degree to which parahip-
pocampal cortical areas contribute to memory processes, either
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independently or in concert with the hippocampus, remains to be
determined. To this end, the effects of damage to either areas
TH/TF or the PRh on transverse patterning and delayed
nonmatching-to-location (DNML) were compared with those
recently obtained after neurotoxic damage to the hippocampus
(Alvarado and Bachevalier, 2005). A preliminary report of this
work was published previously (Alvarado and Bachevalier, 2003).

Materials and Methods
Subjects
The subjects were 14 rhesus macaques (Macaca mulatta), of both sexes,
6 –12 years old at the time of surgery. Four monkeys (one male and three
females) received aspiration lesions of the PRh, and three monkeys (two
males and one female) received aspiration lesions of cortical areas TH
and TF on the parahippocampal gyrus. Data from these two groups were
compared with those of seven (five males and two females) unoperated
controls (N). The performance of these unoperated controls on the
transverse patterning and DNML have been published previously (Al-
varado et al., 2002; Alvarado and Bachevalier, 2005). Behavioral testing
history and order of task presentation for each animal are summarized in
Tables 1 and 2, respectively.

Animals were housed individually and maintained on a diet of Purina
Monkey Chow, supplemented with fresh fruit and multivitamins. Dur-
ing behavioral testing, the food ration was given once daily, immediately
after training, and the rations were adjusted individually to allow for
rapid responding during test sessions, while maintaining the animal at
�90% of their free-feeding weight. Water was always available. The study
was approved by the Institutional Animal Care and Use Committee of
the University of Texas Health Science Center at Houston.

After completion of testing on transverse patterning and before testing
on DNML, all control subjects, the three subjects in group TH/TF, and
three subjects from group PRh were tested on the visual paired compar-
ison task (VPC) and a delayed nonmatching-to-sample task (DNMS)
with pseudotrial-unique objects (Nemanic et al., 2004). Case PRh-2 was
also tested on VPC and DNMS, but not on DNML, and so was not
included in statistical analyses in which performance on DNML was
used; case PRh-1, from the study by Nemanic et al. (2004), was not part of
the present study.

Surgery
Surgical procedures and preoperative and postoperative care were de-
scribed in detail previously (Nemanic et al., 2004). Briefly, on the day of
surgery, the monkey was sedated (10 mg/kg ketamine hydrochloride)
and placed into a head holder. Surgical anesthesia was induced and main-

tained with isoflurane gas (1–2%, v/v, to effect), and heart rate, respira-
tion rate, blood pressure, body temperature, and expired CO2 were mon-
itored throughout the surgery, which was performed under aseptic
conditions. All monkeys received preoperative and postoperative treat-
ment consisting of dexamethasone sodium phosphate (0.4 mg/kg, i.m.)
and cefazolin (25 mg/kg, i.m.) 1 d before surgery and for 1 week after
surgery to reduce swelling and to prevent infection, respectively. They
also received acetaminophen for 7 d after surgery for relief of pain. The
monkeys were allowed to recover for 6 months before behavioral testing
began. Surgeries for case PRh-2, case PRh-3, and the three cases in group
TH/TF were conducted at the Laboratory of Neuropsychology at the
National Institute of Mental Health (Bethesda, MD), and the animals
were then transferred to the Department of Neurobiology and Anatomy
at the University of Texas Health Science Center (Houston, TX) for
behavioral testing. Surgeries for cases PRh-4 and PRh-5 were conducted
at the University of Texas Health Science Center.

TH/TF lesions. The lesions were intended to include both areas TH and
TF (von Bonin and Bailey, 1947), and delineation of the intended TH/TF
lesions is given in Figure 1. A one-stage bilateral aspiration was per-
formed using a supralabyrinthine approach. A bone flap was made over
the ventrolateral surface of the temporal lobe, and the dura was cut in a
crescent over the temporal lobes. The borders of the lesion extended to
the lip of the medial bank of the occipitotemporal sulcus laterally, to the
brain stem medially, and to the posterior tip of the rhinal sulcus rostrally.
Caudally, the posterior middle temporal sulcus was identified, and its
midpoint was localized. A virtual line was drawn from this midpoint
until it intersected with the occipitotemporal sulcus. The intersection
was marked with the cautery and used as the most posterior extent of the
TH/TF lesions.

PRh lesions. Bilateral aspirations of the PRh were performed in one
stage, using procedures developed by Bachevalier and colleagues
(Meunier et al., 1993). The lesion was intended to include Brodmann
areas 35 and 36 (see Fig. 2). The zygomatic arch and the bone over the
ventrolateral surface of the frontotemporal junction were removed. For
the rostral portion of the lesion, the dura was cut in a crescent over the
frontal and temporal lobes, and the frontal lobe above the orbit was
elevated slightly to expose the medial temporal pole. The pia matter on
the lateral lip of the rhinal sulcus was cauterized as far posterior as the
rhinal sulcus could be seen, after which the lateral bank of the rhinal
sulcus as well as a 2 mm strip of cortical tissue lateral to it was aspirated
using a small gauge sucker. To access the caudal portion of the PRh, the
head-holder was rotated until the monkey’s head was tilted at an angle of
120° from the upright position, and a second incision was made in the
dura over the lateral temporal lobe. The base of the temporal lobe was
reflected to visualize the posterior end of the rostral removal. The pia
matter on the lateral lip of the rhinal sulcus was cauterized, and the cortex
on the lateral bank of the rhinal sulcus as well as 2 mm of tissue lateral to
it was aspirated until reaching the posterior tip of the rhinal sulcus.

Apparatus and materials
Training was conducted in a standard Wisconsin General Testing Appa-
ratus (WGTA), located inside a darkened, sound-shielded room. Ambi-
ent noise was masked by the use of a white noise generator. For the
transverse patterning task, the testing tray (30 � 63 cm) contained two
food wells located 2 inches on either side of its center, and the discrimi-
nanda were 12 junk objects that had not been used in any previous
behavioral tests. For DNML, the testing tray (30 � 63 cm) consisted of
nine wells arranged in rows of three (10 cm apart from center to center).
Two identical blue plaques (5 � 5 cm) were used to cover the wells.
Banana-flavored pellets (300 mg; P. J. Noyes, Lancaster, NH) or dried
raisins served as reward.

