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Sharp-wave-ripple (SPW-R) complexes are believed to mediate
memory reactivation, transfer, and consolidation. However, their
underlying neuronal dynamics at multiple scales remains poorly
understood. Using concurrent hippocampal local field potential
(LFP) recordings and functional MRI (fMRI), we study local changes
in neuronal activity during SPW-R episodes and their brain-wide
correlates. Analysis of the temporal alignment between SPW and
ripple components reveals well-differentiated SPW-R subtypes in
the CA1 LFP. SPW-R-triggered fMRI maps show that ripples aligned
to the positive peak of their SPWs have enhanced neocortical met-
abolic up-regulation. In contrast, ripples occurring at the trough of
their SPWs relate to weaker neocortical up-regulation and absent
subcortical down-regulation, indicating differentiated involvement
of neuromodulatory pathways in the ripple phenomenon mediated
by long-range interactions. To our knowledge, this study provides
the first evidence for the existence of SPW-R subtypes with differ-
entiated CA1 activity and metabolic correlates in related brain areas,
possibly serving different memory functions.
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emory processes require mechanisms for large-scale in-

tegration of neuronal activity, in which information pro-
cessing is precisely coordinated at multiple scales. A prominent
example of such phenomenon is the replay of specific sequences
of action potentials of hippocampal and neocortical neurons,
reflecting previous experiences during wakefulness (1-7). Sharp-
wave-ripple (SPW-R) complexes observed in the hippocampal
CALl local field potential (LFP) mark the reactivation of these
sequences by the simultaneous occurrence of two distinct but
related phenomena: a strong LFP deflection, known as sharp
wave (SPW), and a high-frequency oscillation known as ripple (8,
9). SPW-R episodes are thought to reflect brain-wide processes
mediating memory consolidation (10-13). However, the large-
scale cooperative mechanisms associated to these episodes and
their relationship to the observed SPW-R electrical signature
remain largely unknown. Investigating this relationship is critical
for understanding memory processes at a system level and may
provide new insights into the mechanisms of pathological fast
ripples observed during epilepsy (14).

Although they were initially thought to occur during slow-wave
sleep and quiescence periods, later on SPW-R and sequence
replay were also observed during or shortly after active behavior
(15-17). Moreover, many SPW-Rs occur at path choice points
(18, 19), which are also locations where vicarious trial and error
are reported (20). Thus, reactivation of memory sequences during
SPW-Rs could provide a convenient mechanism not only for con-
solidation of long-term memory (4) but also for quickly recalling
memories during awake state, serving various cognitive functions
(21). The generation of SPW-R complexes in these various contexts
likely involves brain-wide network mechanisms, and as a conse-
quence, SPW-R-related brain dynamics may vary, reflecting dif-
ferent types of interactions with cortical and subcortical systems.
These interactions may in turn affect the underlying dynamics of
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hippocampal circuits, thus modifying the observed SPW-R-associ-
ated functional activity at multiple scales.

In this work, we investigate how the LFP signature of SPW-R
events varies during ongoing activity at a given CAl recording
site, and whether these variations reflect differences in the co-
ordination of neural activity at multiple scales, possibly related to
different functions. We test our hypothesis by studying the SPW-R
correlates at mesoscopic and macroscopic scales. Specifically,
using multisite hippocampal LFP recordings and functional MRI
(fMRI) in anesthetized rhesus monkeys (Macaca mulatta), we
examine the spatiotemporal properties of SPW-R complexes
with a multivariate clustering approach. This approach revealed
that recorded multisite SPW-R LFP activity can be classified in
four subtypes differing in the temporal SPW-to-ripple coupling
and low-frequency SPW pattern. On the one hand, SPW-R-
triggered fMRI statistical maps suggest that ripples synchronized
to the positive peak of their SPWs mark enhanced neocortical
activations. On the other hand, ripples occurring at the trough of
their SPWs reveal weak or absent down-regulation in subcortical
structures, especially in two neuromodulatory structures: dor-
sal raphe nucleus and locus coeruleus. Altogether, our results
show that hippocampal episodes displaying specific SPW tem-
poral patterns and distinct couplings between SPWs and ripples
may instantiate cortico- and subcortico-hippocampal interactions
of different nature, possibly associated with specific memory-
related functions.

Significance

Sharp-wave-ripple (SPW-R) episodes observed in the electrical
activity of mammalian hippocampus are traditionally associated
to memory consolidation during sleep but have been recently
observed during active behavior. Their involvement in various
cognitive functions suggests the existence of SPW-R subtypes
engaged in distinct neuronal activity patterns at multiple scales.
We use concurrent electrophysiological and functional MRI
(fMRI) recordings in macaque monkeys to investigate this hy-
pothesis. We discover several subtypes of SPW-R with distinct
electrophysiological properties. Importantly, fMRI recordings
reveal differences between the large-scale signatures of SPW-R
subtypes, indicating differentiated interactions with neocortex,
and contributions of neuromodulatory pathways to the SPW-R
phenomenon. Understanding the detailed properties of hippo-
campal SPW-Rs at multiple scales will provide new insights on
the function of memory systems.
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Results

