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Coordinated NREM sleep oscillations
among hippocampal subfields modulate
synaptic plasticity in humans
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The integration of hippocampal oscillations during non-rapid eye movement (NREM) sleep is crucial
for memory consolidation. However, how cardinal sleep oscillations bind across various subfields of
the human hippocampus to promote information transfer and synaptic plasticity remains unclear.
Using human intracranial recordings from 25 epilepsy patients, we find that hippocampal subfields,
including DG/CA3, CA1, and SUB, all exhibit significant delta and spindle power during NREM sleep.
The DG/CA3 displays strong coupling between delta and ripple oscillations with all the other
hippocampal subfields. In contrast, the regions of CA1 and SUB exhibit more precise coordination,
characterized by event-level triple coupling between delta, spindle, and ripple oscillations.
Furthermore, we demonstrate that the synaptic plasticity within the hippocampal circuit, as indexed by
delta-wave slope, is linearly modulated by spindle power. In contrast, ripples act as a binary switch that
triggers a sudden increase in delta-wave slope. Overall, these results suggest that different subfields
of the hippocampus regulate one another through diverse layers of sleep oscillation synchronization,
collectively facilitating information processing and synaptic plasticity during NREM sleep.

The endogenously generated brain oscillations during NREM sleep play a
crucial role in information processing for memory consolidation'~. Speci-
fically, the high frequency ripple events (~80-100 Hz in humans) generated
by the hippocampus is associated with reactivation of recently
learned information”®. The occurrences of hippocampal ripples are
tightly coupled with cortical slow oscillations (SO; <1.25 Hz), delta waves
(1-4 Hz) and sleep spindles (12-16 Hz)*". The systematic couplings of
these brain oscillations suggest intricately timed information transfer
between the underlying hippocampal and cortical circuits, forming the

electrophysiological underpinnings for the memory function of NREM
sleep'*™.

Recent studies have unveiled the presence of multiple layers of coupling
among the NREM sleep rhythms within the hippocampus, highlighting their
role in facilitating information transfer not only between the hippocampus
and cortex but also within the hippocampus itself . In fact, the complexity
of hippocampal function extends beyond the coexistence of these diverse brain
waveforms. The hippocampal formation is a complex structure composed of
the dentate gyrus (DG), the hippocampal proper (including the CA subfields),
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and the subiculum (SUB). These hippocampal subfields are extensively
interconnected. For instance, along the most well-characterized tri-synaptic
pathway, which serves as the primary intra-hippocampal route for informa-
tion flow, information traverses from the DG to CA3 and subsequently to
CA177. The outputs of CA1 are then projected to the SUB, which serves as a
relay station for transmitting information to diverse cortical and subcortical
regions”"*. Given that oscillatory coupling has been established as a critical
mechanism for interregional information transmission in the brain'****, we
hypothesize that information coordination within the hippocampal circuit can
be achieved through tight coupling among the cardinal NREM oscillations
between different hippocampal subfields. Moreover, increasing evidence has
suggested that each hippocampal subfield plays a unique role in processing
information essential for memory formation and consolidation”**"’. Thus,
we hypothesize further that different hippocampal subfields may exhibit
distinct profiles of sleep oscillation coupling during NREM sleep.

Sleep is accompanied by a balance of global synaptic downscaling and
local synaptic upscaling®™. As suggested by the synaptic homeostasis
hypothesis, the global synaptic downscaling is regulated by the homeostasis
process and primarily takes place during rapid eye movement (REM) sleep™.
On the other hand, selected synaptic upscaling is more linked to NREM sleep,
which helps preserve learning-related information'®. The process of synaptic
homeostasis is reflected in delta wave activity**’, which has been suggested to
be generated by near-synchronous oscillations of large groups of neurons at
the cellular level”**. The slope of delta waves, which reflects their amplitude
and steepness, is closely tied to the firing synchronicity and efficiency of
neuronal interactions™*. A steeper slope corresponds to stronger synaptic
connections, typically observed after learning and synaptic potentiation™***".
As synaptic downscaling occurs during sleep, there is a corresponding
reduction in the slow wave slope, mirroring the decrease in synaptic strength
and density’'. While the delta wave activity has been considered an indirect
but effective marker of synaptic plasticity and homeostasis, the other sleep
events including spindle and ripple have been suggested to provide crucial
time windows for synaptic reshaping™*~°. However, there is a lack of research
investigating the specific impact of hippocampal spindle and ripple oscilla-
tions on synaptic potentiation during NREM sleep. We thus hypothesize that
hippocampal spindles and ripples may have distinct roles in regulating
synaptic potentiation, which could be reflected in their associations with
changes in delta-wave slope during NREM sleep.

