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Memory for events from the distant past relies on multiple brain regions, but little is known about the underlying neural
dynamics that give rise to such abilities. We recorded neural activity in the hippocampus and retrosplenial cortex of two
female rhesus macaques as they visually selected targets in year-old and newly acquired object-scene associations. Whereas
hippocampal activity was unchanging with memory age, the retrosplenial cortex responded with greater magnitude alpha
oscillations (10–15Hz) and greater phase locking to memory-guided eye movements during retrieval of old events. A similar
old-memory enhancement was observed in the anterior cingulate cortex but in a beta2/gamma band (28–35Hz). In contrast,
remote retrieval was associated with decreased gamma-band synchrony between the hippocampus and each neocortical area.
The increasing retrosplenial alpha oscillation and decreasing hippocampocortical synchrony with memory age may signify a
shift in frank memory allocation or, alternatively, changes in selection among distributed memory representations in the pri-
mate brain.
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Significance Statement

Memory depends on multiple brain regions, whose involvement is thought to change with time. Here, we recorded neuronal
population activity from the hippocampus and retrosplenial cortex as nonhuman primates searched for objects embedded in
scenes. These memoranda were either newly presented or a year old. Remembering old material drove stronger oscillations in
the retrosplenial cortex and led to a greater locking of neural activity to search movements. Remembering new material
revealed stronger oscillatory synchrony between the hippocampus and retrosplenial cortex. These results suggest that with
age, memories may come to rely more exclusively on neocortical oscillations for retrieval and search guidance and less on
long-range coupling with the hippocampus.

Introduction
The ability to recall events that transpired months or years in the
past is a crowning achievement of primate cognition and one
that is fundamental to our daily lives. Both the hippocampus

(HPC) and retrosplenial cortex (RSC) are important structures
for forming long-lasting memories of spatiotemporally distinct
events (Maguire, 2001; Spreng et al., 2009; Vann et al., 2009;
Aggleton, 2010; Dickerson and Eichenbaum, 2010; Smith et al.,
2012; Katche et al., 2013; Miller et al., 2014; Ritchey et al., 2015;
Todd and Bucci, 2015; Chrastil, 2018; Rolls and Wirth, 2018).
The neural mechanisms within these structures that give rise to
retrieval over large time spans is unclear, although the retrosple-
nial cortex may assume a greater, more independent role over
time (Vann et al., 2009; Miller et al., 2014; Mao et al., 2018; de
Sousa et al., 2019; Milczarek and Vann, 2020; Opalka and Wang,
2020). Tests of this role have been limited by (1) species-adapted
tasks in rodents that use shorter delays and restricted memo-
randa, (2) a historic emphasis on hippocampal physiology, and
(3) indirect access to neuronal populations in humans. Here, we
measure the neural activity in retrosplenial cortex and the hippo-
campus of macaques as they perform episodic-like memory tasks
on unique item-in-visuospatial scenes (Chau et al., 2011). Some
of these stimuli had not been seen for more than a year, whereas
other stimuli were presented for the first time and recalled within
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the same session or within 24 h (Fig. 1a). We asked whether the
HPC or RSC would show changes in neural population activity
as a function of retrieval of events learned 1–1.5 years earlier
compared with newly learned events.

Materials and Methods
Surgical procedures. In a sterile surgical procedure, two adult female

macaques (Macaca mulatta, LE and RI, ;12 and 10kg, respectively)
were implanted with 12 indwelling flexible, polyamide-based intracorti-
cal 16-channel linear electrode arrays with contacts at 130mm spacing
(prototypes of MicroFlex electrodes, Blackrock), targeting the hippocam-
pus, anterior cingulate cortex (ACC), and retrosplenial cortex as
described in Talakoub et al. (2019). All surgical and experimental pro-
tocols were conducted with approval from the local ethics and ani-
mal care authorities (Animal Care Committee, Canadian Council
on Animal Care). Surgery was performed, and data were collected
at York University, Toronto, Canada.

Experimental design and statistical analysis. Both monkeys com-
pleted a memory-guided visual search task 12–18months before the
present recordings. During this task, a target object was embedded in a
naturalistic scene and presented alongside other objects in scenes, which
made up the remote stimuli used in this study. During the present
experiments, the animals performed two trial types within each daily
session: acquisition and recall trials. During an acquisition trial, the
scene is displayed for 2 s and the animal is allowed to view the scene
freely, followed by presentation of a target unique to the scene that is
cued by alternating between original (500ms) and complementary col-
ors (60ms), making the target location salient and appearing to pop out
to the observer. Target cuing began at 2 s and continued until the target
was selected (designated as HIT) or until 7 s had passed (designated as
MISS). Selection of the target was accomplished by holding the gaze in
the target region for a prolonged duration (�800 ms). Once the target
was cued, the task became trivially easy for the macaques. In contrast,
during a recall trial, the scene is presented without the cue, and the ani-
mal had 7 s to find and select the (uncued) target for juice reward (HIT
or remembered), or the trial ended without reward (MISS or forgotten).
All trials ended with a giveaway, where the original and color-modified
scenes alternate (100ms each� 5) revealing the target to the animal. An
intertrial interval of 4 s of black screen followed each trial (Fig. 1a).

Scenes were grouped into sets of 12 (monkey RI) or 16 (monkey LE)
scenes. The number of scenes in a set was designed to account for indi-
vidual performance differences. Each set had three types of scenes,
namely, recent, remote, and highly familiar. Recent scenes were novel to
the animal during the first acquisition presentation. Remote scenes were
scenes used during initial task training 12–18months prior. Highly fa-
miliar scenes were a preselected subset of six remote scenes that were
repeated regularly throughout the experiment (two were included in
each set) and therefore have a high HIT rate. There was an insufficient
number of these highly familiar trials for analysis, and therefore they
were not considered further in this study. Presentation order of scene
types was randomized within the set. Recall sets immediately followed
the acquisition sets within a daily session. In addition, the session on the
following day began with the recall sets from the previous day. Two new
sets were presented each day (i.e., 24 and 32 new scenes per day, for the
two animals, respectively). Daily sessions started and ended with a 5 min
rest period where a black screen was presented. Eye movements were
recorded at 1250Hz using video-based eye tracking (IViewX Hi-Speed
Primate Remote Infrared Eye Tracker). For the analysis we excluded tri-
als where the animals spent .20% of trial duration looking off screen
(monkey LE, 238/2755 trials or 8%; monkey RI, 50/1310 trials or 4%) to
ensure that only trials where the animals were attending to the task were
included.

