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The Neurophysiology of Memory
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ABSTRACT: How do the structures of the medial temporal lobe contribute to
memory? To address this question, we examine the neurophysiological corre-
lates of both recognition and associative memory in the medial temporal lobe
of humans, monkeys, and rats. These cross-species comparisons show that the
patterns of mnemonic activity observed throughout the medial temporal lobe
are largely conserved across species. Moreover, these findings show that neu-
rons in each of the medial temporal lobe areas can perform both similar as well
as distinctive mnemonic functions. In some cases, similar patterns of mnemonic
activity are observed across all structures of the medial temporal lobe. In the
majority of cases, however, the hippocampal formation and surrounding cortex
signal mnemonic information in distinct, but complementary ways.

INTRODUCTION

The landmark study of the amnesic patient H.M. first showed that bilateral dam-
age to the medial temporal lobe severely impairs the ability to form and retain new
long-term declarative memories (i.e., memories for facts and events).1 Since that de-
scription, the development of animal models of medial temporal lobe amnesia in both
monkeys and rats, together with detailed neuroanatomical studies of this region, have
helped identify the individual areas important for normal declarative memory.2,3

These structures include the hippocampal formation (defined here as the dentate gy-
rus, areas CA3, CA1, and the subiculum) and the entorhinal, perirhinal, and parahip-
pocampal cortices. While these studies have contributed substantially to our
understanding of the brain basis of memory, neuropsychological studies on brain-
damaged patients or experimental animals can provide only indirect insights into the
specific patterns of neural activity that allow us to form and retain new long-term de-
clarative memories. Instead, characterizations of behavior-related neural activity of-
fer the most direct insight into the neural processes that underlie memory. How do
medial temporal lobe neurons signal the acquisition, retention, or recall of a partic-
ular stimulus, fact, or event? Do neurons throughout the medial temporal lobe signal
memory in a similar way or are different regions of the medial temporal lobe spe-
cialized for different aspects of memory? Findings from neurophysiological studies
in monkeys, rats, and humans have begun to provide answers to these questions.
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Although the neurophysiological correlates of memory in rats and monkeys have
been studied for over 20 years, early comparisons in the two species provided few
points of contact. Comparisons in the two species were limited by an emphasis on
studies of spatial learning in rats and by a focus on visual recognition memory in
monkeys. More recently, however, a broader range of tasks, especially those de-
signed for rats, has allowed more direct comparisons of the patterns of neural re-
sponses both across species and across different medial temporal lobe areas.

These comparative neurophysiological findings make two main points. First, the
mnemonic signals observed throughout the medial temporal lobe are largely con-
served across species. Second, neurons throughout the medial temporal lobe can per-
form both similar as well as distinctive mnemonic functions that usually operate
cooperatively in signaling declarative memory. In most cases, the hippocampal for-
mation and surrounding cortex signal mnemonic information in different but com-
plementary ways. New evidence indicates that in some situations the same
recognition memory signals are apparent throughout the medial temporal lobe.

In this chapter, we review the neurophysiological findings that address these two
main points. We focus on findings from neurophysiological studies of recognition
and associative memory in both monkeys and rats. We also discuss relevant findings
from studies on neuronal activity and functional imaging in humans. These mne-
monic signals can be further illuminated by considering the patterns of parallel and
serial connections between the structures of the medial temporal lobe. Thus, we be-
gin with a brief overview of the neuroanatomical organization of this region.

ANATOMY OF THE MEDIAL TEMPORAL LOBE

A large body of tract tracing studies in monkeys and rats have provided detailed
information about the neuroanatomical organization of the medial temporal lobe.4–

11 Although some notable differences exist in the details of the cortical and subcor-
tical connections of these structures across species, the general principles of organi-
zation of medial temporal lobe connections are highly conserved.