Four Subtypes of SPW-R Complexes. To study the variability of SPW-R
complexes, we analyzed extracellular recordings and charac-
terized the temporal and frequency profile of LFPs of the ma-
caque hippocampus. Multicontact recording electrodes were
positioned in CA1 on the basis of high-resolution structural MRI
scans and on-line tracking of stereotypical hippocampal neuronal
response profiles (see Materials and Methods for details). Fig. 1
depicts a schematic representation of the recording configuration
and typical electrode penetration (Fig. 14), together with an ex-
ample of a typical SPW-R complex signature across multiple
electrode tips (Fig. 1 B and C). SPW-R amplitude, duration (~100 ms)
(Fig. 1B), current source density (CSD) profile (Fig. 1D), and
spectrogram (Fig. 1E) are consistent with previous studies in
macaque monkeys (22). To check the stability of the level of
anesthesia, we monitored the power of hippocampal LFP in the
theta frequency band (4-8 Hz) (23). Each experiment of a given
session was divided into two blocks (5 min each). The distribution
of theta power in these two blocks was assessed by randomly
choosing time intervals of 1 min (for a total of 50 time intervals)
within the block and computing its theta power using Morlet-
wavelet spectrograms (see Materials and Methods). Our analysis
revealed no significant differences between the first block and
second block of each experiment (n = 242 experiments; P > 0.69,
paired-samples permutation ¢ test). Theta activity was thus stable
across experiments of single-recording sessions, reflecting no pu-
tative fluctuations on the anesthesia levels (Fig. S1 4 and B).

To study the dynamics of SPW-Rs, we have initially identified
candidate events using the process described in ref. 24, coupled
with several refinements. Briefly, oscillatory events were initially
detected as peaks in the envelope of the broadband LFP (10-250
Hz). Candidate events were clustered on the basis of their spectral
signatures, and only events exhibiting increases in their spectra
above 80 Hz were identified as ripples. Detection of ripples was
further refined by quantifying the Z-scored power in the ripple
frequency band (80-180 Hz) and ripple localization in time. Only
events satisfying stringent localization and power profile criteria
were taken into account for further processing steps (see full
procedure in SI Section A).

To quantify the variability in hippocampal LFP during SPW-R
events, we first compared their spatiotemporal signature. We
asked whether this variability supported the existence of well-
differentiated SPW-R event types, possibly reflecting distinct
microcircuit dynamics and functional roles. As a preliminary
step, we first aligned perievent waveforms with respect to the
averaged ripple power peak across recording sites. We next used
a two-step procedure to cluster the detected and aligned SPW-R

events as illustrated in Fig. S2. The cluster analysis procedure
was performed for each experimental session separately. First,
we grouped the spatiotemporal SPW-R series into 200 repre-
sentative signals using a growing neural gas (GNG) algorithm
(25). Each representative signal is the average of a group of raw
perievent signals with similar time courses (Fig. S2 4 and B). It is
worth noting that GNG does not extract particular features of
the signals but represents them solely based on their corre-
sponding time courses in an unsupervised manner. In the second
step (Fig. S2C), we clustered these representative signals based
on their cosine similarity using the normalized cuts algorithm
(26) (see SI Section A for details).

We applied this two-step algorithm to 12 experimental ses-
sions (a total of ~11,000 detected SPW-R complexes). The re-
sults of the clustering procedure were consistent across all
experimental sessions and animals, and did not vary significantly
due to recording channel selection (the algorithm was amenable
to one or multiple recording channels). However, it was difficult
to determine whether SPW-R complexes were truly clustered or
they only existed as part of some continuum. To address this
question, we devised two procedures: clustering quality analysis,
and cluster consistency analysis (see SI Section A for methodo-
logical details, and Fig. S3). The first analysis revealed that the
population of SPW-R complexes in the CALl field is best repre-
sented by four LFP signatures. Furthermore, the second pro-
cedure revealed that clustering consistency across experimental
sessions was significantly higher than chance (P < 107°, ¢ test;
mean value with 95% confidence interval for clustering consis-
tency, 74.17% = 1.63%).

Fig. 24 depicts the SPW-R LFP grand averages of the
resulting clusters (n = 12 experimental sessions, 4 animals),
showing that ripple oscillations may follow (subtype 1), precede
(subtype 2), or be located at the peak of dendritic depolarization
(subtype 3). Additionally, ripples may be deprived from a clear
SPW depolarization signature (subtype 4). For brevity, we refer
to ripple oscillations located near the peak of the SPW (subtypes
2 and 3) as “classical” (SPW-R patterns with the strongest visual
resemblance to those first reported in ref. 22). The remaining
SPW-Rs (subtypes 1 and 4) will be referred to as “nonclassical.”
In correspondence with each SPW-R subtype, typical raw signal
traces (0.5-300 Hz) are illustrated in Fig. 2B (Top) (monkey i/1),
together with their SPW (0-20 Hz) and ripple (80-180 Hz) fil-
tered traces (Fig. 2B, Top and Middle, respectively), a colored
dotted line shows the SD threshold for the event in the ripple
band. Finally, single-event (broadband) Z-scored Morlet-wavelet
spectrograms for every example event are given in Fig. 2B
(Bottom), displaying significant and localized ripple-band power
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Fig. 1.

