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HIGHLIGHTS

Control animals showed weaker contextual memory after a context change.
Hippocampal lesions alter contextual memory.

Perirhinal cortex lesions alter contextual memory.

Parahippocampal lesions alter contextual memory.
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This study further investigated the specific contributions of the medial temporal lobe structures to contex-
tual recognition memory. Monkeys (Macaca mulatta) with either neurotoxic lesions of the hippocampus,
aspiration lesions of the perirhinal cortex and parahippocampal areas TH/TF, or sham operations were
tested on five conditions of a visual-paired comparison (VPC) task in which 3-dimensional objects were
presented over multicolored backgrounds. In two conditions (Conditions 1 and 2: Context-changes), the
sample object was presented on a new background during the retention tests, whereas in the three oth-
ers (Conditions 3-5: No-context-changes) the sample object was presented over its familiar background.
Novelty preference scores of control animals were weaker, but still significantly different from chance, in
the Context-changes conditions than on the No-context-changes conditions. Animals in the three exper-
imental groups showed strong preference for novelty on the No-context-change conditions, but weaker
novelty preference on the Context-change conditions than controls. Thus, animals in all three lesion
types had greater difficulty recognizing an object when its background was different from that used dur-
ing encoding. The data are consistent with the view that the hippocampal formation, areas TH/TF, and
perirhinal cortex contribute interactively to contextual memory processes.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction to-be-remembered item in an event, and as such, can vary sub-

stantially in its complexity. It can be as simple as the color of text

Context refers to the general information that is associated
with a specific stimulus at the time of encoding. It includes the
environment in which it occurs, the place where it is located
(spatial context) and the time during which it happens (tempo-
ral context). Thus, context can be anything associated with the
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on a word list, or as complex as the physical environment in which
learning took place. Several studies in humans have demonstrated a
decreased memory performance when context is changed between
encoding and retrieval after changing semantic [48,77,87,90], cue
specific [17,42,69,70,80,84], olfactory [13], auditory [37] or envi-
ronmental [12,27,82,84| contexts. Further, both rodent [19,21, 83]
and primate [73] studies have shown that, although animals are
able to recognize objects in a changed background context, recog-
nition memory was stronger when the familiar context was used in
the retrieval phase. Thus, as in humans, recognition memory pro-
cesses in animals are also modulated by memory for contextual
information.

The study of the neural substrates responsible for contextual
memory has received increased attention in the last decade as a
result of recent theoretical considerations of the role of the medial
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temporal lobe (MTL) structures in memory. There is general agree-
ment that, within the MTL, the hippocampus acts in concert with
the parahippocampal and perirhinal cortex to support recognition
memory. In this view, the hippocampus associates (or binds) con-
textual information from the parahippocampal cortex with object
representations from the perirhinal cortex, and encodes and main-
tains relationship among stimuli [18,20,25,26,58,88]. There exists
growing evidence to support the role of the hippocampus and
parahippocampal cortex in contextual memory, although the role
of the perirhinal is still debated.

Evidence of the role of the hippocampus in contextual memory
comes from both human and animal studies. Patients with amne-
sia resulting from either Korsakoff's syndrome or MTL damage
were not able to benefit from the use of temporal [71], seman-
tic [56] or visual [14] contextual cues during memory tasks and
showed impaired performance as compared to control subjects.
This impairment is also reported in patients with more selective
bilateral hippocampal lesions or with left unilateral hippocampal
damage [43,85,86]. The effect of context information on memory
performance is also exemplified in neuroimaging studies of normal
subjects indicating hippocampal activations during either recogni-
tion of contextual information associated with objects [8,79] and
with words [54], or after changes in context surrounding a stimulus
[22]. Similarly, fornix transections impaired memory performance
when stimuli were either complex naturalistic scenes [32,34], or
objects embedded in complex scenes [33],and hippocampal lesions
impaired recognition memory performance when a change of con-
text occurred between encoding and retrieval [24,45,60,73,75].
Impaired memory was also found in a contextual discrimination
task where the background context signaled the rewarded object
[78] and in a discrimination task for which the use of contex-
tual background information enhanced memory performance [23].
Hippocampal place fields and neuronal responses to task-relevant
stimuli are also highly sensitive to changes in the context, even
when the contexts are defined by abstract task demands rather
than the spatial geometry of the environment, suggesting that place
fields reflect a more general context processing function of the
hippocampus (for review see [47,53,81]). Finally, molecular acti-
vation studies revealed that initial introduction of rats into a novel
environment or in an environment different from that used in the
exploration phase increases c-fos activation or Arc mRNA levels
in the hippocampal formation [39,76,91]. Thus, there exists sub-
stantial evidence for a contribution of the hippocampus in forming
contextual memory representations.