FIGURE 1 illustrates two major organizing principles of the medial temporal lobe.
First, the connections of the medial temporal lobe are organized in a hierarchy of in-
creasing amounts of sensory convergence. At the lowest “rung” of the hierarchy are
the perirhinal (areas 35 and 36) and parahippocampal (areas TH and TF) cortices.
The parahippocampal cortex in monkeys and humans is considered homologous to
the postrhinal cortex in rats.12 The perirhinal and parahippocampal/postrhinal corti-
ces are distinguished by receiving not only inputs from other higher order associa-
tion areas (including regions of the prefrontal cortex and other polymodal areas
within the temporal and parietal lobes), but also unimodal sensory input from visual,
somatosensory, olfactory, and auditory association areas. Although the perirhinal
and parahippocampal/postrhinal cortices in monkeys and rats receive a similar con-
vergence of unimodal sensory inputs, the two species differ in the relative propor-
tions of the various sensory modalities they receive. For example, the perirhinal
cortex in monkeys receives the strongest projections from visual area TE, reflecting
the prominent role of visual information processing in this species. By contrast, the
perirhinal cortex of rats receives a more even distribution of information from visual,
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FIGURE 1. Summary of the sensory connections and interconnections of the structures
of the medial temporal lobe. The lower half of the figure illustrates the pattern and relative
strength of projections from various unimodal and polymodal sensory areas to the perirhinal
cortex, parahippocampal/postrhinal cortex, and entorhinal cortex. Projections in the monkey
are shown in black and the projections in rats are shown in gray. The thickness of the lines
corresponds to the relative strength of the projections, where the thickest line represents ap-
proximately 30% of all cortical inputs or higher, the medium thick line represents between ap-
proximately 10 and 29% of projections, and the thinnest line represents less than 10% of
inputs. All projections between the perirhinal, parahippocampal/postrhinal, entorhinal, and
hippocampus are similar in monkey and in rats and are shown in black (except for one instance
described in the text). All projections are reciprocal except those between subfields of the hip-
pocampus, which are denoted with an arrowhead. Quantitative estimates for monkey data
were taken from Suzuki et al.18 and those from the rat were taken from Burwell et al.12 
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somatosensory, as well as auditory and olfactory areas, reflecting the more promi-
nent role of these other sensory modalities in this species. This difference across spe-
cies can be appreciated by comparing the patterns of cortical inputs to the perirhinal
cortex in monkeys (black lines) to those in rats (gray lines) in the lower portion of
FIGURE 1. Projections from other unimodal and polymodal sensory areas to the para-
hippocampal cortex in monkeys and the postrhinal cortex in rats are roughly similar.

The perirhinal and parahippocampal/postrhinal cortices then provide the major
input to the next “rung” of the hierarchy, the entorhinal cortex. A second notable dif-
ference between monkeys and rats is the organization of the direct olfactory inputs
to the entorhinal cortex. In monkeys, for example, the entorhinal cortex receives only
a small direct projection from olfactory areas.13 The entorhinal cortex in rats is dis-
tinguished by receiving more extensive olfactory inputs.11,14 Consistent with these
differences in the pattern and strength of visual and olfactory inputs to the medial
temporal lobe, behavioral studies of memory in monkeys have most often used visu-
al stimuli, whereas studies in rats have commonly used olfactory stimuli.

The entorhinal cortex then provides the major cortical input to the hippocampal
formation via a series of well-described serial and parallel projections.15 In addition
to the prominent projections from the entorhinal cortex to various components of the
hippocampal formation, there is also a direct, though weaker, projection from both
the perirhinal and parahippocampal cortices to the CA1/subicular border region in
monkeys.16 In rats, while evidence indicates that the perirhinal cortex provides a
similar direct projection to both area CA1 and the subiculum,12 postrhinal projec-
tions terminate only in the subiculum (Naber and Witter, personal communication).

A second prominent feature of the connections of the medial temporal lobe is that
all projections (except those between the different subregions of the hippocampal
formation) are strongly reciprocal. For example, the perirhinal and parahippocampal
cortices not only have strong and reciprocal connections with the entorhinal cortex,
but also have weaker interconnections with the CA1/subicular border region. Thus,
the medial temporal lobe is made up of a complex series of both serial and parallel
projections in which any level of the hierarchy has either direct or indirect access to
all other levels of the system.

What do these neuroanatomical data tell us about the functional organization of
these structures? These data make at least two predictions. On the one hand, the fact
that each of these structures differs markedly in the amount and content of conver-
gent cortical input suggests that each area may be able to process or combine infor-
mation to encode, store, or retrieve memory in different ways. This view suggests
that each area may be characterized by distinct patterns of mnemonic activity. On the
other hand, the strong parallel projections from the perirhinal and parahippocampal/
postrhinal cortices to both the entorhinal cortex and area CA1 suggest that neurons
in all of these regions have access to similar kinds of sensory/mnemonic informa-
tion. This raises the possibility that in certain situations, each of these structures may
encode or store memory in similar ways. The available neurophysiological data sup-
port both functional predictions. For example, evidence is strong that the hippocam-
pal formation combines information in memory in ways not observed in the adjacent
cortex. In other situations, similar patterns of mnemonic activity have been observed
across many medial temporal lobe structures. These patterns of mnemonic activity
will be described in greater detail below.
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NEURAL SIGNALS OF RECOGNITION MEMORY

Perhaps the largest body of work on the neurophysiology of memory has been done
using variants of the delayed match to sample task. This classic task of recognition
memory typically consists of three phases. First, a to-be-remembered sample stimulus
is presented. The sample stimulus is then followed by a delay period and finally by a
“test” or recognition phase in which one or more items are presented. Animals are re-
warded for responding to either the stimulus that matches the sample (delayed match
to sample) or the stimulus that does not match the sample (delayed nonmatch to sam-
ple). Another commonly used version of this task is the “continuous” delayed non-
match to sample task.17 In this task, stimuli are presented to the animal sequentially,
separated by delay intervals. Animals are rewarded for responding if the stimulus is
different from the preceding stimulus. In this version of the task, each stimulus is both
the sample for the following item and the test stimulus for the preceding item. Other
variations of the task include the use of either highly familiar or novel stimuli, the use
of varying numbers of “test” stimuli presented between the sample stimulus and the
final match, or variations in the length of the delay intervals used.