Proportions of hit rate and bout occurrence across scene types were
compared using a two-tailed chi-square test for comparing propor-
tions. Search times were compared using a Kruskal–Wallis test. Time-
frequency spectra were compared using nonparametric permutation
tests using the Monte Carlo sampling method and a cluster-based cor-
rection for multiple comparisons. To test for statistical significance of

differences between phase concentration and synchrony [weighted
phase lag index (wPLI) values] during the recent and remote con-
ditions, we performed a nonparametric permutation test with the
difference in phase concentration or coherence between conditions
as our test statistic. The test statistic was calculated for each fre-
quency bin, then bins whose statistic value was ,2.5th or .97.5th
percentile were selected, and cluster-level statistics were calculated
by summing the test statistic within a cluster. This testing method
corresponds to a two-tailed test with a false-positive rate of 5%
corrected for multiple comparisons across frequencies (Nichols
and Holmes, 2002; Maris and Oostenveld, 2007; Turesson et al.,
2012).

Neural recordings. Local field potentials (LFP) were recorded simul-
taneously from the hippocampus and anterior cingulate and retrosple-
nial cortices, digitally sampled at 32 kHz using a Digital Lynx acquisition
system (Neuralynx) and filtered between 0.5Hz and 2 kHz. Because of
problems with the implant connection to the ACC contacts of one ani-
mal, results from ACC were evaluated for only the remaining animal
(RI). No well-isolated units were recorded with these arrays, so all
analysis is based on local field potentials. Inclusion criteria for any
probe consisted of CT/MR coregistration or postexplant MR verifi-
cation of location within a region of interest, including visualization
of marker lesions, for the subset of probes in which they had been
delivered. Along the 16-channel probe, occasional channels were
excluded based on the signal not following biological 1/f spectra or
otherwise not showing signal. The remaining neural signals were
downsampled to 1 kHz, and a notch filter (59.9–60.1 Hz) was used
to remove 60 Hz noise. All off-line behavioral and neural analysis
was conducted in MATLAB using custom-written scripts and in
FieldTrip, https://www.fieldtriptoolbox.org/).

Generalized eigendecomposition. We implemented generalized
eigendecomposition (GED) for source separation of the LFP in the mul-
tichannel arrays (based on methodology described in Cohen, 2018)
because of nonorthogonal alignment of the probes to laminae and our
inclusion of multiple probes within an area. Analyses of power, phase
concentration, and phase synchrony involved the use of linear spatial fil-
ters to provide a weighted combination of electrode activity, isolating
sources of independent variance in multichannel data. The spatial filters
were defined by the GED of covariance matrices of the channels. The
two separate covariance matrices selected result in eigenvectors that
maximally differentiate them. If the signal features to be accentuated and
those to be attenuated are designated by S and R, respectively, the eigen-
decomposition problem can be written as SW = WRK. The solution to
this problem yields W, which is a matrix of eigenvectors, and K, which is
a diagonal matrix of eigenvalues. The resultant filters, defined by eigenvec-
tors, are then applied to the multichannel electrode time series to obtain a
set of component time series. If GED was unable to differentiate between
various sources of variance, shrinkage regularization was used at 1%.

For power and phase concentration analyses, the S matrix was cre-
ated from 1 s of signal after scene onset (start of trial) and the R matrix
from 1 s of baseline activity before the scene onset. In this design, we
sought to attenuate continuous noise in the signal and accentuate the dy-
namics and signal sources producing those dynamics that are relevant to
the task. For phase synchrony analysis, we created the S matrix from the
bandpass-filtered electrode time series in 10–20 Hz. The R matrix was
then formed from the broadband electrode time series. In this case,
the column in W with the highest corresponding eigenvalue then corre-
sponds to the eigenvector that maximally enhances the 10–20Hz
frequency activity. The inputs to the GED were signal from multiple
channels and trials from a given probe, and the output was a single
weighted time series component per trial per probe. The analyses that
follow use the primary resultant GED component that represents the
weighted combination of activity from multiple channels in each probe.
This source isolation method circumvents the trade-off of excluding
simultaneously recorded channels arbitrarily, when they may contribute
informative signal, while ensuring that the dependence of signals across
channels is not falsely considered as independent samples of the time se-
ries. Qualitatively, use of single-channel LFP yielded very similar results,
although it suffers from the aforementioned arbitrary exclusion issue.
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Spectral analysis. Grand power was computed using a Fourier trans-
form and a Hanning multitaper frequency transformation, averaging
over the whole duration of search trials including both acquisition and
recall trials (N trials, LE, 1152; RI, 422). Mean power spectral density was
examined in 500ms windows with a 1ms sliding window conducted on
individual trials then averaged across trials. For mean time-frequency

spectra, we implemented a Morlet wavelets multitaper transformation
with a width of five cycles and a frequency step size of 1Hz.

Phase concentration. To examine phase alignment with eye move-
ment we inspected the LFP signal in 600ms windows centered around
fixation onsets (perifixation signal). We examined all recall trial fixations
split by remembered and forgotten trials. We bandpass filtered the

Figure 1. Experimental design and task performance. a, Top, Acquisition trials begin with 2 s of free viewing followed by target cuing. During recall, the scene is presented
without this cue, requiring the target location to be remembered. The trial ends when gaze is maintained within the target area for 0.8 s, for which a fluid reward is deliv-
ered (HIT), or when the maximum trial time of 7 s is reached (MISS). A giveaway presents the cued target for a longer duration (100 ms) at the end of a trial followed by an
intertrial interval of 4 s. Bottom, Sets were composed of three stimulus types consisting of remote scenes, which had been presented 12–18 months prior; recent scenes,
which were novel scenes at the start of these sessions; and six highly familiar scenes, which were presented repeatedly throughout the study. Equal numbers of remote and
recent scenes were presented in each set, randomly interleaved. Recall sets were shown after the acquisition set on the same day and 1 d following acquisition but before a
new acquisition set. b, Top from left, HIT rate for acquisition (Acq) trials, recall trials, and recall by scene type for monkey RI. Bottom, Same as top but for monkey LE.
Values above bars indicate number of HITS in respective conditions. Rec, Recent; Rem, remote; HiF, highly familiar. c, Top, Example scan paths during free viewing on remote
acquisition trials. The target is outlined in red. Directed gaze toward the (uncued) target indicates memory for the target. Bottom, Example scan paths for a HIT (remembered
trial) and a MISS (forgotten trial) during recall trials. Top right, Search time in seconds. d, Top, Imaging-localized electrode positions, blue, RSC; red, HPC. Bottom, Mean
power during search for RSC (blue) and HPC (red; left, RI; right, LE). Vertical lines indicate 10 and 20 Hz; triangles indicate peak frequency.
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perifixation neural signal between 4 and 9Hz, which captures the main
components of the saccade-evoked LFP response (see Fig. 4). This allows
us to quantify the consistency of the main response time course and to
directly compare with the previous results from hippocampal LFP
(Hoffman et al., 2013; Jutras et al., 2013; Katz et al., 2020; Kragel et al.,
2020). To accomplish this, we used the phase angles of the Hilbert trans-
form to compute the mean resultant vector length (or phase concentra-
tion). Circular statistical analyses were performed using the Circular
Statistics Toolbox for MATLAB (Berens, 2009).