Electrode position, recordings in the hippocampus, and SPW-Rs. (A) Schematic representation of our hippocampal recordings. The diagram of the

electrode position is superimposed on an Inset of the MRI histology atlas (49) indicating the approximate thickness of the pyramidal cell layer in the CA1 field.
(B) Raw multisite LFP traces (0.5-250 Hz). Labels indicate the site targeted by each electrode tip: “sr” for stratum radiatum, “pl” for pyramidal layer. (C) LFP
traces depicted in B filtered in the ripple band (80-180 Hz). (D) Averaged current source density (CSD) maps (50) for SPW (Left) and ripple (Right) for a typical
experimental session (n = 1,020, monkey i77). In the CSD plots, warm colors (red) indicate sources, whereas cold colors (blue) indicate sinks. (E) Averaged
ripple-triggered Morlet-wavelet spectrogram for a typical recording session (n = 1,020, monkey i77).
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Fig. 2. Classification of SPW-R complexes across 12 experimental sessions in anesthetized macaque monkeys. (A) Grand averages of ripple power-triggered
SPW-R field potential signatures, from one representative stratum radiatum recording site. Occurrence of the ripple oscillation is marked by dashed lines.
Shaded areas indicate SEM. (B) Representative single-trial events for each subtype. (Top) SPW and related raw signals of each event subtype (monkey i77).
Note that shapes correspond to the average patterns presented in A. (Middle) Filtered, Z-scored LFP in the ripple frequency range (80-180 Hz), illustrating
that all SPW-R classes present a significant power increase in this range. Dashed lines indicate ripple amplitude in SD units. (Bottom) Z-scored single-event
spectrogram of the broadband signal presented in the top rows. (C) Spectrogram grand averages, in correspondence with each of the SPW-R signatures
depicted in A. Averages are computed across all recording sites. (D) Averaged clusterwise spectra. Shaded areas indicate SEM. (E) Phase coupling of the ripple
to the SPW of dendritic depolarization for each cluster. Thick lines indicate the circular mean of the phase-coupling values. (F-H) Empirical distribution of SPW

and ripple subtypes properties. (F) SPW amplitude. (G) Ripple power. (H) Ripple frequency peak. Colors indicate SPW-R subtype.

increases. We found that results were very consistent from one
experimental session to another. As additional evidence, Fig. S4
shows results from another anesthetized experimental session
(monkey el0). As previous results have shown, single-event rip-
ple band traces and spectrograms show that nonclassical ripples
appear localized in line with our selection criteria (Materials and
Methods), and in good agreement with ripple events reported in
the literature (9, 27). It is worth noting that each SPW-R subtype
occurred concomitantly across all recording sites, displaying little
depth-dependent differences. Furthermore, SPW-R episodes
usually maintained the same polarity across all channels.

In addition to average waveforms, we asked whether SPW-R
subtypes showed differences in the frequency content of peri-
event LFP. Population complex Morlet-wavelet spectrograms
corresponding to each SPW-R type are depicted in Fig. 2C (n =
12 experimental sessions, 4 animals). This time-frequency anal-
ysis shows a clearer low-frequency peak for classical SPW-Rs,
suggesting they have higher-power sharp waves than nonclassical
SPWs. In addition, the spectral profiles at ripple onset extracted
from the middle vertical line of each spectrogram (Fig. 2D) show
that classical ripples have higher frequency peaks [mean values
with 95% confidence intervals, 110.56+1.09, 127.14+0.91,
125.35 £0.95, and 115.53 + 0.83, respectively; pairwise bootstrapped
Kolmogorov-Smirnov (KS) test, P < 107°, for the difference be-
tween frequency peaks, Bonferroni corrected] and spectral power
(SI Section B and SI Section C, and Fig. S5; specifically note that Fig.
SS5H shows a clear bimodal empirical distribution of the ripple fre-
quency peaks) compared with nonclassical ripples.

A characteristic of our results is the different coupling of av-
erage SPW waveforms to the ripple onset. To quantify precisely
this relationship in individual events, we measured the phase of
the sharp wave (0-20 Hz) at each ripple occurrence. The results,
grouped by SPW-R subtypes, are shown as polar histograms on Fig.
2E. Classical ripple signatures and only one nonclassical signature
(subtype 1, depicted in red) presented statistically significant cou-
pling to the sharp wave (mean values with 95% confidence interval,
—2.9126 +0.060, —0.53 +0.034, and 0.548 +0.025; P < 10", per-
muted KS test). In contrast, the nonsignificant coupling of the last
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cluster (subtype 4) (mean value with 95% confidence interval,
—0.74 £0.091; P > 0.8, permuted KS test) is attributable to the lack
of clear SPW signature. Notably, ripple-to-SPW coupling was sta-
tistically different among all SPW-R subtypes (P < 0.0001, per-
muted KS test; see also Fig. SSE, where histograms show clear
multimodality). In line with this analysis, the empirical distributions
illustrated in Fig. 2F show mostly positive SPW amplitude distri-
butions for classical SPW-Rs, whereas nonclassical events show
negative distribution or distribution around zero. As illustrated by
Fig. 2 G and H, all SPW-R subtypes have their main spectral sup-
port in the frequency range of 80-180 Hz and have similar ripple
power profiles (Fig. SS5). Altogether, these results suggest that SPW-
R subtypes are distinct in several ways, likely reflecting a discrete set
of modes for the underlying hippocampal dynamics (e.g., mediated
by differentiated inputs to CAl), rather than reflecting a continuum
of variations of the same phenomenon. Furthermore, these differ-
ences observed at local scales are further supported by subsequent
analyses on recording sessions from one unanesthetized animal (S
Section B and Fig. S6).