Behavioral procedures
Pretraining. Before formal testing on transverse patterning, each monkey
was trained on a simple concurrent discrimination task consisting of
three object pairs (e.g., cup vs ball, box vs jar, bottle vs football). For each
pair, one of the two objects was always rewarded. Subjects received 30
trials per each daily session for five sessions (total of 150 trials, 50 trials
per discrimination). Problems were presented in blocks of five trials in

Table 1. Number of subjects participating in each task or analysis

Group

Transverse patterning Recognition memory

Session-blocked Phase-blocked Performance DNMS DNML

N 4a 3b 7b 7c 7
PRh – 4 4 3c 3
TH/TF – 3 3 3c 3
aData published in the study by Alvarado et al. (2002).
bData published in the study by Alvarado and Bachevalier (2005).
cData published in the study by Nemanic et al. (2004).

Table 2. Task-training history

Subjects CDa TP VPCa s-DNMS d-DNMSa DNML

N 1–3 – 1 2 3 4 5
N 4 –7 2 4 3 1 – 5
TH/TF 1–3 – 1 2 3 4 5
PRh 2 – 1 2 3 4 –
PRh 3–5 – 1 2 3 4 5

The numbers refer to the order (1, 2, 3, etc.) in which subjects were trained on each task. CD, Concurrent discrimi-
nation; TP, transverse patterning; s-DNMS, DNMS, standard version (Nemanic et al., 2004); d-DNMS, DNMS with
distracters (Nemanic et al., 2004).
aTraining on tasks not discussed in the present study.
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varying order for the first two sessions, in blocks of two trials for the third
session, and in blocks of one or two trials for the last two sessions, with
the order of presentation varying pseudorandomly.

Transverse patterning task. The training procedure was identical to that
described by Alvarado and Bachevalier (2005). Briefly, monkeys were
concurrently trained on two transverse patterning problem sets formed
from six objects, A–F (set 1: A�/B�, B�/C�, C�/A�; set 2: D�/E�,
E�/F�, F�/D�). Within a session, the problem set alternated on every
trial (e.g., set 1 was presented on odd trials, and set 2 was presented on
even trials); however, whether set 1 was odd or even on a given day was
determined pseudorandomly. The order of presentation within a prob-
lem set was also determined pseudorandomly, with the restriction that
each problem appear at least once every 10 trials. Finally, training was
divided into three phases. Phase 1 consisted of training on problem 1 of
each set, phase 2 consisted of concurrent training on problems 1 and 2
from each set, and phase 3 consisted of concurrent training on the three
problems from each set (Table 3).

For phase 1, a daily session consisted of 10 trials of each training
problem presented in blocks of five trials for the first session, and then
reducing the number of trials per block on subsequent daily session until
the two problems reoccurred every one or two trials. The criterion was set
at 90% or better for two consecutive sessions, with a minimum of 80%
correct on a given problem.

For phase 2, the second problem in each set was introduced. On the
first session of phase 2, subjects received a block of five trials of A�/B�,
followed by 10 trials each of B�/C� and E�/F� and then five trials of
D�/E� (the problem set alternated after each block of trials). Over the
next three sessions, the trial-block size was decreased progressively to
one, so for session five and thereafter, the problem set alternated on every
trial. Presentation order within a set, however, varied pseudorandomly.
The criterion was 90% correct or better for four consecutive sessions and
a minimum of 80% correct for each problem.

For the first session in phase 3, subjects received 5 trials each of prob-
lems 1 or 2 from each set, followed by 10 trials each of C�/A� and
F�/D�, then 5 trials each of the remaining discriminations (40 trials
total). Thus, an example of a 40 trial daily session could be the following:
5 trials of A�/B�, 5 trials E�/F�, 10 trials of C�/A�, 10 trials of
F�/D�, 5 trials of B�/C�, and 5 trials of D�/E�. Thereafter, monkeys
received 30 trials per day, divided equally among all six discrimination
problems, and problems were increasingly intermixed such that after
session four, problems and sets alternated on every trial. The criterion for
each set was determined independently and was set at 27 correct of 30
trials for 60 consecutive trials, with a minimum performance level of 80%
on any single discrimination. Subjects were trained for a maximum of
2010 trials (1005 per set), and if they failed to reach the criterion, they
were assigned a score of 1005 for that set. Finally, although the criterion
for each set was determined independently, all six discrimination prob-
lems were presented until the criterion had been reached on each set.

Transverse patterning transfer. Subjects unable to reach the criterion on
phase 3 of the transverse patterning task were given a transfer test to
confirm that their impairment was not simply because of an inability to
learn several discrimination problems with overlapping elements. Thus,
in the transfer phase (Table 3), one problem from each set was altered so
that an elemental or linear solution could be used to solve the sets. In
other words, for each set, the specific problem on which the monkey had

shown the lowest performance level was altered so that a previously
untrained object was substituted for the unrewarded member of the pair.
For example, replacing the unrewarded object in problem 3 with X�
produced the set A�/B�, B�/C�, C�/X� and yielded the linear solu-
tion A�B�C�X. A similar substitution was made in set 2 with a new
object, Y� (Table 3). Transfer training began the day after the animals
failed to reach the criterion, and no overt introduction was made to the
new problems. Training continued on these sets until the animals
reached the criterion as described above.

DNML. After transverse patterning training, and before training on
DNML, the subjects were trained on the VPC and the DNMS with trial-
unique objects, including a version with distracters inserted into the
delay (Nemanic et al., 2004). The procedures for DNML have been de-
scribed in detail previously (Málková et al., 1995). Briefly, as for DNMS,
each trial consisted of a sample and a choice phase, but in the choice
phase, the comparison was between a familiar and a novel location on the
9-well tray. During the sample phase, one of the nine wells was baited and
covered with a plaque. The monkey displaced the plaque to retrieve the
reward. Ten seconds later, the monkey chose between the unbaited sam-
ple well and a new baited well, both covered by identical plaques. After
the choice phase, there was a 30 s intertrial interval, after which the next
trial began, using two different locations on the tray. Each daily session
consisted of 20 trials using one of six predetermined, pseudorandom
sequences of 20 location pairs. The criterion was set at 90 correct of 100
consecutive choices, with a maximum of 1000 training trials. Animals
failing to reach the criterion were allowed up to 500 additional trials in
which the sample location was presented twice, separated by a 10 s inter-
val, and the well was baited pseudorandomly on either the first or second
presentation.