Bout detection. For detection of oscillatory bouts of activity in the
dominant frequency band, the RSC signal from all trials was bandpass
filtered between 10 and 15Hz. Bouts were defined as time periods in
which the signal exceeded a threshold of 2 SDs above the envelope mean
and for a minimum duration of 100ms above 1 SD. Bout amplitude was
defined as the maximum of the envelope within a bout. Control bouts
were chosen under the same criteria but in the opposite direction (i.e.,
�2 SDs) to identify windows of time with the weakest RSC 10–15Hz
power.

Phase synchrony. Interarea phase synchrony during bouts was esti-
mated from the cross-spectral density of the RSC signal and the corre-
sponding HPC signal using the debiased wPLI. The debiased wPLI

measure of phase synchronization minimizes the influence of volume
conduction, noise, and the sample-size bias (Vinck et al., 2011), allowing
us a more conservative measure of synchrony in that it reduces our type
1 error, while recognizing that zero-lag effects may go undetected (type
II error).

Results
We recorded 62 sessions from two macaques (LE, 37; RI, 25),
both of which had a .90% hit rate on acquisition trials (Fig. 1c,
example scan paths during search). During recall, they had a higher
hit rate for old (remote) compared with newly acquired (recent)
scenes [Fig. 1b; LE, x 2(1,395) = 35, p , 0.01; RI, x 2(1,395) = 44,
p, 0.01], indicating memory savings of remotely learned scene tar-
gets. Correspondingly, average search times were faster for remote
scenes than for recent scenes (remote, recent trials, respectively; RI,
3.20 s, 5.91 s; LE, 5.88 s, 6.56 s; H[1] = 99.22, p = 2.25e-23).
Considering only remembered recall trials, average search times
were 2.80 s for animal LE (SD = 1.78 s) and 2.11 s for animal RI
(SD = 1.64 s).

Figure 2. Greater alpha power (10–15 Hz) during remote than recent scene recall in the RSC but not the HPC. a, Top, Example broadband signal from RSC during the first 2 s after scene
onset. Bottom, From top example, 10–15 Hz filtered signal. LE and RI indicate the study animals. Abscissas as in d. b, Mean power spectral density of 10–15 Hz band using 500 ms windows in
1 ms steps. Shading indicates 95% bootstrap confidence intervals. c, Top, Mean spectrogram of remote trials (LE, n = 594; RI, n = 152); middle, for recent trials (LE, n = 605; RI, n = 240); bot-
tom, remote-to-recent difference spectrogram with the nonmasked region representing areas with a difference of p, 0.05 in a cluster-based permutation test corrected for multiple compari-
sons. d, Top, Mean spectrogram of remote trials in the hippocampus; bottom, recent. e–h, Same as a–d, respectively, but aligned to the last 1.5 s of remembered trials.
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Using multichannel recordings from 12 indwelling, 16-chan-
nel linear electrodes (Talakoub et al., 2019), we obtained local
field potentials from several structures, including the RSC and
the HPC (Fig. 1d). The spectral power during visual search
showed a prominent narrow-band peak between 10 and 20Hz in
the RSC and HPC of both animals (Fig. 1d). When we aligned
the RSC signals to scene onset and remembered-target selection
consisting of the last 1.5 s before target selection on remembered
trials, we found greater RSC power as early as 0.5 s after scene
onset (Fig. 2b,c) and in the final second before target selection on
remembered trials (Fig. 2f,g) using multiple-comparison cor-
rected permutation tests. We found no consistent differences in
HPC power between remote and recent trials (Fig. 2d,h) at any
frequencies from 3 to 80Hz. The ACC was recorded in one ani-
mal, showing oscillations in a higher 23Hz frequency band that
was stronger for remote than for recent trials, but only during
scene onset (Fig. 3).

We used general linear models (GLM) to quantify whether
event age predicts magnitude of the alpha (10–15Hz) RSC oscil-
lation during acquisition trials while accounting for other predic-
tors, including the target location on the screen and animal. We
modeled acquisition trials to determine whether alpha power dif-
fered between learning (recent scenes) and retrieval (remote
scenes). RSC alpha power was predicted by memory age (remote

greater than recent) and animal (RI greater than LE)
but not target location (F(3,545) = 49.58, p = 2.2 �
10�16, adjusted R2 = 0.21; scene age t = �3.08, p ,
0.01; animal t = 11.92, p , 0.001). Similarly, condi-
tioning alpha power on the recall trial type, we found
that memory age (remote), and animal (RI) were
significant predictors (F(5,984) = 22.31, p = 2.2 �
10�16, adjusted R2 = 0.097; scene age, t =�4.07, p,
0.001; animal, t = 10.14, p , 0.0001; see above,
Materials andMethods for GLM details).

If memory-related retrosplenial cortex activity
guides visual search during retrieval, one would
expect greater coupling to the eye movements that
underlie a successful search, similar to previous
observations with hippocampal signals (Hoffman
et al., 2013; Jutras et al., 2013). Specifically, we
measured phase alignment of the LFP in both
RSC and HPC to eye movements during success-
ful retrieval, evaluated separately for remote and
recent trials. Phase alignment was greater in the
RSC (Fig. 4a,b) on remote compared with recent
scenes, beginning shortly before fixation onset
(LE, �75ms; RI, �175ms) and lasting until 125–
200ms postfixation. This effect was limited to
remembered trials. In contrast to the RSC, the
HPC phase alignment did not vary by scene age
(Fig. 4c,d). Thus, on a general background of
phase locking to visual fixations across regions,
the retrosplenial cortex alone showed greater
coupling to search during old memory retrieval,
consistent with a role for this region in memory-
based guidance of actions.