Some of the SPW-R patterns described here are in close
correspondence with signatures reported in a previous macaque
monkey study (22). Our results extend previous observations on
the variability of the time course of SPW-R complexes across
species (9, 22, 28). In fact, Skaggs et al. (22) suggested that ripple
oscillations come before the largest deflection of SPW in ma-
caque monkeys. Here, we demonstrate that SPWs and ripples
exhibit a variety of couplings. Moreover, our findings show that
SPWs also come in different shapes. In SI Section B, we further
characterize SPWs and ripples of distinct type. In particular, we
report comparable ripple power, and higher ripple peak fre-
quency for classical SPW-Rs with respect to their nonclassical
counterparts (see the overall ripple and SPW statistics across
experimental sessions in Fig. S5). These differences may be re-
lated to changes in neuronal synchrony (recruitment of pyrami-
dal neurons and interneurons) and modifications of the E-I
balance resulting in a higher neuronal excitability during classical
SPW-Rs. Interestingly, we also report that, although subtypes
have comparable rates and appear at similar timescales (Fig. S7
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A and B), classical sharp waves have larger autocorrelation
density (P < 0.01; ¢ test; n = 12 experimental sessions), suggesting
larger burstiness for these subtypes (Fig. S7C and SI Section B),
and consistent with previous studies reporting that ripples tend to
occur at comparable timescales, in time windows of increased
multiunit spiking activity (29). We now investigate the coupling of
SPW-R signatures to multiunit spiking activity.

Spike-Field Coherence Reflects Differences in Population Synchrony
During SPW-R Subtypes. Ripples are correlated with single-unit and
multiunit spiking activity from the CA1 pyramidal layer (9, 27). We
asked whether this was the case for the identified SPW-R subtypes.
Using the recorded multiunit spiking activity, we computed peri-
event time histograms (5-ms bins) for each SPW-R subtype across
experimental sessions. For such a purpose, we limited our analysis
to the electrode tip with the largest ripple oscillation power located
in stratum pyramidale (see SI Section A for details). Our first
analysis revealed a significant increase in spiking activity from
baseline (Fig. 34; n = 12 experimental sessions) concomitant with
the ripple occurrence. Broadly, spiking activity of all SPW-R event
types peaked at the same time.

Ripple events have a characteristic phase relationship to the
firing of participating units (8). We thus asked whether this re-
lationship was the same for differentiated SPW-R subtypes. We
assessed precisely the relationship between multiunit spikes and
LFP phase using cross-correlation. For this analysis, the SPW-R
signal was bandpass filtered in the ripple range (80-180 Hz), and
we used the location of the largest trough of the oscillation as
event onset reference for the cross-correlation. We then com-
puted the ripple trough-triggered perievent time histograms
(bins of 2 ms; n = 12 experimental sessions). Our results not only
indicated that neuronal assemblies increase their discharge
probability (Fig. 34) during the occurrence of SPW-Rs but also
revealed that unit discharges occur preferentially at the negative
peaks of the ripple oscillations (ripple trough) (Fig. 3B), in
agreement with previous studies in rats (8, 9). This finding was
consistent across all SPW-R event subtypes, displaying virtually
identical cross-correlograms (Fig. 3B, Top). In addition, the av-
erage ripple oscillation signature was almost identical among
SPW-R subtypes.

Differences in the relationship between multiunit spikes and
LFP across SPW-R subtypes may also span over the entire fre-
quency axis, instead of remaining localized to a particular fre-
quency band (such as the ripple range). Hence we further studied
the LFP-spike relationship of SPW-R subtypes using spike-field
coherence (SFC) of each SPW-R cluster across all frequencies
in the [0-200 Hz] range (30) (see SI Section A). We computed
this quantity for the four SPW-R signatures independently,
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across all experimental sessions. SFC group results are shown in
Fig. 3C for each SPW-R subtype (n = 12 experimental sessions).
Absolute values reported in Fig. 3C reveal coherency peaks both
in the ripple and sharp-wave frequency bands. Classical SPW-Rs
have the highest coherence values. Furthermore, the ripple-band
peak of coherency of nonclassical events was consistently below
that of classical SPW-Rs, in agreement with previous analyses
(Fig. 2 and Fig. S6).