In this study, we conducted intracranial EEG (iEEG) recordings in 25
epilepsy patients during NREM sleep, focusing on three hippocampal
subfields: the DG/CA3, CAl, and SUB. Our findings revealed that while the
DG/CA3 displayed strong coupling between delta and ripple oscillation
with all hippocampal subfields, the CA1 and SUB showed a more precise
coordination involving triple synchronization between delta, spindle, and
ripple events. Furthermore, we showed that the synaptic plasticity within the
hippocampal circuit, as indexed by delta-wave slope, are linearly modulated
by the spindle power. In contrast, ripples appeared to act as a binary switch
that trigger sudden increase in delta-wave slope.

Results
Spectral profiles of different hippocampal subfields during
NREM sleep
Using preoperative structural MRI and postoperative CT scans, we identified
iEEG recording electrodes” located within the three hippocampal subfields,
namely the DG/CA3, CA1 and SUB, in each participant. Due to the lack of
clinical sleep hypnograms, patient monitoring videos, scalp EEG, and elec-
trooculograms, we selected NREM sleep (including N2 and N3 stages) based
on neocortical iEEG signals by identifying prolonged elevations in low delta
band (<2 Hz) activity amplitude and corresponding declines in high-gamma
(HG; 70-190 Hz) and initially high but gradually decreasing spindle band
amplitudes™*’ (Fig. 1a). This procedure obtained a total of 1548 min of NREM
sleep across all subjects. Please refer to Supplementary Table 1 for details.
After identifying the hippocampal electrodes, we analyzed the spectral
characteristics of the three hippocampal subfields during NREM sleep using
Welch’s method®. The spectral results revealed strong power in the delta

and spindle frequency band for all hippocampal subfields during NREM
sleep (Fig. 1b, c). This is consistent with earlier studies that have reported
high delta and spindle activity in the hippocampus during
NREM>*** When comparing the spectral power between the three sub-
fields, we found that the DG/CA3 showed an overall trend of higher power
than the CA1, and SUB, with certain frequency bands showing significant
differences (cluster-based permutation test, p <0.001; DG/CA3 > CAl:
10-11 Hz; DG/CA3 > SUB: 27-30 Hz; Fig. 1b and Supplementary Fig. 2b).
To compare the dominant frequencies within each hippocampal subfield,
we normalized the spectrum for each subfield and observed that the spindle
band of SUB was significantly higher than that of DG/CA3 (cluster-based
permutation test, p <0.001; Fig. 1b inset and Supplementary Fig. 2c). We
also showed scatter plots of the spectral mean in 0-200 Hz (Supplementary
Fig. 2d), as well as 10-11 Hz, 12-15 Hz, and 27-30 Hz (these bands showed
significant differences; Supplementary Fig. 2e-g).

High delta-ripple coupling within the DG/CA3

Next, we employed Mean Vector Length (MLV)**** method to explore the
cross-frequency phase-amplitude coupling (PAC) within each of the three
hippocampal subfields. The results showed that the DG/CA3 exhibited
significant delta-ripple coupling (p < 0.05, corrected; Fig. 2a). While the
high-frequency range of coupling extends beyond the ripple range and can
include the high gamma and even higher frequencies, we will refer to it as
“ripple” for convenience since it constitutes the core coupling band. The
DG/CA3 also exhibited significant delta-theta coupling (1/3-3/8 Hz;
P <0.05, corrected; Fig. 2a). The CA1 and SUB, on the other hand, did not
exhibit any significant phase-amplitude coupling (Fig. 2a).

The high delta-ripple coupling within the hippocampus may reflect
sharp wave-ripple (SWR) complexes which is composed of ripples co-
occurring with large-amplitude slow sharp waves***. Therefore, we extracted
ripple events from each hippocampal subfield (+0.5 s; mean + SEM; Fig. 2b)
and observed that these ripple events were indeed superimposed on sharp
waves (Fig. 2¢), providing evidence supporting that the delta-ripple coupling
might indicate the existence of SWR complexes. We note that the low-
frequency span of DG/CA3 extended up to 8 Hz. This is consistent with the
characteristics of sharp waves in SWR, as previous research has shown that the
frequency range of sharp waves in SWR can reach up to 10 Hz”. Note that
although only the DG/CA3 exhibited delta-ripple coupling in the PAC ana-
lyses at the band level, the CA1 and the SUB also displayed SWR at the event
level. This suggests that the delta-ripple coupling in the CA1 and SUB might be
more intricate which only manifests within narrow time windows associated
with ripple events. We further explored the coupling phase of ripple to delta
wave. We calculated the probability of delta phase corresponding to the
maximum ripple. We found that ripples of the DG/CA3 and CA1 coupled
with delta wave at a phase around 0-90°, while the SUB exhibited delta-ripple
coupling around 180° of delta wave (Rayleigh-test, Bonferroni correction,
p<0.001; DG/CA3: 65.8% CAl: 24.8% SUB: 169.3% Fig. 2d). This could
potentially be attributed to the distinct structural and functional characteristics
of the SUB in comparison to the other hippocampal subfields”*.

