Neurolmage 85 (2014) 694-701

journal homepage: www.elsevier.com/locate/ynimg

Contents lists available at ScienceDirect

Neurolmage

Review

Oscillatory correlates of memory in non-human primates

@ CrossMark

Michael J. Jutras ¢, Elizabeth A. Buffalo *><*

? Yerkes National Primate Research Center, 954 Gatewood Road, Atlanta, GA 30329, USA
b Department of Neurology, Emory University School of Medicine, 1440 Clifton Road, Atlanta, GA, 30322, USA
¢ Department of Physiology and Biophysics and National Primate Center, University of Washington, Seattle, Washington 98195-7330, USA

ARTICLE INFO

Article history:
Accepted 3 July 2013
Available online 16 July 2013

Keywords:

Monkeys

Medial temporal lobe
Hippocampus

ABSTRACT

The ability to navigate through our environment, explore with our senses, track the passage of time, and in-
tegrate these various components to form the experiences which make up our lives is shared among humans
and animals. The use of animal models to study memory, coupled with electrophysiological techniques that
permit the direct measurement of neural activity as memories are formed and retrieved, has provided a
wealth of knowledge about these mechanisms. Here, we discuss current knowledge regarding the specific
role of neural oscillations in memory, with particular emphasis on findings derived from non-human pri-
mates. Some of these findings provide evidence for the existence in the primate brain of mechanisms previ-

Gamma ously identified only in rodents and other lower mammals, while other findings suggest parallels between
Theta memory-related activity and processes observed in other cognitive modalities, including attention and sen-
Oscillations sory perception. Taken together, these results provide insight into how network activity may be organized
to promote memory formation, and suggest that key aspects of this activity are similar across species, provid-

ing important information about the organization of human memory.
© 2013 Elsevier Inc. All rights reserved.
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Introduction behavioral tasks and use of specific lesions in non-human primates,

The discovery, in 1957, that bilateral damage confined to the
medial temporal lobes (MTL) of the human brain produced profound,
selective impairment in the ability to form new declarative memories,
i.e,, the ability to remember facts and events (Scoville and Milner,
1957) ushered in a new era of memory research. Subsequently, a
number of studies were able to replicate this memory loss in animal
models, establishing that the neural correlates of at least some com-
ponents of memory are likely conserved across species (Mishkin,
1982; Squire and Zola-Morgan, 1983). Through careful design of
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it has been possible to test competing theories of the nature of mem-
ory and the role of specific brain areas in different aspects of memory
formation and retrieval. In particular, the similarities between the
brains of humans and non-human primates, combined with the com-
mon sensory modalities generally employed among primate species
in exploration and sensory input, have made studies with non-
human primates invaluable in probing the neural correlates of mem-
ory. While a great deal of knowledge about the physiology of the hip-
pocampus and other MTL areas has been derived from studies of
non-primate species, including rodents, non-human primates have
provided a way to bridge the gap between rodent and human studies,
which has led to greater understanding of the common mechanisms
employed across species. In particular, research over the last few
years has led to a greater understanding of the role of neural


http://dx.doi.org/10.1016/j.neuroimage.2013.07.011
mailto:ebuffalo@uw.edu
http://dx.doi.org/10.1016/j.neuroimage.2013.07.011
http://www.sciencedirect.com/science/journal/10538119
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2013.07.011&domain=pdf

M. Jutras, EAA. Buffalo / Neurolmage 85 (2014) 694-701 695

oscillations in memory formation through the use of electrophysio-
logical recording methods in multiple species, including rodents,
non-human primates, and humans. Studies across multiple species
inform each other and provide a richer understanding of the complex
mechanisms underlying memory. This review will focus on the role of
neural oscillations in several aspects of memory, with an emphasis on
findings from recent studies in non-human primates.