Recent neuroimaging studies in humans have also implicated
the parahippocampal cortex in contextual memory either during
scene processing [29-31,46,61], object identification [4], inten-
tional retrieval of visual context information [40] or familiarity-
based recognition [41,55]. In addition, activations of the hippocam-
pus and parahippocampal cortex have been reported in humans
during binding operations between objects and context [38]. More
recently, Howard et al. (2011) provided compelling evidence that
the parahippocampal cortex supports neural representations of the
global context within which events occur, whereas the hippocam-
pus plays a more specific role in the rapid creation of item-context
bindings. Similarly, animal lesion studies have demonstrated that
the postrhinal cortex in rodents (homologous to the parahip-
pocampal cortex in primates; [9]) is critical for learning about the
within-scene position or context [24,65]. Finally, molecular acti-
vation studies in rodents revealed elevated c-fos in the postrhinal
cortex when the environmental context was changed between
study and test [91]. Thus, there is a growing support for a role of
the parahippocampal cortex in contextual recognition memory.

Studies investigating the contribution of the perirhinal cortex in
contextual recognition memory have given contradictory results.
For example, damage to the perirhinal cortex in monkeys impaired

the learning of complex scenes [33] and object identification when
the objects were embedded in complex scenes [7]. In contrast,
using a spontaneous object recognition paradigm, Norman and
Eacott [65] reported that animals with perirhinal cortex were unim-
paired on memory for object in context. Similarly, changing the
environment between study and test in a recognition task did
not lead to any change in c-fos activation in the perirhinal cor-
tex [91]. Thus, the evidence so far suggests that the hippocampus
and parahippocampal cortex, but not the perirhinal cortex, may be
more importantly involved in contextual memory processes. Nev-
ertheless, one shortcoming of these process-specific dissociations
from animal studies is that they are mostly derived from comparing
findings across studies that varied widely in the specific struc-
tures damaged (some compared perirhinal/hippocampus, others
compared hippocampus/parahippocampal cortex) and the types
of behavioral paradigms used to assess memory (problem-solving
task versus incidental memory task). Furthermore, extent of dam-
age could also be a potential confounding factor. For example, in our
earlier studies [73] using a visual paired-comparison task in which
backgrounds onto which objects were presented changed between
encoding and retrieval, animals with neonatal hippocampal lesions
showed a significant decrease in novelty preference as compared
to controls; however, the hippocampal lesions were performed by
aspiration procedures and extended to include the parahippocam-
pal cortex, such that the effects of lesions on memory performance
could not be solely ascribed to the hippocampal damage.

Thus, the aim of the present study was to directly compare the
effects of selective damage to the hippocampus, parahippocampal
cortex, and perirhinal cortex in monkeys on contextual memory
using an incidental recognition memory task. The visual paired-
comparison (VPC) task was modified so that the backgrounds onto
which objects were presented were changed between the familiar-
ization (or encoding) phase and the retention (or retrieval) phase.

2. Method
2.1. Subjects

Subjects were eighteen rhesus monkeys (Macaca mulatta) of
both sexes. Six monkeys (all male) received selective ibotenic acid
lesions of the hippocampal formation (Group H), three monkeys
(1 male and 2 females) received aspiration lesions of the perirhi-
nal cortex (Group PRh), three (3 males) received aspiration lesions
of areas TH/TF of the parahippocampal gyrus (Group TH/TF) and
six (all male) were sham-operated controls (Group C). Subjects
weighed 5-12 kg and were aged 3-12 years at the time of testing.
They were housed individually, fed ad libitum Purina Monkey Chow
and water, and were maintained on a 12-h light:12-h dark cycle.
Monkeys were given multi-vitamins daily and fresh fruit weekly.
There were no food or water manipulations.

Monkeys in Groups PRh and TH/TF were tested on Transverse
Patterning, Object VPC, Spatial VPC, DNMS and dDNMS before
beginning the present experiment [2,3,64]. Monkeys in Groups H
and C were tested on social behavior and food preference [49-51]
before beginning the present experiment.

2.2. Neuroimaging and surgical procedures

All procedures were approved by the Committee on Labora-
tory Animal Welfare of the University of Texas Health Science
Center at Houston. MR imaging procedures were performed while
the animals were sedated with ketamine/xylazine (7:3 mixture of
Ketamine hydrochloride, 100 mg/ml, and Xylazine, 20 mg/ml, i.m.)
and their head secured in a non-ferromagnetic stereotaxic appa-
ratus (Crist Instruments Co., Inc., Damascus, MD). Measurements
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