Delta-spindle-ripple couplingin CA1 and SUB, but notin DG/CA3
In the above PAC analysis, we did not observe any delta-spindle or spindle-
ripple coupling, which are known to be highly relevant to the hippocampus
during NREM sleep. Previous studies on hippocampal delta-spindle and
spindle-ripple coupling have primarily relied on event-based analyses™".
Hence, we proceeded to explore whether the hippocampal subfields exhibit
delta-spindle and spindle-ripple coupling using spindle event-locked PAC
analysis.

We extracted spindle events from the three subfields (+1.5s; mean +
SEM; Fig. 3a), and computed delta-spindle coupling from —1s to +1 s and
spindle-ripple couplings from —0.25 s to 4+-0.25 s around the spindle center.
We found that delta-spindle coupling was present in all three hippocampal
subfields (V-test, Bonferroni correction, p < 0.05; significant coupling phases:
DG/CA3: 40 to 60°% CAl: —180 to —80°% SUB: 0 to 120°; Fig. 3b). Spindle-
ripple coupling, on the other hand, only appeared within the CA1 and SUB (V-
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Fig. 1 | Identification of NREM sleep, and spectra in DG/CA3, CAl, and SUB.
aldentification of NREM sleep (stages N2 and N3) using spectral power. The Hilbert
analytic amplitudes of sleep LEP in the spindle (9-17 Hz), low delta (0.5-2 Hz), and
high gamma (70-190 Hz) bands were calculated to identify NREM (between the two
vertical red lines is the NREM state). All error bars indicate the mean + SEM. b The
spectra showed strong power in the delta and spindle band for all hippocampal
subfields. Comparisons of the spectra between the three subfields revealed that the
DG/CA3 had higher power than CA1 and SUB in specific bands (cluster-based
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permutation test, p < 0.001; green represents DG/CA3 > CAl: 10-11 Hz; purple
represents DG/CA3 > SUB: 27-30 Hz). Inset: Comparisons of the normalized
spectra between the three subfields (cluster-based permutation test, p < 0.001; purple
represents SUB > DG/CA3: spindle band, 12-15 Hz). ¢ Shown were 4 s z-scored
spectrograms for three subfields of artifact-free data from a single patient. Prominent
frequencies were delta bands, spindle bands and high frequency bursts (around
100 Hz). All error bars indicate the mean + SEM.

test, Bonferroni correction, p <0.05; CA1: 140 to 200°% SUB: —40 to 405
Fig. 3c). The presence of both delta-spindle coupling and spindle-ripple
coupling (Fig. 3b-d) indicates triple coordination between the delta, spindle
and ripple activity in the CA1 and SUB. Therefore, we sought to examine
whether delta-spindle coupling would modulate ripple activity in the CA1 and
SUB. To this end, we computed the ripple power in relation to the delta-
spindle coupling phase (Fig. 3e). Our analysis revealed a significant correlation
between ripple power and delta-spindle coupling phase in CA1l (r=0.56,
P =0.0037, the highest ripple power was observed around —145°), while no
significant correlation was observed in the SUB region.

Previous studies have shown that there is an event-based coupling of
SO-spindle in the hippocampus during NREM sleep”. We thus analyzed the
SO-spindle coupling in each hippocampal subfield here. To avoid overlap
with the delta frequency, the frequency range of SO here is limited to
0.2-1 Hz. Unlike the observed delta-spindle-ripple coupling in the CAl
field, we found that there was no substantial coupling between SO and
spindles within the CA1 subfield (Supplementary Fig. 3a). In addition, no
other subfield was observed to show any modulation of SO-spindle phase
on ripple power (Supplementary Fig. 3b).

Inter-regional coupling between hippocampal subfields
We next sought to investigate how delta, spindle and ripple oscillations are
coupled between different hippocampal subfields during NREM sleep.

Band-based PAC analysis revealed that the DG/CA3 exhibited significant
coupling with the CA1 and SUB, with the frequency range primarily con-
centrated in the delta-ripple (p < 0.05, corrected; Fig. 4a). There was no
significant PAC between the CA1 and SUB. Nevertheless, when analyzing
the spindle event-locked phase-amplitude coupling, we found significant
delta-spindle (V-test, Bonferroni correction, p < 0.05; CA1-SUB: —180 to
—60° SUB-CA1: 20 to 120° Fig. 4b, ¢) and spindle-ripple (V-test, Bonfer-
roni correction, p < 0.05; CA1-SUB: —60 to 40° SUB-CA1: 120 to 240°%
Fig. 4b, c) couplings between the CA1 and SUB. The delta-spindle-ripple
couplings between the CA1 and SUB were also illustrated in raw traces in
Fig. 4d. These inter-regional coupling results resembled those from the
intra-regional coupling analyses, with band-based cross-frequency coupling
was mainly observed in the DG/CA3 subfield, while event-based coupling
was predominantly presented between the CA1 and SUB. Spindle event-
based coupling between DG/CA3 and CA1, and between DG/CA3 and SUB
did not show significant couplings, either for delta-spindle or spindle-ripple
(Supplementary Fig. 4).