We further investigated whether spikes had a consistent phase
relationship to LFP at different frequencies. Phase-locking val-
ues and circular mean phase of the coherence maps are reported
in Fig. 3D. Consistent with our preliminary analysis, we found
that multiunit spikes were phase-locked approximately to the
trough of the ripple oscillation (corresponding to a phase of =
radians or 180° Fig. 3D, middle map plots; mean phase with 95%
circular confidence interval —2.84 + 0.04 radians or 197.28 + 2.29°
for subtype 2; —2.62 + 0.02 radians or 209.78 + 1.25° degrees for
subtype 3). However, in our SFC result, this relationship holds
more precisely for classical ripples (nonclassical ripples mean phase
with 95% circular confidence interval —2.32 + 0.04 radians or
227.07 + 2.29% —2.52 + 0.05 radians or 215.61 + 2.86% P < 1073,
paired Kuiper test for the difference between phase couplings of all
ripple subtypes, Bonferroni corrected). This finding most likely
reflects different degrees of neuronal population synchrony 50 ms
around the occurrence of the ripple oscillation for different types
of SPW-R complexes, which may explain the difference between
our preliminary results and those with the SFC. Furthermore, this
finding also suggests that nonclassical episodes represent the ac-
tivity of a less synchronous neuronal population, in agreement with
results in Fig. 3C.

Finally, SFC analysis shows that multiunit spiking activity is
significantly locked to the gamma rhythm. A previous study
showed that a gamma rhythm is ubiquitous in the SPW-R phe-
nomenon (31). Notably, the results of this study suggest that
SWR-related gamma coordinates CA3 and CAl assemblies, and
could coordinate the reactivation of stored memories. It is worth
noting that, in the present work, we only selected “pure” ripple
events taking into account a signal-to-noise ratio, thus assuring
an almost unimodal ripple band power profile (24) (SI Section
C). To fully account for the possible influence of putative peri-
event gamma oscillations, we considered all detected events,
namely pure and “nonpure” events in two separate groups. In S
Section C, we show that detailed examination of SPW-R episode-
related gamma oscillations across all detected nonpure events
reveal neither new SPW-R LFP signatures nor distinct electro-
physiological features compared with pure events (see Fig. S8 A-D).
Interestingly, we found a transient increase of power over gamma
frequencies concomitant with the occurrence of pure, nonpure, and
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Fig. 3. Relationship between SPW-R complex subtypes and neuronal spiking activity. (4) Perievent time histograms of multiunit spiking activity using bins of size
5 ms. Histograms are computed with respect to random point processes of the same rate. (B) Cross-correlogram (Top) and ripple-trough perievent time histograms
(Bottom). (C) Maps of absolute SFC for each SPW-R subtype defined in Fig. 3. (D) Spike-field phase-locking maps corresponding to SFC map displayed in C.
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all SPW-R subtypes (Fig. S8E). These oscillations spread over the
slow- and high-gamma range of 25-75 Hz, with a unimodal
distribution of instantaneous frequencies peaking at ~50 Hz
(see Fig. S8C, Insets). We found that individual SPW-R epi-
sodes can be predicted—to a certain extent—from this tran-
sient increase in gamma power, but not their specific subtype (Fig.
S8F). Furthermore, in line with our SFC analysis, the relation-
ship between gamma LFP and multiunit spikes displays sig-
nificant differences in phase-coupling and phase-locking value
among SPW-R subtypes, further supporting our hypothesis that
these episode subtypes are functionally different (Fig. S8G).
Importantly, these results demonstrate that our observations
are invariant to SPW-R event detection protocols, and most
likely reflect the intricate hippocampal dynamics. Furthermore,
in line with ref. 31, our data suggest that macaque SPW-Rs are
also mediated by a gamma rhythm (see SI Section C and SI
Section D for further discussion).

Brain-Wide Signatures During Distinct SPW-R Episodes. To investigate
the differentiated signature of each SPW-R subtype on brain-wide
activity, we measured neural event-triggered fMRI (NET-fMRI)
for a set of regions of interest (ROISs) (24). The occurrence of each
SPW-R complex was used as a reference (trigger) to align and
average the time course of the blood oxygenation level-dependent
(BOLD) fMRI signal (see Materials and Methods). We defined the
ROIs according to previously established functional specificity
criteria (24). We analyzed the averaged Z-scored BOLD maps for
each experimental session, across four animals. Because classical
SPW-R (subtypes 2 and 3) have virtually identical ripple-triggered
fMRI signature, they were averaged together. First, we tracked
qualitative differences in brain-wide activations for the three re-
maining SPW-R subtypes (subtype 1, subtype 2-3, and subtype 4).
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As shown in the population analysis across all experimental
sessions (n = 12 experimental sessions, 4 monkeys, Fig. 44; see
Fig. S9 A and B for examples in individual animals), the overall
NET-fMRI time courses of all subtypes matches previously
reported observations: cortical up-regulation and subcortical
down-regulation. However, BOLD responses related to classical
SPW-Rs exhibit the largest cortical up-regulations and sub-
cortical down-regulations. In agreement with these observations,
significant differences between BOLD activations of classical
and nonclassical subtypes are observed in both neocortical and
subcortical domains (KS test, P < 0.02; Fig. 4B), with larger
effect over subcortical domains in the case of event subtype 1
(Fig. S9C).