In rats and mice, neural ensembles in RSC
coordinate their activity with hippocampal ensem-
bles (Destrade and Ott, 1982; Alexander et al.,
2018; Mao et al., 2018; Karimi Abadchi et al.,
2020; Opalka et al., 2020), and these interactions
may be essential for laying down long-lasting
mnemonic representations. To assess interareal
synchrony between these two structures, we

calculated their debiased wPLI during alpha bouts obtained
from search, intertrial intervals, and rest epochs. We found
that the greatest phase synchrony in both animals occurred
during search. We further examined interarea synchrony
during successful retrieval, comparing effects for remote and
recent retrieval events. We found that during remembered
but not forgotten or low-alpha control trials, RSC–HPC syn-
chrony was greater for recent compared with remote scenes,
using a cluster-based permutation test corrected for multiple
comparisons (p , 0.05). The frequencies showing wPLI dif-
ferences with memory age were observed in the gamma range
of ;25–40 Hz (Fig. 5a,b; RI recent, remote remembered, n =
106, 76; forgotten, n = 468, 140; low-alpha control, n = 1108,
371; LE recent, remote remembered, n = 112, 204; forgotten,
n = 1159, 909; control n = 2937, 2331). Similarly, during the
beta-bouts characteristic in the ACC, ACC–HPC synchrony
for recent trials was stronger than for remote trials, also in
the;30Hz range (Fig. 6).

Discussion
In this study, we measured neural population activity in the hip-
pocampus, retrosplenial cortex, and anterior cingulate cortex

Figure 3. ACC exhibits greater 21–26 Hz power during remote scenes. a, Example broadband signal during the
first 2 s after trial onset when a scene is presented (power spectrum not shown here showed a peak of;23 Hz).
b, The 21–26 Hz filtered signal. c, Mean power spectral density in the 21–26 Hz band using 300 ms windows in
1 ms steps. Shading indicates 95% bootstraped confidence intervals. d, Top, Mean spectrogram of remote trials
(n = 289); middle, recent trials (n = 193); bottom, remote-to-recent difference spectrogram with the nongrayed
region representing clusters with a difference of p , 0.05 in a permutation test. e–h, Same as a–d but for the
trial end epoch of remembered trials (remote, n = 45; recent, n = 65).
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simultaneously as macaques completed an object-scene associa-
tion task with year-old and newly acquired memoranda. Our
results showed that (1) whereas hippocampal activity was invari-
ant across memory age, the retrosplenial cortex responded to old
items with greater magnitude alpha (10–15Hz) and anterior cin-
gulate with greater beta2/gamma (28–35Hz) oscillations; (2) like
the hippocampus, the retrosplenial cortex phase locks to eye
movements, but only in the RSC was this locking stronger during
retrieval of old items; and (3) during retrieval of newly learned
events, gamma-band synchrony between the hippocampus and
the two neocortical areas was greater than during retrieval of old
events. Few studies have measured RSC activity with direct
recordings in primates (Liu et al., 2021), and none to our knowl-
edge during memory guidance or visual search; thus each of
these results carry with them a degree of novelty. That said, our
results are in general agreement with a role for the retrosplenial
cortex in remote memory retrieval and suggest that shifting hip-
pocampal–retrosplenial oscillatory dynamics characterize event
retrieval as memories age.

The retrosplenial cortex and broader posterior cingulum in
humans is involved in the processing of old episodic or autobio-
graphical memories as well as visuospatial memory and naviga-
tion of familiar and virtual environments (Valenstein et al., 1987;
Fletcher et al., 1995; Maguire, 2001; Spreng et al., 2009; Vann et
al., 2009; Chrastil, 2018). Macaques too rely on the retrosple-
nial cortex for old episodic-like object-in-scene memory retrieval
(Buckley and Mitchell, 2016), which resembles the dependence
of such memories on extended hippocampal structures (Gaffan,
1994; Murray et al., 1998; Hampton et al., 2004; Froudist-Walsh
et al., 2018; but see Basile and Hampton, 2019). Together, the lit-
erature supports a role for the retrosplenial cortex in memory for
remote and episodic-like visuospatial events in human and non-
human primates.

Studies in rats and mice will bear differences in the quality,
quantity, and durability of memoranda, corresponding to differen-
ces in neural, morphologic, and behavioral specializations across

clades. Despite these differences, both the hippocampus and retro-
splenial cortex remain sites implicated in spatial/contextual mem-
ory retrieval, with an emphasis for a role for RSC in enduring,
remote memory retrieval (Corcoran et al., 2011; Tayler et al., 2013;
Corcoran et al., 2016; Todd et al., 2018; de Sousa et al., 2019; Trask
et al., 2021a). Furthermore, the role of RSC in rodents is not lim-
ited to navigation and immersive spatial memory but is also for
remote retrieval of items/sensory cue associations (Corcoran et al.,
2011; Miller et al., 2014; Todd et al., 2016, 2018; Katche and
Medina, 2017; de Landeta et al., 2020; Trask et al., 2021b). We
might therefore predict conservation of function for visuospatial
object-in-scene task in primates. But what neural dynamics should
underlie remote memory retrieval, and how should they change
from recent memory retrieval?

We observed a pervasive 10–15Hz alpha oscillation in this
study, which was somewhat unexpected when considered from
the well-established vantage point of rat and mouse hippocampal
physiology. In rodents (Vann et al., 2009) and rabbits (Talk et al.,
2004), the RSC shows theta-band modulation with peaks at 6–
8Hz which appears to interact with hippocampal theta oscilla-
tions (Destrade and Ott, 1982; Koike et al., 2017; Alexander
et al., 2018) that dominate the spectrum during attentive, loco-
motor, and active-sensing states (Buzsáki, 1989; Colgin, 2013;
Alexander et al., 2020; Nuñez and Buño, 2021). Limited evidence
from humans doesn’t appear to support equivalent theta oscilla-
tions in RSC. In iEEG recordings near RSC, theta power appears
to decrease during episodic recall (Foster et al., 2012), although
phase locking between the medial temporal lobe and RSC sites
was observed during episodic and self-referential tasks in a 3–
4Hz frequency range, with evidence for increases in high, broad-
band gamma power at each recording site during retrieval
(Foster et al., 2013; Dastjerdi et al., 2011). This may simply reflect
the need for more studies, or the relative immobility of the par-
ticipants; however, wireless direct recordings in macaques
revealed a decrease in 5–10Hz theta band in retrosplenial and
posterior cingulate cortex during active waking and locomotor
behaviors relative to sleep (Talakoub et al., 2019; Figure 1c). In
contrast, higher frequencies including the 10–20Hz band
increased with alert behaviors. Strikingly, these results were not
limited to the RSC in primates; hippocampal theta also appears
to be altered. Theta (5–10Hz) was diminished during waking
and walking behaviors, and in midhippocampal and posterior
hippocampal sites, alpha bands increased during walking and
active states. A closer inspection of the results from other pri-
mate studies reveals similar oscillations that are sometimes
grouped with slower oscillations. The hippocampal theta litera-
ture in humans and monkeys (2–14Hz) is highly variable in
electrode type (micro or macro) and neural signal type
(power, phase locking, spike-field coherence), but the fast
theta component includes results that overlap those reported
here. Specifically, recordings in human and nonhuman pri-
mate hippocampus includes .9Hz alpha-band power
(Griffiths et al., 2018; Goyal et al., 2020; Herweg et al., 2020),
which has been predictive of impending retrieval (Lega et al.,
2012), subsequent memory (Jutras et al., 2013), walking
(Bohbot et al., 2017), and wakefulness (Kleen et al., 2021). In
contrast, when it has been measured across states, the 6–8 Hz
theta power is associated with forgetting (Lega et al., 2012),
reflects anesthetized states (Kleen et al., 2021; in macaque,
Stewart and Fox, 1991) and rest states (Leonard et al., 2015),
or early/slow wave (but not REM) sleep (Uchida et al., 2001;
Tamura et al., 2013; Takeuchi et al., 2015; but see Cantero et
al., 2003). To summarize, .9Hz oscillations are seen in the