How do medial temporal lobe neurons signal recognition memory? To approach
this question, it is useful to ask what the animal must do to solve a typical recogni-
tion memory task. To perform such a task, the animal must first successfully discrim-
inate between the stimuli being used. Second, the animal must maintain a
representation of the to-be-remembered sample stimulus throughout the trial includ-
ing during the delay interval(s). Third, the animal must determine whether the cur-
rent “test” stimulus matches the stimulus held in memory. Neurons throughout the
medial temporal lobe exhibit firing properties consistent with each of these three key
task requirements. The most extensively characterized medial temporal lobe regions
have been the perirhinal and the entorhinal cortices. We begin with a description of
the recognition memory signals observed in these cortical areas. The patterns of neu-
ral activity underlying each of the three recognition task requirements just outlined
will be discussed in turn. We will then compare the patterns of activity observed in
the perirhinal and entorhinal cortices to the patterns seen in the hippocampal forma-
tion. Much less is known about the patterns of mnemonic activity in the parahippoc-
ampal/postrhinal cortex, and therefore this region will not be discussed.

Recognition Memory in Perirhinal and Entorhinal Cortices

An important requirement to solve any recognition memory task is the ability to
discriminate between the different sensory stimuli being shown. A defining charac-
teristic of neurons throughout the entorhinal and perirhinal cortices of rats and mon-
keys is that they respond with a high firing rate to certain sensory stimuli and not to
others (i.e., sensory-selective response). For example, in monkeys, 47% of the visu-
ally responsive neurons in the entorhinal cortex18 and 94% of the visually responsive
neurons in the perirhinal cortex19 respond selectively to particular visual stimuli. In
rats, 35% of the sampled lateral entorhinal neurons and 11% of the sampled perirhi-
nal neurons exhibit odor-specific firing properties.20 Visually responsive neurons
have been reported in the rat perirhinal and entorhinal cortices,21 although the selec-
tivity of these responses has not been extensively characterized.
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A second requirement of a typical recognition memory task is the ability to main-
tain the representation of the to-be-remembered sample stimulus throughout the du-
ration of the trial including the delay interval. Consistent with this task requirement,
some neurons in the perirhinal and entorhinal cortices either sustain or reactivate
their stimulus-selective response for the to-be-remembered sample stimulus during
the delay interval. For example, in rats, some neurons in the perirhinal and entorhinal
cortices respond robustly during the delay interval of a delayed nonmatching to sam-
ple task if the to-be- remembered stimulus is one particular odor (i.e., odor A), but
not if it is any other odor from a set of alternative stimuli.20 Other cells in these same
areas appear to reactivate their selective response only at the very end of the delay
period immediately before the choice phase of the task.20 In monkeys, some perirhi-
nal or entorhinal neurons exhibit stimulus-selective activity during the delay period
that begins immediately following the sample stimulus of a delayed match to sample
task.18,22 In the entorhinal cortex, this selective activity was maintained in the delay
intervals following multiple intervening test stimuli.18 By contrast, selective delay
activity in the perirhinal cortex was disrupted by the presentation of even a single
intervening stimulus.22 The effect of intervening stimuli on the selective delay activ-
ity in the perirhinal or entorhinal cortices of rats has not been examined.

A third requirement of a typical delayed match to sample task is the ability to de-
termine if the current stimulus matches or does not match the stimulus held in mem-
ory. In other words, is a neuron’s response to a particular stimulus influenced by
whether that stimulus is held in memory or not? To address this question, compari-
sons have been made between the response of a neuron to its preferred stimulus
when it was presented as a match and the response to the same stimulus when it was
presented as a nonmatch in other trials.18–20 Importantly, the physical characteristics
of the stimulus were identical in both the “match” and the “nonmatch” conditions.
The only difference between the two stimulus presentations was that in the match
condition (and not in the nonmatch condition), the animals carried a memory of hav-
ing seen the stimulus at the beginning of the trial. This analysis showed that neurons
in the entorhinal and perirhinal cortices signaled the occurrence of a matching stim-
ulus with either a suppressed (decreased) or an enhanced (increased) response.
These so-called match-suppression or match-enhancement signals convey informa-
tion about the previous occurrence of a particular stimulus on a given trial. The
match-suppression response cannot be explained by sensory fatigue or habituation,
because the suppression disappears when the same stimulus is shown as a sample on
the following trial.19 The match-suppression or match-enhancement effects occurred
very early in the sensory response and well before the animal's behavioral response,
suggesting that these suppressed or enhanced sensory signals could be used by the
animals to perform the task.