We found no significant deactivation of subcortical structures
associated with SPW-R subtype 1 (¢ test, Bonferroni-corrected,
P > 0.36), with very low amplitude or no negative deviation from
zero. Interestingly, SPW-R subtype 1 was related to increased
neocortical BOLD responses compared with SPW-R subtype 4,
the last being associated with weak cortical up-regulation, and
subcortical down-regulations qualitatively comparable to that of
subtypes 2-3. The grand average NET-fMRI results are shown in
Fig. 54 for a large number of ROIs. We assessed how subtype 1
and subtype 4 differed from classical SPW-Rs (subtypes 2-3)
in each ROI. Because ROI-associated NET-fMRI responses
exhibit similar shapes across subtypes, presenting differences
mostly in magnitude, we extracted the average NET-fMRI re-
sponse over the full width at half absolute maximum and com-
pared the magnitude of up- or down-regulation for each ROI
across subtypes with univariate statistical tests corrected for multiple
comparisons. We found significantly higher up-regulation during
classical SPW-Rs than during nonclassical SPW-Rs within the hip-
pocampal formation, and in cortical associative areas (posterior
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Fig. 4. Ripple-triggered NET-fMRI associated with SPW-R subtypes. (A) Absolute averaged BOLD full-width at half absolute maximum, illustrating that
significant activation related to subtype 1 occurs almost exclusively for neocortex. Event subtypes 2 and 4 present heterogeneous activations across all brain
domains (Top). Averaged BOLD time courses show differentiated neocortical activations and subcortical deactivations for distinct event subtypes in Z-score units
across 12 experimental sessions, 4 animals. The gray regions in the previous plots represent activations below a 0.3-Z-score-units threshold to ease visualization
(Bottom). (B) Averaged cortical and subcortical BOLD responses computed using the first singular-value decomposition (SVD) component (Fig. S9).
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Fig. 5. Population ripple-triggered NET-fMRI time course in ROIs for each SPW-R subtype. (A) Average BOLD response show differentiated activations (all
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(PFC) and parietal (Par) cortical areas (significant differences are indicated by asterisks). Black-shaded areas indicate SEM. (B) Average NET-fMRI responses (full
width at half-maximum) show differentiated contributions of two neuromodulatory structures, dorsal raphe nucleus (serotonergic) and locus coeruleus

(noradrenergic), to the SPW-R phenomenon (Fig. $S10).

and anterior cingulate cortex, retrosplenial area, prefrontal, tem-
poral, and parietal cortices) (Fig. 54).

In support of previous analyses, nonclassical SPW-Rs gave rise
to differences between subcortical down-regulation profiles. De-
tailed statistical analysis of all subcortical ROIs showed that dif-
ferentiated BOLD activations occur in periaqueductal gray (PAG),
thalamus, mesencephalon, locus coeruleus (LC), and dorsal raphe
nucleus (Fig. S10B). The last two areas are neuromodulatory
structures known to exert control on the overall brain state, and
may influence the emergence of SPW-Rs. Notably, we found
that, compared with classical SPW-Rs, subtype 1 (Fig. 5B, red
curves) was associated with weaker deactivation of LC and raphe
[P < 0.002, pairwise Wilcoxon rank-sum test, false-discovery rate
(FDR) corrected with grpr < 0.05] (Fig. 5B, red bars). In con-
trast, during the occurrence of SPW-R subtype 4, deactivation of
the raphe was comparable to that of classical SPW-Rs (P > 0.1,
Wilcoxon rank-sum test, FDR corrected with grpr < 0.05), but
LC down-regulation was significantly weaker (P < 0.002, pairwise
Wilcoxon rank-sum test, FDR corrected with grpr < 0.05) (Fig.
5B, purple bars).

Discussion

In the present study, we identified—for the first time (to the best
of our knowledge)—distinct subtypes of in vivo SPW-R patterns
in a single recording site, displaying qualitative and quantitative
electrophysiological differences. Our procedure reliably clusters
the perievent time series into a number of event subtypes; exam-
ines their characteristic properties, such as their frequency content,
amplitude, and frequency of occurrence; and maps the topology
and dynamics of brain-wide metabolic activity at the time of
event occurrence.

This approach revealed the existence of four hippocampal
SPW-R subtypes with differentiated mesoscopic and brain-wide
dynamics. Subtype identification relied on the presence of a
SPW pattern in the LFP trace and its shape. The characteristics
of SPW patterns and ripple oscillations in the hippocampal CA1
subfield suggested differences in subthreshold activity of the
underlying neural populations. Importantly, such differences at
the mesoscopic level were complemented by differences in brain-
wide signatures mapped with NET-fMRI. Our results demon-
strate significant modulation of two brain-wide networks linked
to hippocampal-dependent memory functions: one involving
associative neocortex, and another one involving subcortical and
specifically neuromodulatory structures.
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It is unlikely that our results are an effect of fluctuations in the
levels of anesthesia (in the case of the four anesthetized ani-
mals), because the low-frequency LFP activity over the theta
range was stable over time for each experimental session. Fur-
thermore, the occurrences of SPW-R complex subtypes showed
no apparent clustering in time for different event types and were
comparable to those observed in experimental sessions from one
drug-free animal, recorded during quiet wakefulness.

Identification of Four Subtypes of the SPW-R Phenomenon. We have
demonstrated that hippocampal LFP dynamical variability during
SPW-Rs can be summarized into four typical signatures. Each
signature corresponds to a specific relationship between SPWs and
ripple oscillations: high-frequency oscillations preceding, following,
or coinciding with the peak of the SPW of dendritic depolarization,
as well as high-frequency oscillations with no clear SPW signature.
Such highly structured variability suggests differentiated underlying
neural mechanisms, possibly associated with different memory-
related functions.