Figure 4. Phase concentration of RSC LFPs aligns to visual fixations during remembered scenes.
a, Top, Mean LFP locked to fixations on remembered trials. Bottom, Mean phase concentration of
RSC around the time of fixations for monkey RI (remote, n = 2134; recent, n = 1042). Remote tri-
als are depicted in orange and recent trials in blue. Light shading around mean traces represents
95% bootstrapped confidence intervals. Gray shading represents p , 0.05 difference between
remote and recent phase concentrations in a two-tailed cluster-based permutation test. Abscissa as
in c. b, Same as a but for animal LE (remote, n = 1267; recent, n = 2921). c, d, Similar to a and
b, respectively, but for the hippocampus of each animal (LE remote, n = 2054; recent, n = 1031;
RI remote, n = 1297; recent, n = 2972).
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hippocampus and retrosplenial cortex of humans and mon-
keys, and they have been associated with alert behaviors or
more so than sleep-related activity falling in the classic type 1
theta band (6–8Hz); in the present study we report a stronger
alpha modulation in the RSC than in the HPC. To some

degree, neural specializations may account
for the apparent difference across taxonomic
order.

Oscillations at 8–15Hz are also dominant
in posterior medial, parietal, and adjacent occi-
pital regions during visuospatial learning and
attention in foveal animals (Lin et al., 2015;
Lobier et al., 2018; Foster and Awh, 2019;
Jensen et al., 2021), apparently driven by pulvi-
nar inputs (Saalmann et al., 2012; Zhou et al.,
2016; Fiebelkorn et al., 2019). The primacy of
vision in anthropoid species, and specifically
the encoding of visuospatial metrics within
structures supporting spatial exploration and
memory (Meister and Buffalo, 2016; Rolls and
Wirth, 2018; Ryan et al., 2020), may result in a
greater influence of visual cortex and thala-
mus on these structures. This may, in turn, be
integrated with a phylogenetically conserved
role for the retrosplenial cortex in the gradual
development of representations over time (Smith
et al., 2012; Makino and Komiyama, 2015; Miller
et al., 2019). The connectivity of retrosplenial cor-
tex in macaques situates it as proximate to other
regions that are critical for visuospatial processing
and for spatiotemporal event memory, consistent
with such integration (Parvizi et al., 2006; Vann
et al., 2009; Bubb et al., 2017). With few direct
studies of retrosplenial cortex physiology in pri-
mates, this idea is largely untested, but an intrigu-
ing finding in the cat showed that coherent alpha
is seen across occipital, hippocampal, and tha-
lamic sites with visual stimulation (Schürmann
et al., 2000). Furthermore, alpha-band phase
in human posterior/occipital iEEG and
posterior-medial MEG was locked to sac-
cades during the encoding of visual stimuli
that were later remembered (Staudigl et al.,
2017). This, together with our saccade phase-

locked results, suggest a coupling between visual search proc-
esses, retrosplenial alpha oscillations, and memory retrieval.

An important caution is that field-recorded oscillations are
highly degenerate; merely sharing a frequency band does not
imply common underlying mechanisms or function. Further
work is required to disentangle the circuit generators of these
oscillations and the cognitive/behavioral consequences before it
will be clear which oscillatory phenomena are common and
which are independent across the hippocampus, retrosplenial
cortex, and areas related to visual attention.

Despite the common spectral profile we found in retro-
splenial and hippocampal regions, their activity differed as
a function of memory age. Hippocampal alpha oscillations
were unchanging, whereas retrosplenial alpha increased with
age, possibly contrasting a constant hippocampal contribu-
tion with an emergent or optimized contribution from the
retrosplenial cortex. Importantly, the oscillation was present
across time, leading to the intriguing finding that within
alpha bouts, hippocampal–retrosplenial gamma synchrony
was greater during new than old successful memory retrieval.
Among various possible accounts, this could indicate the
necessity to coordinate (via gamma oscillations) a common
but distributed representation across regions during the

Figure 6. Greater synchrony between ACC and HPC during remembered recent scenes
compared with remote scenes. Difference in ACC–HPC phase locking between bouts on
recent and remote trials across remembered (recent, 111 bouts; remote, 194 bouts), forgot-
ten trials (recent, 530; remote, 142), and control bouts (recent, 405; remote, 718). Gray shad-
ing from zero indicates frequencies with a permutation difference of p, 0.05.

Figure 5. Interarea synchrony between the RSC and the HPC across state and scene memory category. a, Left,
Phase-locking (wPLI) by frequency during 10–15 Hz RSC bouts across rest (n = 2338), inter-trial interval (ITI) (n =
1937), search (n = 890) for RI. Right, Difference in RSC–HPC synchrony during alpha bouts in recent and remote trials
during remembered, forgotten, and low-alpha control bouts. b, Same as a but for animal LE; left, rest (n = 3346), ITI
(n = 6423), and search (n = 2384); right, remembered (recent, n = 112; remote, n = 204), forgotten (recent, n =
1159; remote, n = 909), and control (recent, n = 2937; remote, n = 2331). Gray shading from zero indicates frequen-
cies where the difference between recent and remote is p, 0.05 in a cluster-based permutation test.
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formative window of new learning, which becomes less crit-
ical over time. Hippocampal gamma oscillations are seen
during memory formation through excitatory-inhibitory plastic-
ity in parvalbumin-positive neurons seen during learning (He et
al., 2021) and lead to network plasticity including increased
sharp-wave ripples (SWRs; Zarnadze et al., 2016). Because SWRs
are coordinated between the hippocampus and RSC (Alexander
et al., 2018), and SWR increases and slow gamma oscillations are
associated with event-memory retrieval in macaques (Leonard
and Hoffman, 2017; Montefusco-Siegmund et al., 2017; Hussin
et al., 2020), the gamma coherence across regions in the present
study may serve to facilitate or at least indicate underlying plas-
ticity during early memory formation. We note, however, that
decreased HPC–RSC synchrony over time is not necessarily an
indication of diminished activity or plasticity within each area; it
may signal that the representations within a region have drifted
independently, leading to dissimilar recruitment (and presum-
ably resulting in less gamma coupling) during retrieval bouts for
old memories (Barry and Maguire, 2019). For a proper under-
standing of the significance of the nested gamma synchrony that
diminishes with memory age, the specific underlying memory
representations should be tracked and linked to retrieval. The
implication is that these dynamics may contribute to the gradual
development of retrosplenial memory representations over time
in a way that predicts memory retention (Milczarek et al., 2018)
and suggests that cooperative action in hippocampal and retro-
splenial populations during and shortly after learning may be im-
portant for durable representations (Mao et al., 2018; de Sousa et
al., 2019; Milczarek and Vann, 2020).