Studies conducted in the entorhinal and perirhinal cortex in both monkeys and
rats typically find varying proportions of neurons with selectively suppressed or en-
hanced responses.18,19,23–26 In general, more neurons tend to respond to a repeated
stimulus with a suppressed response. One intriguing question concerns which fac-
tors determine whether a neuron signals a remembered stimulus with an enhanced or
a suppressed response. One study found that a seemingly minor change in the task
demands resulted in a significant shift in the ratio of enhanced versus suppressed re-
sponses observed in the perirhinal cortex.25 This study compared the pattern of neu-
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ral activity in two different versions of a delayed match to sample task. In the
“standard” version of the task, a sample stimulus was followed by a variable number
of unique “nonmatching” test items, and the animals were required to respond to the
repetition of the sample stimulus (i.e., the match). If A, B, and C refer to different
visual stimuli, a typical trial in the standard version of the task would be
A…B…C…A. The animals were always rewarded for responding to the second A,
and none of the intervening “test” stimuli (i.e., B and C) were ever repeated. In the
second version of the task, the sample stimulus was also followed by a variable num-
ber of nonmatching test items, but in this case the nonmatching test items could also
repeat. This was termed the “ABBA” version of the task, where BB refers to the re-
peated nonmatch. In this version of the task, the animals had to learn to ignore the
repeated nonmatch and respond only when the sample was repeated. Match suppres-
sion and match enhancement were observed as animals performed both versions of
the task. However, the proportion of neurons exhibiting match enhancement was
substantially higher during performance of the ABBA version of the task compared
to the standard version. Moreover, an important difference was noted in the pattern
of responses of the match-suppression and match-enhancement neurons on the
ABBA version of the task. That is, neurons exhibiting match suppression showed
suppressed responses to any repeated stimulus including the repeated nonmatch. By
contrast, the match-enhancement neurons were enhanced only when the behavioral-
ly relevant stimulus was repeated. Thus, match enhancement may represent an “ac-
tive” form of working or recognition memory that is associated with signaling the
behaviorally relevant stimulus.25

If match enhancement signals active or working memory, then what does match
suppression represent? One possibility is that match suppression also represents a
form of active memory in that it resets between trials of the standard version of the
DMS task.19 This recognition memory signal may be used in situations different
from those that engage the match-enhancement signal. An alternative possibility,
however, is that match suppression does not reflect a form of active memory, but in-
stead reflects a passive or implicit form of memory. Priming is one possible candi-
date. Priming is defined as an improvement in the ability to detect or identify stimuli
as the result of previous experience with the stimuli. The improvement in perfor-
mance is observed independent of whether subjects are consciously aware of the
learning experience (i.e., it is a form of implicit memory). Consistent with the idea
that match suppression may be associated with a priming-like memory signal, func-
tional imaging studies have shown that priming is associated with decreased brain
activation.27,28 Although many forms of priming are intact following medial tempo-
ral lobe lesions, a recent study showed that one form of implicit memory was im-
paired in patients with medial temporal lobe amnesia.29 This finding raises the
possibility that the medial temporal lobe can participate in certain forms of priming
or implicit memory. If match suppression was a form of implicit or unconscious
memory, one would expect the mnemonic signal to occur with any repeated stimulus
irrespective of whether the animal consciously recognized the stimulus as familiar
or repeated (i.e., whether the animal got the trial correct or not). On the other hand,
if match suppression represents a more active or “conscious” form of memory, the
prediction would be that match suppression should be robust on correct trials and di-
minished on error trials. Unfortunately, this prediction has not been extensively test-
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ed, because animals typically perform these recognition tasks at very high levels of
accuracy. Therefore, few if any error trials have been available for analysis. Addi-
tional studies are needed to examine the relationship between match suppression,
match enhancement, and conscious or unconscious forms of memory.