Neural correlates of declarative memory

Declarative memory involves several different processes: the ini-
tial storage, or encoding, of information; the subsequent reactivation,
or retrieval, of this memory trace; and, over time, a process of consol-
idation, through which the initially transient memory trace is
converted into a longer lasting form. The brain regions essential for
declarative memory in mammals include the hippocampus (com-
prised of the CA fields, the dentate gyrus, and the subiculum) and
the surrounding entorhinal, perirhinal, and parahippocampal corti-
ces. Lesion studies in humans, monkeys, and rodents have revealed
that damage to these areas produces deficits in declarative memory
(Eichenbaum, 1997; Mishkin, 1982; Schacter and Tulving, 1994;
Squire and Zola-Morgan, 1991; Squire et al., 2004), suggesting that
this ability is reliant on neuronal operations occurring in these
areas. However, while declarative memory is critically dependent on
processing within these regions, this ability is also thought to involve
the concurrent, coordinated activation of ensembles of neurons that
are distributed throughout the brain, including the medial temporal
and frontal areas, as well as association cortices across various sen-
sory modalities (Damasio, 1989; Mishkin, 1982; Rolls and Treves,
1994). In addition to mediating the initial acquisition of stored mem-
ories, such coordinated activity across brain regions is also thought to
facilitate the consolidation of memories over time. The standard
model of consolidation, which states that memory is initially stored
in the hippocampus but gradually shifts to a purely cortical representa-
tion, is derived from evidence that damage limited to the hippocampus
produces some memory loss for information acquired before the dam-
age occurred (retrograde amnesia), with more recent memories often
showing greater vulnerability to damage than more remote memories
(McClelland et al., 1995; Squire and Alvarez, 1995). Because informa-
tion that has become consolidated in memory is largely resistant to
MTL damage, this suggests that the neural structures mediating the
reactivation of consolidated memories gradually become independent
of the areas critical for the initial memory formation, as hippocampal-
cortical reactivations strengthen connections in the cortical network.
An alternative account proposes that, while the cortex can support
memory traces that are purely semantic in nature, the hippocampus is
critical for the spatial and temporal context inherent in detailed auto-
biographical and episodic memories, regardless of how remote those
memories are (Nadel and Moscovitch, 1997). Both theories are in agree-
ment that declarative memories are encoded in hippocampal-cortical
networks and that these memory traces are reorganized over time, as
memories are reactivated (Frankland and Bontempi, 2005). In addition,
because the process of memory formation does not occur in isolation
but in concert with multiple other modes of cognition, including senso-
ry perception and attentional selection, it is likely that certain principles
of neuronal communication are common to these different modes of
cognition. For instance, episodic memory involves the binding of multi-
ple elements (e.g., time, place, and multiple physical elements integral
to the memory) in the formation of the complete memory trace, much
the way perception involves integrating multiple components of senso-
ry information to form a coherent representation. It is possible that sim-
ilar neuronal mechanisms may underlie both processes.

Non-human primates, including rhesus macaques and other related
species, are important models for studying human memory for several
reasons. Like humans, monkeys are predominantly visual, in that this
is the primary modality utilized to gather information. The pathways

that transmit information from the primary visual cortex to the regions
essential for memory are remarkably conserved between monkeys and
humans. Furthermore, monkeys have demonstrated the ability to re-
member complex visual stimuli over periods of time comparable to
that of humans. In fact, even the quantitative performance (including
measures such as reaction time) of monkeys on attentional and work-
ing memory tasks is comparable to that of humans (Witte et al,
1996). While recent years have seen an increasing number of electro-
physiological studies performed in human epilepsy patients (Abbott,
2009; Engel et al., 2005; Jacobs and Kahana, 2010; Mukamel and
Fried, 2012), one advantage of utilizing monkeys as research subjects
is the ability to record activity at both the single neuron level and at
the field potential level in any target brain region, without the con-
straint of only recording in clinically relevant areas. There are some
challenges: for instance, monkeys do not verbalize their experiences,
necessitating alternative strategies to assess memory. These usually in-
volve explicit training in reward-based paradigms, or, alternatively,
using more covert measures of memory based on free-viewing para-
digms. In addition, there is a lack of direct evidence that monkeys
have the capacity for episodic memory, which stores representations
of one's own personal past experience, giving rise to the need for
tasks which measure specific components thought to be essential for
episodic memory function (e.g., associative memory, and the ability to
track memories in specific instances of time). However, there is evi-
dence that monkeys can reflect and report on their own memory states
(Hampton, 2001) as well as recall information from memory that is not
present at the time of testing (Basile and Hampton, 2011), suggesting
that monkeys may possess at least some of the memory abilities that
were traditionally thought to be specific to humans. Despite the chal-
lenges revolving around the use of monkeys as a model of human mem-
ory, a comprehensive picture of the brain mechanisms underlying
memory formation is beginning to emerge, in large part through re-
search utilizing monkeys as a model to study human memory.