Considering the paucity of neural data from retrieval of old
memories in primates, and specifically from direct measure-
ments of retrosplenial cortex, the present findings offer a strong
basis to direct future inquiries into these specific oscillatory phe-
nomena. Furthermore, these oscillations suggest restricted func-
tional windows for long-range coordination during retrieval,
which may be region specific and could facilitate the tracking of
underlying memory representations over time.

References
Aggleton JP (2010) Understanding retrosplenial amnesia: insights from ani-

mal studies. Neuropsychologia 48:2328–2338.
Alexander AS, Rangel LM, Tingley D, Nitz DA (2018) Neurophysiological

signatures of temporal coordination between retrosplenial cortex and the
hippocampal formation. Behav Neurosci 132:453–468.

Alexander AS, Robinson JC, Dannenberg H, Kinsky NR, Levy SJ, Mau W,
Chapman GW, Sullivan DW, Hasselmo ME (2020) Neurophysiological
coding of space and time in the hippocampus, entorhinal cortex, and ret-
rosplenial cortex. Brain Neurosci Adv 4:2398212820972871.

Barry DN, Maguire EA (2019) Remote memory and the hippocampus: a con-
structive critique. Trends Cogn Sci 23:128–142.

Basile BM, Hampton RR (2019) Nonnavigational spatial memory perform-
ance is unaffected by hippocampal damage in monkeys. Hippocampus
29:93–101.

Berens P (2009) CircStat: a MATLAB toolbox for circular statistics. J Stat
Softw 31:1–21.

Bohbot VD, Copara MS, Gotman J, Ekstrom AD (2017) Low-frequency theta
oscillations in the human hippocampus during real-world and virtual
navigation. Nat Commun 8:14415.

Bubb EJ, Kinnavane L, Aggleton JP (2017) Hippocampal – diencephalic –
cingulate networks for memory and emotion: an anatomical guide. Brain
Neurosci Adv 1:2398212817723443.

Buckley MJ, Mitchell AS (2016) Retrosplenial cortical contributions to antero-
grade and retrograde memory in the monkey. Cereb Cortex 26:2905–2918.

Buzsáki G (1989) Two-stage model of memory trace formation: a role for
“noisy” brain states. Neuroscience 31:551–570.

Cantero JL, Atienza M, Stickgold R, Kahana MJ, Madsen JR, Kocsis B (2003)
Sleep-dependent theta oscillations in the human hippocampus and neo-
cortex. J Neurosci 23:10897–10903.

Chau VL, Murphy EF, Rosenbaum RS, Ryan JD, Hoffman KL (2011) A
flicker change detection task reveals object-in-scene memory across spe-
cies. Front Behav Neurosci 5:58.

Chrastil ER (2018) Heterogeneity in human retrosplenial cortex: a review of
function and connectivity. Behav Neurosci 132:317–338.

Cohen MX (2018) Using spatiotemporal source separation to identify promi-
nent features in multichannel data without sinusoidal filters. Eur J
Neurosci 48:2454–2465.

Colgin LL (2013) Mechanisms and functions of theta rhythms. Annu Rev
Neurosci 36:295–312.

Corcoran KA, Donnan MD, Tronson NC, Guzmán YF, Gao C, Jovasevic V,
Guedea AL, Radulovic J (2011) NMDA receptors in retrosplenial cortex
are necessary for retrieval of recent and remote context fear memory. J
Neurosci 31:11655–11659.

Corcoran KA, Frick BJ, Radulovic J, Kay LM (2016) Analysis of coherent ac-
tivity between retrosplenial cortex, hippocampus, thalamus, and anterior
cingulate cortex during retrieval of recent and remote context fear mem-
ory. Neurobiol Learn Mem 127:93–101.

Dastjerdi M, Foster BL, Nasrullah S, Rauschecker AM, Dougherty RF,
Townsend JD, Chang C, Greicius MD, Menon V, Kennedy DP, Parvizi J
(2011) Differential electrophysiological response during rest, self-referen-
tial, and non-self-referential tasks in human posteromedial cortex. Proc
Natl Acad Sci U S A 108:3023–3028.

de Landeta AB, Pereyra M, Medina JH, Katche C (2020) Anterior retrosple-
nial cortex is required for long-term object recognition memory. Sci Rep
10:4002.

de Sousa AF, et al. (2019) Optogenetic reactivation of memory ensembles in
the retrosplenial cortex induces systems consolidation. Proc Natl Acad
Sci U S A 116:8576–8581.

Destrade C, Ott T (1982) Is a retrosplenial (cingulate) pathway involved in
the mediation of high frequency hippocampal rhythmical slow activity
(theta)? Brain Res 252:29–37.

Dickerson BC, Eichenbaum H (2010) The episodic memory system: neuro-
circuitry and disorders. Neuropsychopharmacology 35:86–104.

Fiebelkorn IC, Pinsk MA, Kastner S (2019) The mediodorsal pulvinar coordi-
nates the macaque fronto-parietal network during rhythmic spatial atten-
tion. Nat Commun 10:215.

Fletcher PC, Frith CD, Grasby PM, Shallice T, Frackowiak RSJ, Dolan RJ
(1995) Brain systems for encoding and retrieval of auditory-verbal mem-
ory. An in vivo study in humans. Brain 118:401–416.

Foster BL, Dastjerdi M, Parvizi J (2012) Neural populations in human poster-
omedial cortex display opposing responses during memory and numeri-
cal processing. Proc Natl Acad Sci U S A 109:15514–15519.