The subjects were then given a performance test in which the delay
between the sample and choice phases increased to 30, 60, 120, and 600 s.
Monkeys received 100 trials (20 trials per session for 5 consecutive days)
at the 30, 60, and 120 s delays and 50 trials (5 trials per session for 10
consecutive days) at the 10 min delay. Monkeys remained inside the
WGTA at all times during testing, including the longest delays.

Behavioral data analysis. Multifactorial ANOVAs were used with
groups (three) for between-subjects comparisons and variables (with
repeated measures when appropriate) for within-subjects comparisons.
For all variables with repeated measures, degrees of freedom were cor-
rected with Huynh-Feldt �. Post hoc comparisons were performed using
a Tukey test. One-way ANOVAs or paired t tests were used to evaluate
within-group evolution of performance across testing conditions. A one-
sided t test was used to compare performance to chance level. Kruskal–
Wallis and Mann–Whitney U tests were used for analyses of all nonpara-
metric measures, including trials to criterion, for which the variance was
not homogeneous.

Histology
At the end of behavioral testing, the operated subjects were sedated and
given a lethal dose of sodium pentobarbital, then perfused intracardially
with 0.9% saline followed by 4% paraformaldehyde. The brains were
photographed, cryoprotected, and cut frozen at 50 �m in the coronal
plane. Every fifth section was mounted and stained with thionin to visu-
alize cell bodies. Histological sections were analyzed microscopically to
determine the extent of cell loss and presence of gliosis.

To assess lesion extent, histological sections were matched with digi-
tized drawings of coronal sections at 1 mm intervals through a normal
monkey brain. The extent of cell loss and gliosis on each section were
drawn on each coronal section of the normal monkey. Using Image
software (Scion, Frederick, MD), the extent of intended damage to the
cortical areas, as well as of unintended damage to adjacent structures, was
measured on each section, and the percentage of damage for each struc-
ture (compared with the normal brain) was calculated.

Results
Lesion evaluation
An extensive description and reproduction of areas TH/TF and
perirhinal damage has been published recently [see Nemanic et
al. (2004), their Figs. 4 – 6 for perirhinal damage and Figs. 7 and 8

Table 3. Transverse patterning training design

Phase 1 Phase 2 Phase 3 Transfera

Set 1 (1) A� versus B� (1) A� versus B� (1) A� versus B� (1) A� versus B�
(2) B� versus C� (2) B� versus C� (2) B� versus C�

(3) C� versus A� (3) C� versus X�
Set 2 (1) D� versus E� (1) D� versus E� (1) D� versus E� (1) D� versus E�

(2) E� versus F� (2) E� versus F� (2) E� versus F�
(3) F� versus D� (3) F� versus Y�

Problems trained concurrently in each phase. The problem set alternates every trial; however, which set begins each
session is determined randomly. Each object is rewarded equally often on the left and right wells. Data are repro-
duced with permission from Alvarado and Bachevalier (2004).
aOne possible example of the transfer set for a subject that could not solve phase 3.
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for TH/TF damage (reproduced as supplemental material, avail-
able at www.jneurosci.org)]. A brief summary of lesion extent for
each case is provided here.

TH/TF lesions
Summary of the extent of intended and unintended damage for
each case is given in Table 4 and Figure 1. Removals of areas
TH/TF were bilaterally extensive in cases TH/TF-2 and TH/TF-3,
reaching 90 and 88%, respectively. In the remaining case, the
removal was also bilaterally symmetrical but was less complete
(66%) because of sparing of the caudalmost portion of the para-
hippocampal areas. Except for 35% damage to the left subicular
complex in case TH/TF-2, inadvertent damage to temporal cor-
tical areas remained minimal (�10%) in this group.

Perirhinal lesions
Summary of the extent of intended and unintended damage for
each case is given in Table 5 and Figure 2. Briefly, damage to the
PRh was bilaterally extensive in all cases, ranging from 83 to 91%.
Unintended damage to the entorhinal cortex was moderate
(�30%) in all cases. Rostrally, the lesions involved the medial
part of polar area TG [i.e., the portion that has been proposed as
a rostral extension of PRh by Suzuki and Amaral (1994a,b)] in
cases PRh-3 and PRh-5 bilaterally and unilaterally in case PRh-2.
Laterally, inadvertent damage to visual area TE was minor
(�10%) in cases PRh-2, PRh-3, and PRh-4 but moderate
(�30%) in case PRh- 5. In the latter case, this damage extended
further laterally to include both banks of the superior temporal
sulcus. All cases sustained only minor damage (�10%) to para-
hippocampal areas TH and TF, but the hippocampal formation
was left intact. In addition, inspection of the silver impregnated
sections indicate that substantial damage to the white matter just
beneath the cortical lesion occurred in case PRh-5, although in
the other cases, mild inadvertent damage to the white matter
adjacent to the actual aspiration removal could have occurred but
cannot be appreciated from the histological material.

Transverse patterning
Pretraining
Results are reported for three subjects in group N and all subjects
in groups TH/TF and PRh (Table 1). All subjects learned the basic

task demands and the three pretraining discrimination problems.
At the end of training, group N had an average performance rate
of 100% correct, and group TH/TF performed at an average of
97% correct. Similarly, group PRh performed at 97% correct, on
average, for the three problems on the last session of pretraining,
although one subject, PRh-4, was given an extra training session
because she had learned two problems but was at chance for the
third one. After this extra session, this animal’s performance
reached 97% correct.