While the studies just described used familiar sets of stimuli to test recognition
memory, robust patterns of match suppression are also observed when novel visual
stimuli are used. In general, neurons in the entorhinal and perirhinal cortex respond
with their highest firing rate to particular novel (or rarely seen) stimuli, and these
stimulus-selective responses continue to diminish gradually as the novel stimulus
becomes more familiar with repeated exposure. For some neurons, the firing rate is
suppressed when the novel stimulus is repeated, even after a delay interval of
24 hours.24,26 This pattern of activity (referred to as the familiarity effect) is seen as
animals passively view repeated stimuli24 or when animals perform a simple novel/
familiar discrimination task.26 This kind of robust stimulus-selective response sup-
pression could be used to perform one widely used recognition memory task in
which novel or rarely seen objects are used for each trial (i.e., the trial unique version
of the delayed nonmatching to sample task). Performance of the trial-unique version
of the delayed nonmatching to sample task is impaired in monkeys following lesions
that include the perirhinal and entorhinal cortices.30–32

Recognition Memory in the Hippocampal Formation

Early neurophysiological studies of recognition memory in the hippocampal for-
mation of rats and monkeys reported no evidence of the stimulus-selective recogni-
tion signals just described for perirhinal and entorhinal neurons. Recordings in the
monkey hippocampal formation tended to include neurons throughout the dentate
gyrus, CA3, CA1, and the subiculum,23,26,33–35 whereas recordings in rats tended to
be limited to area CA1.17,36,37 Although the neurons of the hippocampal formation
do not convey robust stimulus-selective recognition signals, they do indeed signal
mnemonic information during the performance of various recognition memory
tasks. The nature of these mnemonic signals, however, is distinctly different from the
patterns of activity typically observed in the adjacent cortex. Two different kinds of
memory signals have been described in the hippocampal formation. First, some neu-
rons in this region respond differentially to stimuli when they are shown as matches
compared to when the same stimuli are shown as nonmatches (15 of 120 or 12.5%
of the responsive neurons).17 Unlike neurons in the entorhinal or perirhinal cortex
that signal this match-nonmatch difference for particular stimuli (i.e., stimulus-se-
lective match-nonmatch responses), neurons in the hippocampal formation signaled
this match-nonmatch difference for all stimuli.17 This pattern of activity has been re-
ferred to as an “abstracted” recognition signal in the sense that these hippocampal
neurons do not convey specific information about particular stimuli but, instead, ap-
pear to signal the outcome of the match-nonmatch comparison (i.e., the answer) for
all stimuli. Importantly, control experiments showed that these abstracted match-
nonmatch signals could be clearly dissociated from activity related to the behavioral
(i.e., motor) response the animals made.17 Like the selective match-suppression and
match-enhancement cells observed in the cortex, these abstracted match-nonmatch
signals observed in the hippocampus could be used by the animal to signal stimulus
recognition. Although direct comparisons are difficult because of differences in
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analyses, similar patterns of activity have also been described in other studies of rec-
ognition memory in monkeys.35,36

A second pattern of mnemonic activity was observed in hippocampal (areas CA3
and CA1) neurons as rats performed an olfactory recognition task (continuous de-
layed nonmatching to sample) in which odors were presented in cups of odorized
sand at many different locations on an open platform.37 Animals learned to dig in a
cup of odorized sand to retrieve a food reward if the odor did not match the previous
sample stimulus. If the odor matched the previous sample, no reward was present
and the rats learned to turn away from the cup. The location of the odor presentation
changed on each trial but did not predict whether the trial was a nonmatch or a
match. All recordings in this study were limited to areas CA1 and CA3 of the hip-
pocampus. Consistent with the study described above, some neurons signaled the
match-nonmatch status of an odor irrespective of the odor identity (“abstracted”
match-nonmatch signal; 13 of 91 or 14% of the responsive neurons). A second sub-
set of neurons in this task signaled the abstracted match-nonmatch signals in con-
junction either with the position in which it occurred (18 of 91 or 20% of the
responsive neurons) or with both position as well as odor identity (4 of 91 or 4%).
The pattern of activity exhibited by the second subset of neurons has been referred
to as “conjunctive coding” and can be considered a form of associative memory (see
below). Similar patterns of conjunctive coding in hippocampal neurons were also re-
ported by Hampson et al.38 in a spatial delayed match to sample task and by Wiebe
and Staubli39 in an olfactory delayed nonmatching to sample task. Conjunctive cod-
ing neurons in the hippocampal formation that carry abstract information about the
match-nonmatch status of a stimulus could also be used by the animal to perform a
recognition memory task. Conjunctive coding is consistent with a recently outlined
theoretical framework in which hippocampal activity is characterized as reflecting a
sequence of episodic representations including the many complex conjunctions or
associations unique to a particular episode.40

Although the majority of neurons in the hippocampal formation signal recogni-
tion memory either with the abstracted match-nonmatch signal or in conjunction
with other aspects of the task, two recent studies37,39 report a small number of stim-
ulus-selective match-suppression or match-enhancement neurons in the rat hippoc-
ampal formation. Although these neurons were a minority, these findings suggest
that in certain situations, hippocampal neurons can also signal “cortex-like” recog-
nition memory signals. This kind of selective recognition memory signal has also
been observed in the human hippocampus (see below). In no case has selective delay
activity been reported in the hippocampal formation.