Foster BL, Kaveh A, Dastjerdi M, Miller KJ, Parvizi J (2013) Human retro-
splenial cortex displays transient theta phase locking with medial tempo-
ral cortex prior to activation during autobiographical memory retrieval. J
Neurosci 33:10439–10446.

Foster JJ, Awh E (2019) The role of alpha oscillations in spatial attention: lim-
ited evidence for a suppression account. Curr Opin Psychol 29:34–40.

Froudist-Walsh S, Browning PGF, Croxson PL, Murphy KL, Shamy JL,
Veuthey TL, Wilson CRE, Baxter MG (2018) The rhesus monkey hippo-
campus critically contributes to scene memory retrieval, but not new
learning. J Neurosci 38:7800–7808.

Gaffan D (1994) Scene-specific memory for objects: a model of epi-
sodic memory impairment in monkeys with fornix transection. J
Cogn Neurosci 6:305–320.

Goyal A, et al. (2020) Functionally distinct high and low theta oscillations in
the human hippocampus. Nat Commun 11:2469.

Griffiths BJ, Michelmann S, Roux F, Chelvarajah R, Rollings DT, Sawlani V,
Hamer H, Gollwitzer S, Kreiselmeyer G, Staresina B, Wimber M,
Hanslmayr S (2018) Hippocampal synchrony and neocortical desyn-
chrony cooperate to encode and retrieve episodic memories. bioRxiv
305698. doi: 10.1101/305698.

Hampton RR, Hampstead BM, Murray EA (2004) Selective hippocampal
damage in rhesus monkeys impairs spatial memory in an open-field test.
Hippocampus 14:808–818.

He X, Li J, Zhou G, Yang J, McKenzie S, Li Y, Li W, Yu J, Wang Y, Qu J, Wu
Z, Hu H, Duan S, Ma H (2021) Gating of hippocampal rhythms and

7954 • J. Neurosci., October 19, 2022 • 42(42):7947–7956 Hussin et al. · Retrieval of Old Memories in Macaques

http://dx.doi.org/10.1016/j.neuropsychologia.2009.09.030
https://www.ncbi.nlm.nih.gov/pubmed/19800900
http://dx.doi.org/10.1037/bne0000254
https://www.ncbi.nlm.nih.gov/pubmed/30070554
http://dx.doi.org/10.1177/2398212820972871
https://www.ncbi.nlm.nih.gov/pubmed/33294626
http://dx.doi.org/10.1016/j.tics.2018.11.005
https://www.ncbi.nlm.nih.gov/pubmed/30528612
http://dx.doi.org/10.1002/hipo.23013
https://www.ncbi.nlm.nih.gov/pubmed/30069946
http://dx.doi.org/10.1038/ncomms14415
https://www.ncbi.nlm.nih.gov/pubmed/28195129
http://dx.doi.org/10.1093/cercor/bhw054
https://www.ncbi.nlm.nih.gov/pubmed/26946129
http://dx.doi.org/10.1016/0306-4522(89)90423-5
https://www.ncbi.nlm.nih.gov/pubmed/2687720
http://dx.doi.org/10.1523/JNEUROSCI.23-34-10897.2003
https://www.ncbi.nlm.nih.gov/pubmed/14645485
https://www.ncbi.nlm.nih.gov/pubmed/21960963
http://dx.doi.org/10.1037/bne0000261
https://www.ncbi.nlm.nih.gov/pubmed/30160506
http://dx.doi.org/10.1111/ejn.13727
https://www.ncbi.nlm.nih.gov/pubmed/28960497
http://dx.doi.org/10.1146/annurev-neuro-062012-170330
https://www.ncbi.nlm.nih.gov/pubmed/23724998
http://dx.doi.org/10.1523/JNEUROSCI.2107-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/21832195
http://dx.doi.org/10.1016/j.nlm.2015.11.019
https://www.ncbi.nlm.nih.gov/pubmed/26691782
http://dx.doi.org/10.1073/pnas.1017098108
https://www.ncbi.nlm.nih.gov/pubmed/21282630
http://dx.doi.org/10.1038/s41598-020-60937-z
https://www.ncbi.nlm.nih.gov/pubmed/32152383
http://dx.doi.org/10.1073/pnas.1818432116
https://www.ncbi.nlm.nih.gov/pubmed/30877252
http://dx.doi.org/10.1016/0006-8993(82)90975-1
https://www.ncbi.nlm.nih.gov/pubmed/6293657
http://dx.doi.org/10.1038/npp.2009.126
https://www.ncbi.nlm.nih.gov/pubmed/19776728
http://dx.doi.org/10.1038/s41467-018-08151-4
https://www.ncbi.nlm.nih.gov/pubmed/30644391
http://dx.doi.org/10.1093/brain/118.2.401
http://dx.doi.org/10.1073/pnas.1206580109
https://www.ncbi.nlm.nih.gov/pubmed/22949666
http://dx.doi.org/10.1523/JNEUROSCI.0513-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/23785155
http://dx.doi.org/10.1016/j.copsyc.2018.11.001
https://www.ncbi.nlm.nih.gov/pubmed/30472541
http://dx.doi.org/10.1523/JNEUROSCI.0832-18.2018
https://www.ncbi.nlm.nih.gov/pubmed/30049888
http://dx.doi.org/10.1162/jocn.1994.6.4.305
https://www.ncbi.nlm.nih.gov/pubmed/23961727
http://dx.doi.org/10.1038/s41467-020-15670-6
https://www.ncbi.nlm.nih.gov/pubmed/32424312
http://dx.doi.org/10.1101/305698
http://dx.doi.org/10.1002/hipo.10217
https://www.ncbi.nlm.nih.gov/pubmed/15382251


memory by synaptic plasticity in inhibitory interneurons. Neuron
109:1013–1028.e9.

Herweg NA, Solomon EA, Kahana MJ (2020) Theta oscillations in human
memory. Trends Cogn Sci 24:208–227.

Hoffman KL, Dragan MC, Leonard TK, Micheli C, Montefusco-Siegmund R,
Valiante TA (2013) Saccades during visual exploration align hippocampal
3–8 Hz rhythms in human and non-human primates. Front Syst
Neurosci 7:43.

Hussin AT, Leonard TK, Hoffman KL (2020) Sharp-wave ripple features in
macaques depend on behavioral state and cell-type specific firing.
Hippocampus 30:50–59.

Jensen O, Pan Y, Frisson S, Wang L (2021) An oscillatory pipelining mecha-
nism supporting previewing during visual exploration and reading.
Trends Cogn Sci 25:1033–1044.