Training
The comparison of acquisition of the three phases of transverse
patterning was made between the three subjects in group N that
received training in phases (Table 1) and in all experimental sub-
jects. Because there was no effect of training set for either group
( p � 0.05), all results are presented collapsed across sets 1 and 2.
The average trials to criterion for each training phase and the
transfer phase are presented in Figure 3. Because there was very
little variance within the groups in each phase, and because the
training cap of 1005 trials skewed the distribution in the lesion
groups in phase 3, each phase was analyzed with the nonparamet-
ric Kruskal–Wallis test, rather than an ANOVA with phase as the
repeated measure.

Acquisition of phases 1 and 2 was identical for the three
groups. All animals reached the criterion on the first problem of
both training sets (32 trials, on average, for the three control
subjects, 39 trials for group PRh, and 33 trials for group TH/TF).
Performance in phase 2 was, likewise, equal across all groups, and
the average number of trials to criterion was 75 trials for group N,
83 trials for group TH/TF, and 82 trials for group PRh. A
Kruskal–Wallis analysis of the trials to reach the criterion in ei-
ther phase revealed no significant difference between groups
(phase 1: H(2) � 0.84, p � 0.05; phase 2: H(2) � 1.64, p � 0.05).

The transition to phase 3 impacted all groups, but not equally.
All animals in group N learned the six transverse patterning dis-
criminations, requiring 522 trials, on average, to reach the crite-
rion. In contrast, group TH/TF required 925 trials, and group
PRh required 944 trials, on average, to reach the criterion. Of the
two experimental groups, only case TH/TF-1 was able to solve
both sets of problems in 690 and 960 trials, respectively. One

Table 4. Intended and unintended damage in group TH/TF

Subjects

TH TF Total

L R Avg W L R Avg W L R Avg W

TH/TF-1 68 66 67 45 64 66 65 35 66.4 66 66.3 40.3
TH/TF-2 93 85 89 79 93 89 91 83 92.9 87 90.1 81
TH/TF-3 72 96 84 69 92 93 92 85 82 94 88 77
Average 78 82 80 65 83 83 83 68 80.5 82.5 81.5 66.1

CA1 Subicular complex ERh

Subjects L R Avg W L R Avg W L R Avg W

TH/TF-1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TH/TF-2 4.2 0.0 2.1 0.0 35.4 0.0 17.7 0.0 8.6 0.0 4.3 0.0
TH/TF-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Average 1.4 0.0 0.7 0.0 11.8 0.0 5.9 0.0 2.87 0.0 1.43 0.0

PRh TE TEO

Subjects L R Avg W L R Avg W L R Avg W

TH/TF-1 0.96 12.6 6.78 0.12 0.22 7.9 4.06 0.02 0.0 0.13 0.07 0.0
TH/TF-2 8.1 8.1 8.1 0.66 4.1 4.6 4.35 0.19 2.9 1.2 2.05 0.04
TH/TF-3 1.8 4.4 3.1 0.08 1.2 0.0 0.6 0.0 0.0 1.1 0.55 0.0
Average 3.62 8.37 5.99 0.29 1.84 4.17 3.00 0.07 0.97 0.81 0.89 0.01

Data are the estimated (percentage of normal) intended damage to cytoarchitectonic fields TH and TF (von Bonin and Bailey, 1947) and unintended damage to field CA1 of the hippocampus, the subicular complex, entorhinal area 28 (ERh),
perirhinal cortical areas 35 and 36 (PRh), and cytoarchitectonic fields TE and TEO (von Bonin and Bailey, 1947). L, Percentage of damage to the left hemisphere; R, percentage of damage to the right hemisphere; Avg, average of L and R; W,
W � (L � R)/100 (weighted index as defined by Hodos and Bobko, 1984). Data are presented with permission from Nemanic et al. (2004).
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subject in each group solved one set but failed to solve the second
(case TH/TF-2 required 885 trials, and case PRh-4 required 515
trials). Finally, one subject in group TH/TF and two subjects in
group PRh failed to solve both problem sets. Thus, although both
experimental groups solved the first two phases of transverse
patterning as rapidly as controls, they were impaired in phase 3 of
the transverse patterning task. This was confirmed by a Kruskal–
Wallis analysis of trials to criterion for phase 3 that revealed a
main effect of group that narrowly missed significance (H(2) �
5.61; p � 0.06), although each group differed from controls (U �
0.0 and p � 0.05 for group TH/TF; U � 0.0 and p � 0.046 for
group PRh).

Results for performance levels at the end of phase 3 include all
seven subjects in group N, because their phase 3 training was
identical after the blocked trials. Performance averaged over the
last 5 d of training (including 4 d of criterion, if achieved on those
days) and collapsed across the problem set (i.e., problem 1 refers
to the performance on the first discrimination problem averaged
across the two sets) is presented in Figure 4A. By the end of
training, all subjects in group N were performing above 80%
correct on the six transverse patterning discriminations. In con-
trast, groups TH/TF and PRh performed well below this level. To
better represent the performance patterns of each group across
the three problems of both sets, the performance scores of each
animal was ranked according to their best, intermediate, and
worst performance on both sets. Presented this way (Fig. 4B), it is
clear that group N was performing well on all problems, truly
indicating that they had solved the task. Subjects in group TH/TF
performed as well as controls on one problem, less well so on the
second, and near chance on the third. Similarly, group PRh per-
formed well on one problem, above chance on the second, but
near chance on the third.