Contrasting Recognition Memory Signals in Cortex and Hippocampal Formation

The neurophysiological data described herein show that the entorhinal and per-
irhinal cortex, on the one hand, and the hippocampal formation, on the other, both
signal recognition memory in different but complementary ways. The patterns of
mnemonic activity observed in the entorhinal and perirhinal cortices can be summa-
rized by two general principles. First, some cortical neurons signal recognition
memory by either suppressing or enhancing their sensory-selective responses. Thus,
if a neuron responds selectively to odor A, it might signal the repetition of odor A
(i.e., a “match”) with an enhanced response. Second, neurons in these cortical medi-
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al temporal lobe areas signal memory by sustaining or reactivating their activity in
the delay period associated with a remembered stimulus. Thus, an entorhinal neuron
might respond with an increased firing rate in the delay interval when odor A was
presented as the sample, but not if any other odor was presented as the sample.

In contrast to the stimulus-selective recognition signals observed in cortex, neu-
rons of the hippocampal formation convey abstracted recognition memory signals.
For example, hippocampal neurons might signal any matching stimulus with a sig-
nificantly enhanced or suppressed response. In other cases, hippocampal neurons
signal stimulus recognition in conjunction with other aspects or elements of the task
(i.e., conjunctive coding). It has been suggested that conjunctive coding may repre-
sent elements of unique episodes held in memory (e.g., an odor sampled in a partic-
ular place).40 By this account, the “abstract” representations may provide access to
all the episodic memories that include that abstraction. Thus, cells whose activity re-
flects, for example, a nonmatch, may provide a link to recent episodic memories of
nonmatch trials. The more abstracted or conjunctive nature of the signal in the hip-
pocampal formation compared to the cortex can be understood in terms of the con-
nectivity of these areas. Whereas the cortex has prominent access to unimodal
sensory information, the hippocampus is characterized by receiving input from other
polymodal association areas. The hippocampus is in a privileged position to either
combine the stimulus-selective mnemonic information in cortex into more complex
conjunctions or to abstract, from the stimulus-selective information, a more general
“output” signal. In certain task situations, a small number of neurons in the hippoc-
ampal formation signal the stimulus-selective match suppression or match enhance-
ment similar to that observed in the entorhinal or perirhinal cortex. These “cortex-
like” recognition signals may be conveyed via the direct projections from both the
perirhinal and the entorhinal cortices to area CA1. Taken together, these findings
suggest that all these medial temporal lobe areas work cooperatively to signal many
forms of recognition memory.

Recognition Memory Signals in the Human Medial Temporal Lobe

While the majority of the information concerning neuronal activity in the medial
temporal lobe during memory tasks comes from experimental studies in animals,
there are also relevant data from the human literature. For example, a single unit
physiology study in human neurological patients reported prominent recognition
signals in the hippocampus (subregions of the hippocampus not specified), entorhi-
nal cortex, and amygdala. In this study, individual neurons in all three areas were re-
corded during the encoding and retrieval phases of a yes-no recognition task in
which faces and objects were used as stimuli.41 Unlike most experimental studies in
animals in which stimuli are only remembered for a maximum of several seconds,
the retrieval phase in this task occurred between 1 and 10 hours after the encoding
phase. Importantly, this is a delay interval known to challenge amnesic patients with
selective hippocampal damage.42 Despite the relatively small number of neurons ex-
amined (74 neurons in 3 regions), the overall pattern of activity was strikingly sim-
ilar to the findings described for the perirhinal and entorhinal neurons in rats and
monkeys. That is, neurons in the human hippocampus and entorhinal cortex respond-
ed selectively during the encoding phase of the task. Moreover, neural responses dur-
ing the recognition phase were influenced not only by stimulus identity but also by
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whether the stimulus had been seen before. The responses of 35% (10 of 29) of cells
recorded in the human hippocampus and 40% (8 of 20) of cells recorded in the en-
torhinal cortex in the retrieval phase were influenced by whether a stimulus was new
or old. The majority of these cells exhibited enhanced activity in response to previ-
ously seen stimuli. These findings support the idea that neurons in the human hip-
pocampus and entorhinal cortex signal long-term stimulus recognition for objects or
faces. These findings are also consistent with findings from human neuropsycholog-
ical studies42 showing that discrete lesions limited to the hippocampus can impair
performance on a wide variety of recognition tasks.