The use of electrophysiology to study memory

Of the many methods employed to study the neural correlates of
memory in awake, behaving animals, the use of electrophysiology
has provided significant information about the role of the precise
activity of neuronal circuits in memory processes. These methods,
which utilize measurements obtained from electrodes placed within
(or in proximity to) the region of interest, rely on the ability to detect
the extracellular voltage fluctuations that result from neural activity.
The signals commonly recorded within the brain consist of extracellu-
lar spikes, the rapid voltage fluctuations that represent neuronal ac-
tion potentials, and local field potentials (LFPs), the slower voltage
fluctuations that reflect the aggregate activity occurring in an area
of surrounding neural tissue. Spikes, which are assigned to the neu-
rons that are in local proximity to the recording electrode, represent
rapid, direct communication between neurons, either in the same
brain area or in different brain areas. LFPs, on the other hand, reflect
a combination of multiple neuronal processes occurring among neu-
rons within several hundred microns to several millimeters of the re-
cording electrode (Kajikawa and Schroeder, 2011), and are thought to
be associated with synaptic input to a region (Buchwald et al., 1966;
Mitzdorf, 1985, 1987).

Oscillations during cognition represent activity of neural networks

Along with evoked potentials (the averaged LFP response to a stim-
ulus or behavioral event), oscillatory rhythms in the brain are currently
a focus of intense investigation. While long recognized as a prominent
component of neural signals (Berger, 1929), recent years have seen a
growing interest in characterizing neural oscillations and their associa-
tion with behavior and cognition. During this time, a number of princi-
ples related to this association have come to light, many from studies of
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neural physiology in monkeys. For example, oscillations in the gamma
band, which encompasses frequencies in the approximate range of
30-120 Hz, have been suggested as a potential mechanism for synchro-
nizing the activity of neuronal circuits within and across brain regions in
order to promote sensory perception (Tallon-Baudry and Bertrand,
1999) and attention (Fell et al,, 2003). By coordinating the formation
of functional ensembles of neurons during cognition, activity in this fre-
quency range may thus organize the representation of information in
the brain (Engel and Singer, 2001; Fries, 2005; Singer and Gray, 1995;
Womelsdorf et al.,, 2007). In addition, oscillations in the theta band
(usually defined between 3 and 10 Hz, but sometimes as high as
12 Hz) are a hallmark of activity measured in the rodent hippocampus
and surrounding neocortex (Buzsaki and Draguhn, 2004; Chrobak et al.,
2000). The phase of theta-band oscillations not only organizes the firing
of individual neurons in a manner that is relevant for spatial navigation
(O'Keefe and Recce, 1993), but has also been shown to modulate the
amplitude of gamma-band oscillations in rodents (Bragin et al., 1995;
Colgin et al., 2009), monkeys (Lakatos et al., 2005), and humans
(Canolty et al., 2006), possibly as a way of modulating inter-area com-
munication (Fries, 2009; Jensen and Colgin, 2007).

How might these processes be relevant for memory? Because learn-
ing is thought to involve the modification of synaptic connections
between neurons following repeated, correlated activation of one neu-
ron by another through these connections, changes in the oscillatory
power of field potentials, along with other measures such as phase syn-
chronization, reflect network-level modulations that may be important
for memory formation. One way in which gamma-band oscillations
may promote these mechanisms is by organizing neuronal firing within
a temporal window of approximately 10-20 ms (corresponding to half
of a gamma-band cycle), which has been shown to be a critical window
for the induction of spike timing-related plasticity (Bi and Poo, 1998;
Markram et al., 1997). Enhanced gamma-band LFP power has been as-
sociated with successful memory formation in monkeys (Jutras et al.,
2009) as well as humans (Sederberg et al., 2007a, 2007b).