The overall impairment of both lesion types was confirmed by
a two-way ANOVA of group � problem, with repeated measures
on the problem variable, that yielded a main effect of group
(F(2,11) � 0.219; p � 0.04), no effect of problem, but a group �
problem interaction (FHuynh-Feldt(4,22) � 3.51; p � 0.023). When
the data were analyzed by performance rank (best, intermediate,
worst) instead of problem, the ANOVA yielded a main effect of
rank (FHuynh-Feldt(2,22) � 79.05; p � 0.0001) and a group � rank
interaction (FHuynh-Feldt(4,22) � 6.72; p � 0.001) in addition to the
group main effect. Separate group analyses between group N and
each experimental group were conducted to further explore this
interaction. A comparison with group TH/TF yielded no main
effect of group (F(1,8) � 3.87; p � 0.05) but an effect of rank
(FHuynh-Feldt(2,16) � 38.63; p � 0.001) and a group � rank inter-
action (FHuynh-Feldt(2,16) � 7.63; p � 0.01). Univariate F tests
showed the group effect to be reliable at the intermediate rank
( p � 0.047) but just missed significance at the worst rank ( p �
0.06). A comparison between group N and group PRh yielded a
main effect of group (F(1,9) � 15.23; p � 0.004) and of rank
(FHuynh-Feldt(2,18) � 93.91; p � 0.001) and a group � rank inter-
action (FHuynh-Feldt(2,18) � 17.58; p � 0.001). Univariate F tests
revealed that, although the magnitude of group difference in-
creased across rank, the group difference was reliable at each rank
(all p � 0.01).

Transfer
Subjects that failed to reach the criterion on a particular set were
transferred to a linear version of that set (Table 3). For those
subjects that reached the criterion on a single set, they were
trained on the transfer set for the set that they failed to learn,
while concurrently continuing the transverse patterning set that

Figure 1. Intended lesion and surface reconstructions of actual damage for group TH/TF. For
detailed reconstruction on coronal sections and histological sections, see Nemanic et al. (2004),
their Figures 7 and 8 (reproduced as supplemental material, available at www.jneurosci.org).
Numerals on the right indicate the approximate distance in millimeters from the interaural
plane. amt, Anterior middle temporal sulcus; ERh, entorhinal cortex; pmt, posterior middle
temporal sulcus; rh, rhinal sulcus; ot, occipitotemporal sulcus; TE, TEO, TH, and TF, cytoarchitec-
tonic fields as described by von Bonin and Bailey (1974).
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was learned. Thus, subjects TH/TF-3, PRh-2, PRh-3, and PRh-5
were transferred on both sets, whereas subjects TH/TF-2 and
PRh-4 were transferred on only the unlearned set. Training for all
five subjects continued until they reached the criterion for each
set (whether transfer or transverse patterning).

As shown in Figure 3 (transfer), subjects in both groups
learned the new elemental discriminations quickly, reaching the
criterion in an average of 145 and 216 trials compared with their
training performance (925 and 923 trials for groups TH/TF and
PRh, respectively). Their improved performance at the end of the
transfer phase is further illustrated in Figure 4B (right). Com-
pared with their performance on transverse patterning, all sub-
jects performed at 80% correct or better, on average, on the three
problems.

DNML: acquisition and performance
The results for DNML are presented in Table 6 (left columns).
Comparisons for DNML were made between all cases in groups
TH/TF and N and in three subjects in group PRH (subject PRh-2
was not tested on this task). Comparison scores for performance
on DNMS at similar delays are presented in the right columns of
Table 6 [see Nemanic et al. (2004) for additional analysis of these
data]. Despite experience with DNMS, acquisition of the spatial
task was difficult for all groups. Group N required 551 trials to
reach the criterion (compared with 125 for DNMS), and two
subjects required correction-training trials beyond the 1000 trials
limit to reach the criterion. Group TH/TF required 953 trials, on
average (compared with 524 for DNMS). Furthermore, subjects

Figure 2. Intended lesion and surface reconstructions of actual damage for group PRh. For
detailed reconstruction on coronal sections and histology of a representative case, see Nemanic
et al. (2004), their Figures 4 – 6 (reproduced as supplemental material, available at www.
jneurosci.org). sts, Superior temporal sulcus. All other abbreviations are as in Figure 1.

Figure 3. Acquisition of transverse patterning phases 1–3 and transfer. Trials to criterion of
three subjects in group N who received phase training (filled bars), group PRh (gray bars), and
group TH/TF (open bars) are shown.

Table 5. Intended and unintended damage in group PRh

Subjects

PRh ERh TG

L R Avg W L R Avg W L R Avg W

PRh-2 82.3 83.8 83.1 69.0 4.3 11.7 8.0 0.5 0.0 31.7 15.9 0.0
PRh-3 95.2 82.4 88.8 78.4 18.7 13.1 15.9 2.45 22.4 23.3 22.9 5.22
PRh-4 92.8 90.1 91.5 83.6 15.6 15.2 15.4 2.37 0.0 0.0 0.0 0.0
PRh-5 94.9 85.6 84.0 81.2 21.3 33.6 27.5 7.16 35.5 29.2 32.4 10.4
Average 91.5 84.3 86.7 77.2 15.8 17.0 16.4 2.93 22.4 36.3 29.4 13.6

TE TH TF

Subjects L R Avg W L R Avg W L R Avg W

PRh-2 2.8 16.1 9.45 0.45 14.6 0.0 0.0 0.0 10.1 3.5 6.8 0.35
PRh-3 9.6 6.4 8.0 0.61 2.2 2.7 2.45 0.06 2.2 2.2 2.2 0.05
PRh-4 7.8 6.2 7.0 0.48 0.0 2.2 1.1 0.0 5.6 0.4 3.0 0.02
PRh-5 40.7 21.5 31.1 8.75 8.6 0.0 4.3 0.0 6.0 12.4 9.2 0.74
Average 16.0 21.8 18.9 4.32 5.08 0.98 3.03 0.01 6.14 5.26 5.7 0.34

Data are the estimated (percentage of control) intended damage to perirhinal cortical areas 35 and 36 (PRh) and unintended damage to adjacent cortical regions. Conventions are as in Table 3. Data are presented with permission from
Nemanic et al. (2004).
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TH/TF-1 and TH/TF-3 failed to reach the criterion within the
limits of training and were given correction-training sessions.
Even with that additional training, subject TH/TF-1 only reached
80% correct before moving on to delays, but subject TH/TF-3
never performed higher than chance, even after 500 additional
correction trials, and so was given a score of 56% (his highest
score after acquisition and correction) for all delays. Finally,
group PRh required 886 trials compared with 757 on DNMS, but
only case PRh-4 showed an increase in trials to criterion (Table
6). Subject PRh-3 required extra training beyond the training
limits. With this extra training, PRh-3 achieved 77% correct per-
formance before moving on to the delays. Although all subjects
found the task to be difficult, group N learned faster than either
lesion group (N vs TH/TF: Mann–Whitney U test � 2, p � 0.05;
N vs PRh: Mann–Whitney U test � 2, p � 0.05).