Some SPW-R subtypes reported in the present work are in
agreement with recently reported SPW-R signatures in slice
models (32, 33). However, Hofer et al. (32) report only two event
classes based on the SPW polarity in CA3. In contrast, Reichinnek
et al. (33) have also observed two SPW-R event classes, differing
only in SPW amplitude. The discrepancy between previously
reported results and ours may be due to the chosen SPW-R de-
tection protocol, solely based on SPW amplitude and visual in-
spection (33), and also to the limitations inherent to slice models,
unable to reproduce the effect of long-range brain interactions.

The observed variability of LFP profiles during ripples sug-
gests a different spatiotemporal repartition of extracellular
currents in the CA1 microcircuits, possibly resulting from the
differences in the recruitment of—and interactions between—
the underlying neuronal subgroups. Indeed, several inhibitory
and excitatory subgroups of neurons interact during SPW-R
episodes, and their nonhomogenous spatial configuration can
affect the spatial distribution of extracellular activity. For in-
stance, Mizuseki et al. (34) report differential involvement of the
two CAl pyramidal sublayers, having distinct phase shifting with
respect to the theta rhythm during rapid eye movement (REM)
sleep, and they further indicate that REM shifting cells were more
strongly associated with SPW-R activity, compared with that of
non-REM shifting cells. Whether these two sublayers are differen-

Ramirez-Villegas et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1518257112/-/DCSupplemental/pnas.201518257SI.pdf?targetid=nameddest=SF10
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1518257112/-/DCSupplemental/pnas.201518257SI.pdf?targetid=nameddest=SF10
www.pnas.org/cgi/doi/10.1073/pnas.1518257112

L T

/

1\

=y

tially involved during SPW-R subtypes and are at the origin of the
observed LFP characteristics remains an open question.

Another candidate for modulating the physiological properties
of SPW-R is the influence of CA3. In particular, gamma oscil-
lations during SPW-R are assumed to play a central role in co-
ordinating CA3 and CA1 cell assemblies during memory replay
(31). We discovered that a gamma rhythm is ubiquitous in all
SPW-R subtypes. Specifically, we found a transient increase in
gamma power concomitant with the occurrence of SPW-R epi-
sodes, and barring the detailed single-unit analysis, we found
similar SWR-gamma correlates as those reported in ref. 31.
Thus, gamma-related mechanisms mediating CA3-CAl inter-
actions during SPW-R episodes seem to be independent from
the mechanisms generating the SPW-R diversity.

Additional discussion about the possible influence of the re-
cording locations and the local circuits in stratum pyramidale
within CA1 in relation to our results can be found in SI Section
D. Although the above comments discuss modifications of hip-
pocampal neural activity that might explain our LFP observa-
tions, we hypothesize that these changes may in turn result from
the influence of other brain structures.

SPW-R Subtypes Relate to Differentiated Neuromodulatory Activities.
Modulations in amplitude of the BOLD responses in subcortical
domains suggest the involvement of two neuromodulatory struc-
tures directly connected to hippocampus in the SPW-R phenome-
non, namely dorsal raphe nucleus and LC. Due to the transient
nature of the examined neuronal events, the lack of clustering of the
SPW-R subtypes, and their NET-fMRI correlates, it is likely that
our study reflects short-duration “phasic” changes, rather than tonic
neuromodulatory effects spanning over 10 s or larger timescales.

A dense noradrenergic and serotonergic innervation is present
in the hippocampus proper, exerting modulatory effects in the
activity of microcircuits. For instance, LC deactivation is in-
volved in switching cortex and hippocampus to inactive states
(35). However, LC neurons exhibit also phasic modes of activity,
with bursts of activity of 15- to 70-ms duration, followed by a 300-
to 700-ms period of suppression (36). Experimental evidence
suggests that the timescales of interactions between LC and
hippocampus (~1-2 s) (37) are compatible with the scale of
occurrence of individual ripple episodes. Although the hypothesis
that differentiated SPW-R complexes emerge partly as a result of
LC inputs remains to be tested using more direct methods, it has
been shown that decision making under uncertainty involves LC
(38). Moreover, SPW-Rs are more frequent after task modifi-
cations, such as exposing an animal to a second novel environ-
ment (18).

In addition, nonclassical SPW-R subtypes may mark a differ-
entiated involvement of the ascending serotonergic system. Nota-
bly, raphe projects to several subtypes of hippocampal GABAergic
interneurons and may exert control on the E-I balance over local
circuitry engaged during ripples via fast synapses (39). Moreover,
the capacity of raphe projections to selectively influence well-seg-
regated groups of hippocampal parvalbumin (PV) expressing in-
terneurons has been recently stressed (40), raising the possibility of
serotonergic control of neuronal circuits over timescales spanning
the occurrence of single ripples (~200 ms). This view is further
supported by a recent study where groups of the three major PV
cell classes are differentially modulated during ripples, suggesting
that fast network episodes involve distinct inhibitory circuits (41),
modulated at timescales at which raphe-hippocampal modulations
may occur.