Along with changes in the power of hippocampal gamma-band
oscillations, enhanced gamma-band phase synchronization in the
human (Fell et al., 2001) and monkey (Jutras et al., 2009) MTL has
been associated with successful memory formation. Specifically, in
Jutras et al. (2009), gamma-band synchrony was measured in the
form of enhanced spike-field coherence, which likely reflects enhanced
communication among neurons that are part of a functional network.
This study used a variant of a recognition memory task, Visual Paired
Comparison (VPC), which has consistently been shown to depend on
the integrity of the hippocampus in primates (Bachevalier et al., 1993;
McKee and Squire, 1993; Pascalis and Bachevalier, 1999; Zola et al.,
2000). Primates possess an innate preference for novelty, as evidenced
by the increased looking times for novel images presented in the VPC
compared to the same images when they are familiar. In the variant
used in Jutras et al. (2009), monkeys viewed a series of novel images
over two presentations for each image, with a varying number of inter-
vening stimuli between each presentation. Because increased looking
times for repeated pictures is generally taken as evidence for forgetting
in the VPC task, the images were ranked by the reduction in looking
time from the first to the second presentation as a proportion of the ini-
tial looking time, with the assumption that this metric represents the
strength of the memory. The activity of individual hippocampal neurons
as well as hippocampal LFPs was recorded during task performance.
Spike-field coherence, which provides a measure of the phase synchro-
nization between spikes and LFPs as a function of frequency, was
calculated for groups of images with similar recognition memory per-
formance. Gamma-band coherence across neuron-LFP pairs in the hip-
pocampus was found to be modulated during the initial period of novel
image presentation in a manner that was predictive of subsequent rec-
ognition; i.e., higher coherence was measured during the encoding of
images that were better remembered, as evidenced by a proportionally
shorter looking time during the repeat presentation (Figs. 1a—c; Jutras

et al., 2009). These results are similar to previous findings in human ep-
ilepsy patients, where gamma-band phase synchrony between the hip-
pocampus and rhinal cortex increased over the same time-course, to a
similar degree, during successful encoding (Fell et al,, 2001). These
studies illustrate separate, but similar, instances of gamma-band syn-
chrony in the MTL. Jutras et al. demonstrated that activity of neural en-
sembles within the hippocampus is coordinated during memory
formation, possibly representing communication of neurons involved
in the creation of the intra-hippocampal memory trace. Similarly, the
results of Fell et al. suggest that gamma-band synchrony also underlies
the communication of feedforward and feedback signals between corti-
cal MTL areas and the hippocampus. Together, these findings suggest
that, similar to their role in associating elements during perception
and attention, gamma-band oscillations in the MTL may promote the
association of multiple components of a memory trace during encoding.

Changes in gamma-band power were also observed in the hippo-
campus during the delay period of a temporal-order memory task
(Figs. 1d-e; Naya and Suzuki, 2011). Monkeys were presented with
a sequence of two cue stimuli with a short delay between presenta-
tions, followed by a response phase in which the two cue stimuli
were presented simultaneously with a third distractor stimulus. The
monkeys were trained to indicate the order of presentation of the
two cue stimuli by touching the cues in sequence while ignoring the
distractor. This task elicited changes in multiple aspects of neuronal
activity in the MTL, including the hippocampus and entorhinal/
perirhinal cortices. These changes included “time cells”, whose firing
rates reflected the relative time elapsing between, or order of, cue
presentations, as well as “item cells”, which showed selectivity for
the cue stimuli themselves. In addition, hippocampal LFPs showed
evidence for an incremental timing signal, exhibiting increases in
gamma-band power starting during the first cue presentation and
persisting through the delay period and into the second cue presenta-
tion. Previous work in rodents has provided strong evidence for
time-related signals in the hippocampus (Gill et al., 2011; Manns et
al., 2007; Pastalkova et al., 2008). The study by Naya and Suzuki
(2011) extends these findings to the primate brain, suggesting that
the hippocampus provides similar capabilities for tracking temporal
information across species, and furthermore that the primate MTL
has the ability to integrate time and item information in a manner
consistent with the theorized role of these structures in episodic
memory (Eichenbaum and Fortin, 2003; Tulving, 2002).