As shown in Table 6, performance for all groups declined
across delays, with group N performing the best of the three
groups. Performance of group TH/TF was consistently the lowest
and worsened as delays increased. With the exception of the 120 s
delay, group PRh performed like the control group. A group �
delay ANOVA with repeated measures for delay yielded a signif-
icant main effect of group (F(2,10) � 4.927; p � 0.03) and of delay
(FHuynh-Feldt(3,30) � 12.67; p � 0.0001) but no interaction. Further
examination of the group effect showed that only group TH/TF
differed from group N (Tukey test; p � 0.03), whereas the two
experimental groups did not differ from each other ( p � 0.05).

The pattern of performance across DNML delays for the two
experimental groups contrasts with that across the DNMS delays
(Table 6, right columns). Briefly, whereas group PRh performed
worse than group N at all delays of DNMS, group TH/TF per-
formed worse than group N only at the longest delay of this task.
This pattern of results was confirmed by a group � delay ANOVA
indicating a significant effect of group (F(2,10) � 11.27; p � 0.003)
and of delay (FHuynh-Feldt(3,30) � 22.74; p � 0.0001) as well as a
significant group � delay interaction (FHuynh-Feldt(6,30) � 6.43;
p � 0.003). Further exploration of the interaction indicated that
group PRh differed from group N at the 30, 120, and 600 s delays
and from group TH/TF at 600 s (Tukey test; all p � 0.05). In
contrast, group TH/TF differed from group N only at the 600 s
delay ( p � 0.05).

The overall comparison between groups on object versus lo-
cation recognition memory is summarized in Figure 5. Whereas
the location task was more difficult to learn for most subjects,
there was a dissociation of the effect of lesion on performance of
the two tasks. As revealed by the individual analyses above, group
PRh was impaired relative to controls on DNMS but not on
DNML. In contrast, group TH/TF was impaired relative to con-

trols on DNML but not on DNMS, except
at the longest delay. A dissociation be-
tween task performance and lesion type
was suggested by a comparison of overall
performance on the two tasks (collapsed
across the four delays). The ANOVA
yielded a significant main effect of group
(F(2,10) � 8.468; p � 0.007) and of task
(F(1,10) � 22.5; p � 0.001), as well as a
significant group � task interaction
(F(2,10) � 6.887; p � 0.013). Further ex-
ploration of the interaction (Tukey) re-
vealed that for DNMS, group N differed
from group PRh ( p � 0.002) but not from
TH/TF ( p � 0.05), and the overall differ-
ence between the experimental groups

narrowly missed significance ( p � 0.09). In contrast, group N
differed from group TH/TF on DNML ( p � 0.03) but not from
group PRh ( p � 0.05). However, the two experimental groups
did not differ from each other ( p � 0.05).

Comparisons between cortical versus hippocampal lesions
Areas TH/TF and PRh, respectively, are the last stages of the
“where” and “what” visual pathways, respectively, and convey
that information to the hippocampus. In the interest of discern-
ing whether these regions contribute differently to memory pro-
cesses, we now compare the results of the present study to those
recently obtained with selective hippocampal lesions (group H)
in a previous study (Alvarado and Bachevalier, 2005). As summa-
rized in Table 7, subjects in group H were impaired on phase 3 of
transverse patterning and showed a clear decline in performance
across the best, intermediate, and worst performance levels. They
were also impaired on both acquisition and performance of
DNML compared with controls as well as to their own perfor-
mance on DNMS (Nemanic et al., 2004; Alvarado and Bacheva-
lier, 2005). With respect to transverse patterning, all three lesions
impacted acquisition and performance. For group H, the degree
of impairment depended on the extent of the lesion, which
yielded no impairment in the case with the least damage, a partial
impairment in two others, and a complete impairment in the case
with the most extensive damage (Alvarado and Bachevalier,
2005). As a group, animals with TH/TF lesions were similar to
group H: one subject with the least damage solved both problems
(although he was impaired relative to controls), and one subject
solved a single set. Group PRh was the most uniformly impaired,
yet in this group also, a single subject solved one transverse pat-
terning set. Comparisons of acquisition or performance of trans-
verse patterning yielded no differences between the operated
groups (all p � 0.05). In contrast, comparisons of performance
across DNMS and DNML did yield some differences.

The performance of group TH/TF mirrored that of group H in
that the two groups did not differ from each other in performance
on either DNMS or DNML; however, group TH/TF did differ
from controls at 10 min on DNMS (Nemanic et al., 2004). In
contrast, performance of group PRh appears to differ from that of
group H on both tasks. Thus, group PRh was impaired relative to
groups H and N on DNMS. Furthermore, although both groups
PRh and H did not differ from each other on DNML, group PRh
did not differ from controls, but group H did. Confirming this
description, the main effect of group in a group � task � delay
ANOVA narrowly missed significance (F(3,13) � 2.94; p � 0.07).
There was, however, a main effect of task (F(1,3) � 47.2; p �
0.001) and of delay (FHuynh-Feldt(3,9) � 64.24; p � 0.001). Finally,

Figure 4. Performance of transverse patterning averaged across the last five training sessions. Group N includes all seven
subjects. A, Percentage of correct performance on each problem of transverse patterning, averaged across sets 1 and 2 (i.e.,
training problem 1 � averaged performance across the first 2 discriminations of each problem set). B, Left, Percentage of correct
performance plotted by problem rank (i.e., the best, intermediate, and worst performance levels averaged across the 2 sets). Right,
Performance as a function of problem rank on the transfer set of problems for groups TH/TF and PRh. Conventions are as in Figure 3.
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all interactions were reliable, including the three-way group �
task � delay interaction (FHuynh-Feldt(9,39) � 2.17; p � 0.04). Be-
cause delay was a significant interacting factor, additional com-
parisons were made at the longest delay of 10 min. Comparing
performance of the four groups on each task at this delay
yielded a main effect of group (F(3,13) � 6.57; p � 0.01) and of task
(F(3,13) � 10.39; p � 0.01) as well as a group � task interaction
(F(3,13) � 11.68; p � 0.001). Post hoc (Tukey) comparisons for

each task indicated that for DNMS, group PRh differed reliably
from controls and from group H ( p � 0.001 and p � 0.01,
respectively), but the comparison with group TH/TF did not
reach significance ( p � 0.09). For DNML, the pattern was re-
versed. Group PRh did not differ from controls ( p � 0.05) on
this task, whereas group H and group TH/TF did ( p � 0.039 and
p � 0.057, respectively). However, the difference between the
lesioned groups on this task was not significant ( p � 0.05 in all
cases).