Another relevant set of findings derives from human functional imaging litera-
ture. A growing body of studies has shown that the hippocampal formation signals
the relative novelty or familiarity of stimuli during the encoding phase of various
tasks. Several studies compared responses during the encoding phase of recognition
memory tasks of items that had been seen before (OLD conditions) to novel items
(NEW). Irrespective of whether the to-be-remembered stimuli were pictures,43,44

auditory sentences,45 common words,46,47 or nonpictorial visual stimuli,47 signifi-
cant activations were observed in the hippocampal formation and parahippocampal
gyrus when the OLD condition was subtracted from the NEW. These findings are
reminiscent of the patterns of activity of entorhinal and perirhinal neurons that re-
spond best to particular novel stimuli and give increasingly suppressed responses to
the same stimulus as it becomes familiar. Based on these findings, Tulving and
colleagues43 have argued that the medial temporal lobe is part of a novelty detection
network. These patterns of activity could participate in many different forms of rec-
ognition memory, including the kind of recognition memory required to perform de-
layed nonmatching to sample with novel stimuli.48 In this task, animals must
discriminate a novel stimulus from one that has been seen once before. Indeed, le-
sions limited to the hippocampus produce a significant recognition memory impair-
ment on this task that is most striking at the longest delay intervals.48–50 In another
study, however, no recognition impairment was observed following selective lesions
of both the hippocampus and the amygdala.51 Taken together, findings from the hu-
man functional imaging literature support the idea that the hippocampus signals in-
formation useful for certain forms of recognition memory.

NEURAL SIGNALS OF ASSOCIATIVE MEMORY

A second form of memory that has been examined at a neurophysiological level
is associative memory. We define associative memory in a broad sense to include any
memory about the relationship between two or more items. Unlike recognition mem-
ory, very little exists in the way of direct comparisons between firing patterns of neu-
rons in the perirhinal and entorhinal cortex versus those in the hippocampal
formation in tasks of associative memory. In a study explicitly designed to evaluate
associative responses, Sakai and Miyashita52 examined responses of anterior infer-
otemporal and perirhinal neurons to 24 fractal stimulus patterns. These stimuli were
arbitrarily paired so that on each trial one stimulus of a pair was presented as a sam-
ple cue, and after a delay period was followed by a choice between the assigned
paired cue and one of the other stimuli. After acquisition of this paired associate task
over a series of training sessions, two different associative correlates were observed
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in the firing of these neurons. “Pair-coding” neurons fired maximally associated with
presentations of either of the two cues that were paired associates, more so than for
any of several other cues involved in different paired associates. “Pair-recall” neu-
rons increased their firing rate during the delay period following presentation of the
associate of the optimal cue, leading up to a robust response to that cue. Thus, within
these cortical areas, stimulus-stimulus associations may be represented by the ac-
quired capacity of a stimulus to generate the neural representation of another stimu-
lus with which it has been associated. 

In addition, in the study by Fried et al.41 described above, single entorhinal and
hippocampal neurons were recorded as human subjects viewed different faces in the
encoding phase of the task. They found that some cells responded during the presen-
tation of faces in both areas and that many of these neurons were activated differen-
tially associated with the conjunction of particular facial expressions and gender and
between facial expression and the identity of the face. These conjunctive (i.e., asso-
ciative) responses were observed in both the entorhinal cortex and the hippocampus.

Other studies on humans using brain imaging methods have also shed light on
neural activity in the hippocampus and neighboring parahippocampal cortex during
associative learning. Henke et al.53 measured activation of the medial temporal lobe
using PET in subjects learning about pictures of people and houses. Subjects were
trained in two conditions. In one condition they learned separately about a person
and about a house, while making independent judgments about the gender of a per-
son (single item learning condition) or whether the view of a house was inside or out-
side. In the other condition they were encouraged to learn an association between a
person and a house while making a judgment about whether a particular person was
likely to live in a particular house (associative learning condition). Participation in
the associative learning condition led to better subsequent recognition of previously
presented person-house pairings, suggesting this kind of processing indeed resulted
in learning associations between particular persons and houses. In addition, both the
parahippocampal gyrus and the hippocampus showed increased PET activation in
the associative learning condition as compared to the single item learning condition,
showing selective activation of both areas during this type of associative learning.

On the other hand, Gabrieli et al.54 dissociated parahippocampal from hippocam-
pal activation using fMRI. They found that the parahippocampal gyrus, but not the
hippocampus, was selectively activated during the encoding of novel pictures. Con-
versely, the hippocampus (specifically the subiculum), but not the parahippocampal
gyrus, was selectively activated during retrieval of a previously seen picture cued by
the name of the pictured item or during retrieval of previously seen names of items
cued by a picture of the item. Thus, under these conditions, activation of the para-
hippocampal cortex was differentially associated with encoding novel materials,
whereas activation of the hippocampus was differentially associated with retrieval
based on name-and-picture associations.