Hippocampal-Neocortical Interactions May Contribute to SPW-R
Variability. We showed that SPW-R subtypes 1 and 4 (non-
classical SPW-Rs) in the hippocampus consistently led to lesser
activation across different cortical domains compared with SPW-R
subtypes 2 and 3 (classical SPW-Rs). Because our experiments
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were performed in anesthetized macaque monkeys without any
previous behavioral training, the robustness of our results across
sessions suggests that these differentiated signatures reflect dif-
ferent types of brain-wide dynamical processes involving memory
traces, not necessarily accounting for differences in memory
content per se.

Differentiated activations were detected in the posterior and
anterior cingulate (PCC, ACC) (42), PFC (43), and parietal
cortices (44). One possible explanation for these results is that
increased cortical activity marks enhanced recurrent interactions
between neocortex and hippocampus during classical SPWs.
Taking into account hippocampal connectivity, two recurrent
mechanisms might account for differentiated SPW-R patterns.
First, entorhinal cortex (EC) input may modulate CALl activity by
episodes of persistent activity that occur concomitantly with
neocortical up-down state transitions (45). These neocortical—
EC episodes develop at timescales similar to those of a typical
burst of ripples, i.e., series of ripples with relatively short delays.
Second, reentry may also be achieved at the scale of a single
SPW-R event, through projections of medial entorhinal cortex
(MEC) to CAl stratum lacunosum moleculare (SLM) (46).
Layer-specific activation of MEC would be followed by a local
depolarization of SLM with the delay of a single synapse, thus
influencing the time course of single SPW-Rs (46). In both
scenarios, hippocampal activity could be controlled by recurrent
activity within the local microcircuits and through cortico-hip-
pocampal dialogue. These mechanisms might serve many
purposes, such as volitional reactivation of a set of related
memory traces or controlling the consolidation of new memo-
ries according to their relevance to preexisting memories and
their reward value.

A Repertoire of Memory-Related Brain-Wide Events. To the best of
our knowledge, the present study shows for the first time the
existence of in vivo SPW-R subtypes occurring in the same re-
cording site, and reflecting qualitative differences in brain ac-
tivity within hippocampus and across cortical and subcortical
domains. Processes such as memory reactivation, retrieval, and
consolidation could exploit these brain-wide differences to fulfill
different functions. Locally, the described SPW-R signatures may
be the result of selective interactions between neuronal groups,
involving varying degrees of network synchrony and dynamical
E-I balance. This balance may be mediated by cortico-para-
hippocampal-hippocampal and subcortico-hippocampal interac-
tions. Our results suggest these dynamical properties of local
microcircuits are strongly intertwined with brain-wide interac-
tions during SPW-R, possibly establishing distinct modes of se-
lective processing and routing of information across multiple
scales (SI Section D). The presented pattern classification will
enable the characterization of SPW-Rs in behaving and natural
sleep preparations and establish the functional role of each sub-
type. Finally, our approach could be used to better understand the
underlying mechanisms of epileptiform events and more generally
pathological phenomena (see ref. 47 for a perspective).

Materials and Methods

Surgical Procedures, Electrophysiology, and fMRI Recordings. Experimental
and surgical procedures have been detailed in a previous study (27). In
summary, a total of 242 experiments (10 min each) spread over 12 sessions
were carried out in anesthetized male rhesus monkeys (Macaca mulatta).
Head holders and recording chambers were located stereotaxically based on
high-resolution anatomical MRI scans. Recordings were conducted in the
anterior part of the hippocampus in the right hemisphere of each animal. All
recording hardware, including the electrodes and amplifiers for simulta-
neous fMRI and multisite electrophysiological recordings, was developed at
the Max Planck Institute for Biological Cybernetics. Custom-made, multi-
contact, NMR-compatible recording electrodes were made from a carbon
fiber composite baton with 500-um diameter (R&G). The 2.6-mm-long tip
grounded down to a diameter of 250 pm. Electrodes contained 10 contacts
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spaced 150 pm apart, with 6-10 targeting the structure of interest. Re-
cording electrodes were positioned around the pyramidal layer of the hip-
pocampal CA1 subfield (8-14 mm anterior of the interaural line). Fine
adjustment of the recording electrode was achieved by intermediate MRI
anatomical scans. Functional imaging was carried out in a vertical 4.7-T
scanner with a 40-cm-diameter bore (BioSpec 47/40v; Bruker BioSpin), in
which each animal was positioned in a custom-made chair [see Logothetis
et al. (24) for details on the gradient coil]. Typically, 22 axial slices were
acquired, covering the entire brain (voxel size, 0.75 x 0.75 x 2 mm?3). BOLD
activity was acquired at a resolution of 2 s with two-shot gradient-echo
echo-planar imaging images (repetition time/echo time, 1,000/20 ms;
bandwidth, 150 kHz; flip angle, 53°; field of view, 96 x 96 mm; matrix, 96 x
96; 2-mm slice thickness). MRI data were analyzed off-line. During all ex-
periments, anesthesia was maintained with remifentanil (0.5-2 pg-kg™"-min~") in
combination with a fast-acting paralytic mivacurium chloride (5-7 mg-kg™"-h™"),
known to only mildly affect the magnitude and time course of neural and
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