Jutras MJ, Fries P, Buffalo EA (2013) Oscillatory activity in the monkey hip-
pocampus during visual exploration and memory formation. Proc Natl
Acad Sci U S A 110:13144–13149.

Karimi Abadchi J, Nazari-Ahangarkolaee M, Gattas S, Bermudez-Contreras
E, Luczak A, McNaughton BL, Mohajerani MH (2020) Spatiotemporal
patterns of neocortical activity around hippocampal sharp-wave ripples.
Elife 9:e51972.

Katche C, Medina JH (2017) Requirement of an early activation of BDNF/c-
Fos cascade in the retrosplenial cortex for the persistence of a long-lasting
aversive memory. Cereb Cortex 27:1060–1067.

Katche C, et al. (2013) On the role of retrosplenial cortex in long-lasting
memory storage. Hippocampus 23:295–302.

Katz CN, Patel K, Talakoub O, Groppe D, Hoffman K, Valiante TA
(2020) Differential generation of saccade, fixation, and image-onset
event-related potentials in the human mesial temporal lobe. Cereb
Cortex 30:5502–5516.

Kleen JK, Chung JE, Sellers KK, Zhou J, Triplett M, Lee K, Tooker A, Haque
R, Chang EF (2021) Bidirectional propagation of low frequency oscilla-
tions over the human hippocampal surface. Nat Commun 12:2764.

Koike BDV, Farias KS, Billwiller F, Almeida-Filho D, Libourel P-A, Tiran-
Cappello A, Parmentier R, Blanco W, Ribeiro S, Pierre-Luppi H, Queiroz
CM (2017) Electrophysiological evidence that the retrosplenial cortex dis-
plays a strong and specific activation phased with hippocampal theta dur-
ing paradoxical (REM) sleep. J Neurosci 37:8003–8013.

Kragel JE, VanHaerents S, Templer JW, Schuele S, Rosenow JM, Nilakantan
AS, Bridge DJ (2020) Hippocampal theta coordinates memory processing
during visual exploration. Elife 9:32167468.

Lega BC, Jacobs J, Kahana M (2012) Human hippocampal theta oscillations
and the formation of episodic memories. Hippocampus 22:748–761.

Leonard TK, Hoffman KL (2017) Sharp-wave ripples in primates are
enhanced near remembered visual objects. Curr Biol 27:257–262.

Leonard TK, et al. (2015) Sharp wave ripples during visual exploration in the
primate hippocampus. J Neurosci 35:14771–14782.

Lin CT, Chiu TC, Gramann K (2015) EEG correlates of spatial orientation in
the human retrosplenial complex. Neuroimage 120:123–132.

Liu B, Tian Q, Gu Y (2021) Robust vestibular self-motion signals in macaque
posterior cingulate region. Elife 10:e64569.

Lobier M, Palva JM, Palva S (2018) High-alpha band synchronization across
frontal, parietal and visual cortex mediates behavioral and neuronal
effects of visuospatial attention. Neuroimage 165:222–237.

Maguire EA (2001) The retrosplenial contribution to human naviga-
tion: a review of lesion and neuroimaging findings. Scand J Psychol
42:225–238.

Makino H, Komiyama T (2015) Learning enhances the relative impact of
top-down processing in the visual cortex. Nat Neurosci 18:1116–1122.

Mao D, Neumann AR, Sun J, Bonin V, Mohajerani MH, McNaughton BL
(2018) Hippocampus-dependent emergence of spatial sequence coding in
retrosplenial cortex. Proc Natl Acad Sci U S A 115:8015–8018.

Maris E, Oostenveld R (2007) Nonparametric statistical testing of EEG- and
MEG-data. J Neurosci Methods 164:177–190.

Meister MLR, Buffalo EA (2016) Getting directions from the hippocampus:
the neural connection between looking and memory. Neurobiol Learn
Mem 134 Pt A:135–144.

Milczarek MM, Vann SD (2020) The retrosplenial cortex and long-term spa-
tial memory: from the cell to the network. Curr Opin Behav Sci 32:50–56.

Milczarek MM, Vann SD, Sengpiel F (2018) Spatial memory engram in the
mouse retrosplenial cortex. Curr Biol 28:1975–1980.e6.

Miller AMP, Vedder LC, Law LM, Smith DM (2014) Cues, context, and
long-term memory: the role of the retrosplenial cortex in spatial cogni-
tion. Front HumNeurosci 8:586.

Miller AMP, MauW, Smith DM (2019) Retrosplenial cortical representations
of space and future goal locations develop with learning. Curr Biol
29:2083–2090.e4.

Montefusco-Siegmund R, Leonard TK, Hoffman KL (2017) Hippocampal
gamma-band synchrony and pupillary responses index memory during
visual search. Hippocampus 27:425–434.

Murray EA, Baxter MG, Gaffan D (1998) Monkeys with rhinal cortex dam-
age or neurotoxic hippocampal lesions are impaired on spatial scene
learning and object reversals. Behav Neurosci 112:1291–1303.

Nichols TE, Holmes AP (2002) Nonparametric permutation tests for func-
tional neuroimaging: a primer with examples. Hum Brain Mapp 15:1–25.

Nuñez A, Buño W (2021) The theta rhythm of the hippocampus: from
neuronal and circuit mechanisms to behavior. Front Cell Neurosci
15:649262.

Opalka AN, Wang DV (2020) Hippocampal efferents to retrosplenial cortex
and lateral septum are required for memory acquisition. Learn Mem
27:310–318.

Opalka AN, HuangW-Q, Liu J, Liang H, Wang DV (2020) Hippocampal rip-
ple coordinates retrosplenial inhibitory neurons during slow-wave sleep.
Cell Rep 30:432–441.e3.

Parvizi J, Van Hoesen GW, Buckwalter J, Damasio A (2006) Neural connec-
tions of the posteromedial cortex in the macaque. Proc Natl Acad Sci U S
A 103:1563–1568.

Ritchey M, Libby LA, Ranganath C (2015) Cortico-hippocampal systems
involved in memory and cognition: the PMAT framework. Prog Brain
Res 219:45–64.

Rolls ET, Wirth S (2018) Spatial representations in the primate hippocampus,
and their functions in memory and navigation. Prog Neurobiol 171:90–
113.

Ryan JD, Shen K, Liu Z-X (2020) The intersection between the oculomotor
and hippocampal memory systems: empirical developments and clinical
implications. Ann N Y Acad Sci 1464:115–141.

Saalmann YB, Pinsk MA, Wang L, Li X, Kastner S (2012) The pulvinar regu-
lates information transmission between cortical areas based on attention
demands. Science 337:753–756.
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