Additional evidence supporting a common role of neural oscilla-
tions in memory across primate species comes from a recent study
comparing neural activity in humans and monkeys performing an as-
sociative memory task (Hargreaves et al, 2012). The task was
designed to measure neural activity in the MTL during the learning
of new visuomotor associations. Each trial started with the presenta-
tion of an image (complex visual scenes for monkeys, and abstract
kaleidoscopic images for humans) overlaid with 4 possible targets.
After a delay, during which the image disappeared but the four tar-
gets remained on the screen, a cue signaled the subject to make a re-
sponse to the appropriate target, with each image having a specific
target consistently associated with it. The association between each
stimulus and its corresponding target was learned over the course
of multiple repeated presentations for each stimulus-target pair. Pre-
vious studies have revealed changes in hippocampal BOLD signals in
humans (Law et al.,, 2005) and in medial temporal single-unit firing
activity in monkeys (Wirth et al., 2003; Yanike et al., 2009) that re-
flect the learning of these visuomotor associations. In Hargreaves
et al. (2012), changes in oscillatory power in several brain regions
in the monkey were found to mirror changes in BOLD activation in
the same areas in the human brain for several aspects of learning
and memory, including stimulus novelty/familiarity and associative
learning (Fig. 2). Specifically, beta- (10-25 Hz) and gamma-band
(30-100 Hz) LFP power in the monkey MTL and BOLD activity
in the human MTL were differentially influenced by correct versus
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Fig. 1. Hippocampal gamma-band oscillations related to memory. (a) Visual Preferential Looking Task design from Jutras et al. (2009). Two-hundred unique stimuli were presented
in each test session, with up to 8 trials intervening between the first and second presentations. Each trial began with a required 1 second fixation period and trials were separated by
a 1 second inter-trial interval. (b) Spike-field coherence as a function of time and frequency for an example neuron-LFP pair, for high recognition (top) and low recognition
(bottom) trials. Coherence (52-68 Hz) was significantly enhanced during the encoding of subsequently well-recognized stimuli. (c) Gamma-band spike-field coherence expressed
as percentage of baseline averaged over 175 hippocampal recording pairs, during high recognition (red) and low recognition (blue) trials, as a function of time from stimulus onset.
Red and blue shaded areas represent SEM. Gray shaded area represents time points at which gamma-band coherence was significantly different for the two conditions (p < 0.01).
(d) Temporal-order task design from Naya and Suzuki (2011). A sequence of two cue stimuli was presented in the encoding phase. The two cue items and one distractor were
presented at three different randomly-determined positions in the response phase. Monkeys were rewarded for touching the two cue items in the same temporal order as
they were presented in the encoding phase. Dashed circles indicate correct targets. (e) Two-dimensional plot of the population average LFP spectrogram in the hippocampus
(n = 62). Red pixels indicate time-frequency domains in which activity was stronger than that in the control period (lasting from 150 to 100 ms before cue 1 onset). Blue pixels
indicate the opposite pattern. The differential activities were evaluated by ¢ values (paired t test). Gray bars indicate times of cue presentation.

error trials, signals which have previously been attributed to the pro-
cesses underlying the strengthening of correct associations and mod-
ification of incorrect associations during learning (Wirth et al., 2003).
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Fig. 2. Learning and immediate novelty signals of the monkey LFP and human fMRI
(from Hargreaves et al.,, 2012). (a) Bar graphs depicting the results of the monkey
entorhinal LFP multiple regression analyses comparing mean (> values across different
learning strengths (red), reference (blue), and initial presentation (gray) trials for the
beta-band (10-25 Hz) spectra. (b) Same as (a), but for the monkey hippocampal LFP
multiple regression analyses. (c) Results of the human entorhinal fMRI BOLD signal
multiple regression analyses comparing mean (> values across the different learning
strengths (red), reference (blue), and initial presentation (gray) trials. (d) Same as
(c), but for the human hippocampal fMRI BOLD signal multiple regression analyses.
**p < 0.01, ***p < 0.0005.

Neural activity was also modulated by the relative novelty and famil-
iarity of task and reference stimuli. The latter finding is consistent
with previous studies showing that the human MTL differentiates
between novel and familiar stimuli during memory encoding and
retrieval (Rutishauser et al., 2006; Schacter and Wagner, 1999), and
with a previous study of hippocampal activity in monkeys (Jutras
and Buffalo, 2010). Previous work in monkeys has also shown that
the fMRI BOLD signal is correlated with higher gamma-band power
in the LFP in the visual cortex (Logothetis et al., 2001). While it is un-
known whether this principle applies to neural activity measured in
the medial temporal lobe, it is possible that the medial temporal
BOLD activation seen in memory studies indicates changes in oscilla-
tory power in these brain regions; further studies exploring this
hypothesis in non-human primates would be illuminating.