Findings from single unit recording studies in rodents also shed light on the issue
of associative learning.40 A common finding in this large literature is that hippocam-
pal principal neurons fire when an animal is in a particular location in its environ-
ment. The firing patterns of many of these so-called place cells are dependent on the
spatial configuration of multiple environmental cues and therefore are an example of
conjunctive (i.e., associative) encoding. In addition, as described above, recent work
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has shown that the firing patterns of hippocampal principal neurons also incorporate
a broad variety of nonspatial stimuli and behavioral events into their
representations37 and encode conjunctions of spatial and nonspatial information.55

Thus, conjunctive/associative coding is particularly prominent in rodent hippocam-
pal neurons.

Quirk et al.56 directly compared the spatial firing properties of entorhinal neurons
with those of principal cells of the hippocampus in rats foraging for food in each of
two different environments. One environment was a circular open field surrounded
by a plain cylinder with a contrasting vertical stripe that provided a salient orienting
cue. The other environment was a square open field of the same area surrounded by
a rectangular set of walls, one of which had the same contrasting color and therefore
provided a similar orienting cue. Place cells were observed in both the entorhinal
cortex and the hippocampus. In addition, many of the entorhinal place cells had sim-
ilar spatial firing patterns in the two environments, so that translation of the “place
field” from the circular to the square produced a close correspondence in the activity
pattern of the cells in the two environments. By contrast, hippocampal neurons near-
ly always showed different and independent patterns of spatial activity in the two en-
vironments. These findings were interpreted as evidence that entorhinal cells were
more strongly controlled by particular salient sensory cues (e.g., the orienting
stripe), whereas hippocampal neurons were more strongly controlled by differences
in the spatial geometry of the environments.

To summarize, consistent with the studies of recognition memory, evidence exists
both for similarities in the types of associative memory coding apparent in the per-
irhinal and entorhinal cortex and the hippocampal formation under some testing con-
ditions and for differences under other conditions. A compelling direct comparison
that reveals the critical aspects of these different testing conditions has yet to be
made. Yet the evidence showing differences between these areas suggests that para-
hippocampal cortical neurons may participate in associative memory by developing
representations of complex perceptual stimuli that can be activated by their associ-
ates (i.e., pair-coding neurons of Sakai and Miyashita52), whereas neurons of the
hippocampal formation participate in associative memory by representing conjunc-
tions of independent perceptual stimuli as well as behavioral events (i.e., conjunctive
coding neurons of Wood et al.37).

SUMMARY AND CONCLUSIONS

How do the structures of the medial temporal lobe signal the formation, retention,
and recall of declarative memories? Far from a simple division of labor within the
medial temporal lobe, the available neurophysiological evidence suggests that all
medial temporal lobe areas can signal information relevant for all forms of declara-
tive memory, from recognition to association. There are key differences, however, in
the level or character of those signals, suggesting evidence for certain functional dis-
sociations. These findings are also consistent with a large body of results from ex-
perimental lesion studies. For example, numerous studies have shown that damage
including the entorhinal and perirhinal cortices produces impairment on tasks of rec-
ognition memory detectable even at short delay intervals (on the order of several sec-
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onds). This memory impairment is exacerbated as the delay intervals
increase.32,57,58 Importantly, the severe memory impairment following damage to
the entorhinal or perirhinal cortex does not appear to be a perceptual deficit, because
animals with large medial temporal lobe lesions including these structures can per-
form normally on recognition tasks when there is no delay interval between the sam-
ple and choice phases (zero-second delay interval).59 Consistent with these findings
from lesion studies, robust match-suppression and match-enhancement signals are
observed with short delay intervals (on the order of several seconds), and these rec-
ognition signals persist for intervals as long as 24 hours.26 Thus, these stimulus-se-
lective recognition signals appear to be used at both short as well as longer delay
intervals. In contrast to lesion studies involving the cortical medial temporal lobe ar-
eas, damage limited to the hippocampus produces the most striking recognition im-
pairments when delay intervals are long (many minutes to hours).48-50 At longer
delay intervals, when interference can play a detrimental role, information about the
context or episode in which the stimulus was seen could be particularly helpful to
successful performance. By this view, the conjunctive signals conveyed by the hip-
pocampus may be particularly useful when contextual or episodic information is
needed to solve recognition tasks with long delay intervals. These findings support
the view that the prominent selective recognition signals observed in the cortex as
well as the robust conjunctive signals observed in the hippocampus contribute to
successful recognition performance. Depending on the particular mnemonic de-
mands of the task (long- vs. short-term memory or high vs. low interference), one or
the other mnemonic signal may be preferentially used. Whereas less is known about
the neural correlates of associative memory, differential patterns of associative cod-
ing have been described in the cortex on the one hand (pair-coding and pair-recall
neurons) and in the hippocampus on the other (conjunctive signals). Additional com-
parative studies are needed to determine the full scope of neural signals underlying
associative memory across the medial temporal lobe.
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