Discussion
Damage to parahippocampal cortical areas TH and TF and to the
PRh produced memory impairments that differed in severity and
type. Damage to areas TH/TF had only a mild effect on the object
recognition DNMS task, mostly at the longest delay, whereas the
same cortical lesions severely affected performance on recogni-
tion for location (DNML). Conversely, damage to the PRh (areas
35 and 36) impaired performance on the DNMS but not on
DNML. Both lesions impaired acquisition and performance of
phase 3 of the transverse patterning problem, although the corti-
cal damage did not impact acquisition of phases 1 and 2 or the
transfer to a nonconfigural problem set. Thus, the results yielded
a dissociation between damage to the two cortical regions and
recognition memory for objects or places, but both regions con-
tributed to acquisition and performance of transverse patterning.
These results will be discussed in turn.

Recognition memory
The pattern of impairment after damage to the PRh and areas
TH/TF in the present study can clearly be related to their position
in the ventral and dorsal visual pathway, respectively [for a review
of these connections, see Lavenex and Amaral (2000) and
Lavenex et al. (2002, 2004)] (Ungerleider and Mishkin, 1982;
Blatt et al., 2003). These results agree with the well established
role of the PRh for object memory (Meunier et al., 1993; Murray
et al., 2000) and that of TH/TF for spatial memory in rats (Bucci
et al., 2000; Liu and Bilkey, 2002), monkeys (Nemanic and
Bachevalier, 2002; Málková and Mishkin, 2003), and humans
(Aguirre et al., 1998; Bohbot et al., 1998). However, Nemanic et
al. (2004) had already shown that damage to areas TH/TF im-
paired memory for objects at the longest delays. Furthermore, the
present findings showed that damage to both cortical areas im-

Table 6. Acquisition and performance of DNML and DNMS

Case

DNML acquisition Correction DNML delays DNMS delays

TTC ETC Percentage TTC ETC Percentage 30 s 60 s 120 s 600 s Avg 30 s 60 s 120 s 600 s Avg

N-1 510 101 91 79 68 70 66 70.8 90 84 88 82 86.0
N-2 1000 232 75 180 31 84 79 81 77 74 77.8 92 81 85 94 88.0
N-3 510 168 90 78 77 72 62 72.3 79 71 74 82 76.5
N-4 200 34 90 81 81 75 70 76.8 89 96 95 78 89.5
N-5 1000 286 87 120 15 90 84 83 79 84 82.5 89 86 90 86 87.8
N-6 480 89 90 88 80 82 70 80.0 99 96 95 94 96.0
N-7 160 25 90 79 78 78 78 78.3 93 97 97 88 93.8
Average 551.4 133.6 89.3 81.1 78.3 76.1 72.0 76.9 90.1 87.3 89.1 86.3 88.2
TH/TF-1 1000 255 79 200 36 86 75 78 58 54 66.3 87 86 85 74 83.0
TH/TF-2 860 217 90 78 73 73 60 71.0 82 84 85 76 81.8
TH/TF-3 1000 389 56 500 206 57 56 56 56 56 56.0 83 82 82 60 76.8
Average 953.3 287.0 74.7 69.7 69.0 62.3 56.7 64.4 84.0 84.0 84.0 70.0 80.5
PRh-3 1000 303 73 140 28 77 73 63 54 58 62.0 77 80 79 38 68.5
PRh-4 1000 207 92 83 80 71 66 75.0 81 79 80 64 76.0
PRh-5 660 188 90 75 83 68 78 76.0 77 67 69 44 64.3
Average 886.7 232.7 86.3 77.0 75.3 64.3 67.3 71.0 78.3 75.3 76.0 48.7 69.6

Scores are the number of trials (TTC) and errors (ETC) preceding the learning criterion in DNML and correction training and performance scores (percentage) obtained during the criterion run in DNML and correction training. The percentage
of correct responses over 100 trials for each extended delays of the DNML and DNMS is shown. The average is the mean percentage of correct responses across the four delays.

Figure 5. Performance on DNMS [data are from Nemanic et al. (2004)] and DNML,
collapsed across the four delays. Filled squares, Group N; gray triangles, group TH/TF; open
circles, group PRh.

Table 7. Comparison of cortical versus hippocampal damage

Group

Transverse patterning
Nonmatch-to-sample
(600 s)

Phase 3 Best Intermediate Worst Object Location

N 522 94.2 89.6 81.7 86.3 72.0
H 890 88.4 78.9 63.7 80.5 59.3
TH/TF 925 90.7 74.0 57.3 70.0 56.7
PRh 944 82.5 72.0 50.5 48.7 67.3

Data are the averaged group performances during transverse patterning and nonmatch-to-sample tasks. Scores are
expressed as trials-to-criterion for phase 3 and percentage of correct responses for all other measures.
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paired transverse patterning but not the transfer set, suggesting
that it is not only the type of information (e.g., object vs spatial)
but rather the cognitive demands of the task that will determine
the degree to which one area will be required for object memory.