Network oscillations in the hippocampus may also emerge in the
form of high frequency oscillations, or ripples, that are approximately
130-200 Hz in frequency and 50-100 ms in duration. In rodents,
these oscillations, along with associated sharp waves, represent periods
of time during which synchrony among hippocampal pyramidal neu-
rons is at its highest (Buzsaki, 1989; Buzsaki et al, 1989). They are
seen most frequently during periods of sleep or quiet wakefulness
after periods of activity, and are associated with the reactivation of en-
sembles of hippocampal neurons that were active during the active pe-
riod (Kudrimoti et al., 1999; Wilson and McNaughton, 1994). Because of
this, hippocampal ripples are thought to reflect the coordinated firing of
neurons involved with “replaying” a previously-encoded memory
trace; this replaying of memory traces is an important component of
prominent theories of memory consolidation in hippocampal-cortical
networks (Frankland and Bontempi, 2005). Importantly, intracranial re-
cordings from monkeys provide evidence that similar activity exists in
the primate brain, and most likely promotes memory consolidation
in a similar fashion. For example, electrophysiological recordings in
multiple cortical regions (posterior parietal, motor, and somatosensory
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cortices) in monkeys revealed the emergence of coordinated neural
activity across distributed neural networks following a sequential
reaching task (Hoffman and McNaughton, 2002). This activity repre-
sented the reactivation of previously coactive neural sequences, such
that firing sequences that occurred among neurons that were co-
active during task performance showed a tendency to re-emerge during
the post-task rest period. More recently, multiple recordings were made
in the monkey hippocampus to compare patterns of neural activity to

M,J. Jutras, E.A. Buffalo / Neurolmage 85 (2014) 694-701

those seen in rodent hippocampus during memory task performance
and the following, behaviorally quiescent period (Skaggs et al., 2007).
Similar to rodents, the primate hippocampus was found to exhibit
sharp wave/ripple activity during periods of inactivity which, while
seemingly less frequent than those appearing in rodents, show similar
structure, location specificity, and behavioral correlates. Furthermore,
these sharp waves coincided with higher firing rates of CA3 and CAl
neurons, as they do in rodents. Taken together, these results provide
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Fig. 3. Theta oscillations in the monkey hippocampus (from Jutras et al., 2013). (a) A representative example of one monkey's scan path from the Visual Preferential Looking Task,
showing that the monkey spent more time looking at the image when it was novel (yellow) compared to when it was repeated (blue). Circles represent points of fixation between
saccades, with the size of each circle proportional to the duration of the fixation period. (b) Power spectra for two example LFP channels across all VPLT blocks, showing peaks
around 8-11 Hz. (c) Examples of theta bouts during VPLT performance. For each example, the theta bout in the raw LFP is marked by a gray square, and the power spectrogram
of the LFP signal is presented below. (d) Autocorrelograms of each example LFP shown in (c), during the theta bout. (e) Raw (red) and theta (3-12 Hz) filtered segments (blue)
from an example LFP, showing reset to a consistent phase following saccade onset. (f) Phase concentration for the 400-ms period centered on saccade onset for High and Low Rec-
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lation of theta power for High and Low Recognition trials across 114 LFPs. The area of significant power modulation across conditions is outlined in black.
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evidence for a common neuronal mechanism across mammalian spe-
cies underlying memory reactivation processes, possibly in the service
of consolidation.