Transverse patterning
The new finding that damage to TH/TF impairs a nonspatial
configural task, such as transverse patterning, is consistent with
recent neuroimaging data in humans indicating activation of
these cortical areas during recognition of familiar stimulus con-
figurations (Duzel et al., 2003). The dissociation between im-
paired performance on transverse patterning and spared perfor-
mance on the elemental transfer set, which differs by a single
stimulus and is identical in setting and response requirements,
cannot reflect differences in contextual or spatial processing as
such, nor can it reflect differences in item-based learning or
maintenance of working memory. Rather, the impairment could
reflect the inability to form or process conjunctive, configural, or
relational representations. For example, area TH/TF might play a
role in dissociating different configurations (spatial or nonspa-
tial) that can then lead to the appropriate response. Additionally,
damage to this region might disrupt communication between
area 46 in the dorsolateral prefrontal cortex and the medial tem-
poral lobe, which may affect performance of transverse pattern-
ing (M. C. Alvarado, J. Bachevalier, M. Mishkin, and L. Málková,
unpublished results) by affecting appropriate choice behavior
with respect to items within a configuration.

With regard to the PRh, the results from the transverse pat-
terning task suggest that the role of the PRh is not simply one of
object recognition memory. The poor performance on phase 3
after perirhinal lesions could be ameliorated by a change in the
task solution, which entailed the addition of a new object. Be-
cause the difference between phase 3 and the transfer set is
whether or not the task requires configural, relational, or con-
junctive representations, the pattern of results suggests that the
difficulty is in forming configural or relational representations.
This view is supported by previous results in monkeys suggesting
a role of the PRh in stimulus–stimulus associations (Murray et al.,
1993) and by a study showing a role for the entorhinal cortex in
relational representations (Buckmaster et al., 2004).

Another interpretation of the present findings is that the ef-
fects of perirhinal lesions on transverse patterning may be related
to levels of stimulus ambiguity. It has been suggested that the PRh
is important both for perception and memory, particularly when
“feature ambiguity” characterizes the task (Bussey et al., 2003). In
the transverse patterning task, the objects were perceptually dis-
tinct but had a high ambiguity with respect to reward, and the use
of conjunctive representations permits to disambiguate the
meaning of the individual stimuli and to guide correct behavior.
Thus, a high level of reward ambiguity could affect performance
after perirhinal lesions. Nevertheless, the same lesions had no
effect on the transfer discriminations, which also had two prob-
lems that shared ambiguous stimuli, but could be solved on the
basis of reward history because of the anchoring endpoints A and
X. In essence, our data suggest that the PRh contributes to the
formation of conjunctive or configural representations. Because
the objects comprising the transverse patterning and transfer sets
were highly discriminable, our data do not comment on the pro-
posed role of the PRh on perception (Buckley et al., 2001) or
resolving feature ambiguity (Bussey et al., 2003), except to agree
with the idea that complex discriminations of low-feature ambi-
guity did not require the PRh unless a specific mnemonic process
is required to solve the task.

Temporal cortical versus hippocampal damage
We have recently shown (Alvarado and Bachevalier, 2005) that
incomplete damage to the hippocampal formation produces a
lesion-size-dependent impairment on transverse patterning (Ta-
ble 7) as well as on recognition of locations. These results support
the view that the hippocampal formation is at the apex of a hier-
archy of cortical structures important in the processing and stor-
age of conjunctive representations that allow performance of spa-
tial and nonspatial configural/relational problems. That damage
to areas TH/TF or PRh also impairs transverse patterning could
indicate that the flow of information into the hippocampus has
been disrupted, or that storage mechanisms within each cortical
region have been altered, or that each of these areas contributes to
the processing of configural/relational information and so, when
damaged, will produce an impairment. The question becomes are
these three areas contributing equally to performance in this task,
or can they be dissociated in some ways on the basis of informa-
tion processing or storage? On one level, areas TH/TF and the
PRh are processing different aspects of visual information that
can be characterized as associations between object–place in the
case of TH/TF or associations between object– object (or object
identity) and between objects and their motivational significance
(Liu et al., 2000) in the case of PRh. The role of the hippocampus,
as several current views propose, is to bind this information together
to form a complete representation of an event. However, the degree
to which this encoding requires the hippocampus or can be solved by
cortical regions alone might depend on task parameters. For exam-
ple, the biconditional discrimination (AB�, CD�, BC�, AD�) is a
configural problem that can be solved by animals with fornix tran-
section (Saunders and Weiskrantz, 1989) or hippocampal damage
(Whishaw and Tomie, 1991). However, the monkeys with fornix
damage were at chance on a performance test that assessed whether
they had learned to respond to individual configurations, or whether
they had learned that the presence of feature A determines that a
response to B and not D is indicated (control animals had learned
these relationships). In contrast, damage to the PRh impairs the
biconditional discrimination (Buckley and Gaffan, 1998; Bussey et
al., 2002), suggesting that, in the absence of a functional hippocam-
pus, this region was able to support configural processing but not
pattern separation, a process that seems essential for good perfor-
mance on the task (cf. O’Reilly and Rudy, 2001). One could suggest
that the normal animal acquires two levels of information in trans-
verse patterning: the stimulus configurations themselves (perhaps as
a perceptual unit), which might engage the PRh, and information
about the relationships among the items or a conjunctive represen-
tation that preserves the identities of the individual items and how to
respond depending on their combination, which would engage or
require the hippocampal formation. If this were the case, it should be
possible to shift the balance of power between the PRh and the hip-
pocampus depending on perceptual nature of the stimulus configu-
rations and the demands of the task. As discussed earlier, we have
demonstrated that parahippocampal areas TH and TF also play a
role in configural tasks, but whether it takes the form of providing
relational information to the hippocampus, constructing configural
representations, storage, retrieval, or recognition of such represen-
tations has yet to be determined.

Conclusions
We have now shown that parahippocampal areas TH/TF, the
PRh, and the hippocampal formation contribute differently, but
cooperatively, to memory for objects, place, and inter-item rela-
tionships (Nemanic et al., 2004; Alvarado and Bachevalier, 2005;
present study). Although our results are consistent with a view of
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temporal lobe function that places the hippocampal formation at
the apex of information processing, they also highlight the im-
portant individual computations provided by cortical areas
within the flow of information that can, and most likely do, sup-
port normal memory performance.
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