While well-characterized in the rodent hippocampus and entorhi-
nal cortex, theta-band oscillations in the primate, along with their po-
tential role in behavior and cognition, are much less well understood.
Due to the association of theta-band activity in rodents with explora-
tion and translation through space (Vanderwolf, 1969), the functions
attributed to theta are usually tied to spatial navigation and memory
(Buzsaki, 2005). However, while there are reports of theta oscillations
in the human hippocampus (Ekstrom et al., 2005; Ekstrom et al., 2009;
Lega et al, 2011), the story is complicated by a seeming lack of
sustained theta oscillations in the electrical signal measured in the
hippocampus of awake monkeys. This discrepancy has been attributed
to the fact that recording methods in monkeys typically require immo-
bile, head-affixed animals, in contrast to rodent studies using freely-
moving animals (Skaggs et al., 2007). However, a recent study
revealed the presence of theta in the hippocampus of bats as they
explore their environment through echolocation, without locomotion
(Ulanovsky and Moss, 2007). It may therefore be possible to address
this discrepancy by considering the degree to which primates and
rodents differ in their behaviors during exploration: while rodents
generally rely on olfactory and somatosensory mechanisms to take
in information about the proximal environment, primates mainly
use eye movements to gather information about the surrounding
visual world during exploration. Evidence for a close temporal rela-
tionship between hippocampal theta oscillations and running
(McFarland et al., 1975), sniffing (Macrides et al., 1982), and whisking
(Komisaruk, 1970; but see Berg et al., 2006) in the rodent suggests
that in the primate, theta-like activity may occur in close association
with visual exploration. This is consistent with recent theories
concerning the relationship between motor behaviors associated
with information gathering and “active sensing” processes in natural
behavior (Schroeder et al., 2010), as well as recent evidence from ro-
dents suggesting that multiple motor systems may coordinate their
activity in the theta frequency range during exploration (Ranade
et al.,, 2013).

A recent study revealed a link between theta-band LFP activity in
the monkey hippocampus and saccadic eye movements (Jutras et al.,
2013). Hippocampal LFPs exhibited theta-band oscillatory activity as
monkeys freely explored novel images (Figs. 3a-d), and these oscilla-
tions underwent a phase reset with each saccade, similar to the theta
phase reset seen in the hippocampus of rodents (Givens, 1996;
Williams and Givens, 2003) and humans (Mormann et al., 2005;
Rizzuto et al., 2003; Tesche and Karhu, 2000) with stimulus events
during performance of memory tasks (Fig. 3e). In addition, the consis-
tency of this phase reset was correlated with the strength of the mem-
ory, such that the post-saccade phase was more reliable when pictures
were well remembered than when pictures were poorly remembered
(Fig. 3f). This suggests that, like the visual cortex (Rajkai et al., 2008),
the hippocampus goes from a “random” to a more “organized” state
upon fixation onset to promote the successful processing (here,
encoding) of sensory information. Because mechanisms of synaptic
plasticity in the hippocampus, such as the induction of long-term po-
tentiation, are preferential for particular phases of theta, as has been
demonstrated in rodent hippocampus (Holscher et al., 1997; Huerta
and Lisman, 1993, 1995; Hyman et al., 2003; McCartney et al., 2004),
this finding has important implications for understanding the mecha-
nisms of memory formation during exploration in primates. Along
with these findings, pre-stimulus modulations in theta-band power
were found to predict the strength of memory encoding; specifically,
theta power was higher during the baseline fixation period preceding
novel image presentation for stimuli that were later well remembered
than for stimuli that were poorly remembered (Figs. 3g-h; Jutras et al.,
2013). These results are in agreement with similar findings in the
human medial temporal lobe (Addante et al., 2011; Fell et al., 2011;

Guderian et al., 2009) and suggest that theta oscillations may provide
a mechanism to bring the hippocampus into an “online” state
(Buzsaki, 2002) in anticipation of the encoding of novel stimuli.

Conclusions

In conclusion, recent research in non-human primates has provided
a way to bridge studies of memory-related signals from rodents to
humans. In particular, recent studies of oscillatory activity have in-
creased our understanding of how this activity may play a role in medi-
ating and promoting the neuronal interactions underlying memory
formation: encoding, retrieval, and consolidation. These studies, which
have demonstrated changes in medial temporal lobe activity across
multiple frequency ranges associated with memory encoding, stimulus
novelty and familiarity, associative learning, temporal resolution, and
memory reactivation, provide evidence that neural oscillations may in-
fluence interactions among neurons during learning to promote the for-
mation of functional networks that may later be reactivated during
retrieval or consolidation. Future studies of such phenomena in the
non-human primate may further identify patterns of activity that,
while homologous to neural activity described in the rodent brain, are
closely linked to primate-specific behaviors, leading to a more compre-
hensive picture of the neural mechanisms specific to primate, and in
particular human, memory ability.
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