Differential regulation of delta slope by hippocampal spindle and
ripple events

In a final step, we proceeded to explore the role of spindle and ripple events
in regulating synaptic plasticity in different hippocampal subfields during
NREM sleep. Prior studies have demonstrated that the plastic changes in net
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Fig. 2 | Cross-frequency coupling within each hippocampal subfield. a Phase-
amplitude coupling (PAC) for DG/CA3, CA1, and SUB (white solid line circled areas
indicate significant clusters: p < 0.05, corrected). b Ripple-locked grand average
band-bass filtered signal in DG/CA3, CA1, and SUB (+0.5 s; mean + SEM). c Ripple-
locked grand average raw signal and time-frequency spectrogram in DG/CA3, CAl,
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and SUB (+0.5 s; mean + SEM). d Probability of delta phase corresponding to the
maximum ripple. The red vertical lines represent significant coupling phases
(Rayleigh-test, Bonferroni correction, p < 0.001). All error bars indicate the

mean + SEM.

synaptic strength in cortical circuits could be reflected by changes in slow-
wave slope™”””". We therefore measured the slope of delta oscillations in
each hippocampal subfield and evaluated its changes as a function of the
spindle and ripple power. The delta-wave slope was defined as the amplitude
over time calculated by the straight line connecting the most negative peak
of the signal with the following zero crossing (Fig. 5a). Results showed that
delta slope correlated significantly with the power of spindle activity in all
three hippocampal subfields (Spearman’s correlation, s> 0.9, ps < 0.001,
Bonferroni corrected; Fig. 5b). In contrast, changes in ripple power only
affected delta slope when ripples were at their peak amplitude (Fig. 5¢). To
investigate this further, we measured delta slope within £1.5s of ripple
events and found that the delta slope was significantly higher at the peak of
ripple events compared to pre-event baseline (cluster-based permutation
test, p < 0.05; Fig. 5d).

Discussion
Our results demonstrated that during the NREM sleep, delta and spindle
activities are the dominant spectral signatures in the hippocampus subfields.

These two cardinal rhythms regulate high-frequency oscillations such as the
ripple events in different hippocampal subfields, either individually or in
conjunction. Specially, the DG/CA3 showed prominent delta-ripple coupling
with all hippocampal subfields including itself, while the CA1 and SUB
exhibited event-level triple coordination between the delta, spindle and ripple
rhythms. Furthermore, we found that in all three hippocampal subfields, the
synaptic plasticity appeared to be modulated by spindle and ripple events in a
distinct fashion. Overall, our results suggest that via different layers of syn-
chronized sleep oscillations, hippocampal subfields may play specialized roles
in information communication and synaptic plasticity during NREM sleep.

NREM sleep is characterized by high slow-wave activity, consisting of
the slow oscillations and delta waves. Previous studies have reported the
existence of SOs in the hippocampus®’, but with lower amplitude and
lagging peak activity compared to cortical regions’™. In support of these
earlier observations, we did not find high power in the SO frequency band in
any subfield of the hippocampus, which indicates that the SOs may not be
the dominating slow-wave activity in the hippocampus. Instead, we found
that the hippocampus exhibited a prominent high power of delta band
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Fig. 3 | Delta-spindle-ripple coupling in hippocampal subfields. a Spindle-locked
grand average band-bass filtered signal in DG/CA3, CAl, and SUB (£1.5s;

mean + SEM). b Normalized histogram (18 bins, 20° each) of preferred delta-spindle
modulation phases across all detected spindle events (yellow bars represent sig-
nificant coupling phase ranges; V-test, Bonferroni correction, p < 0.05).

¢ Normalized histogram (18 bins, 20° each) of preferred spindle-ripple modulation
phases across all detected spindle events (yellow bars represent significant coupling

Spindle-delta coupling [rad]

phase ranges; V-test, Bonferroni correction, p < 0.05). d Average delta, spindle,
ripple (and ripple’s analytical amplitude), zoomed in from —0.5s to +0.5 s to
illustrate the nesting of delta-spindle-ripple in CA1 and SUB. The ripple and its
analytical amplitude were scaled up by a factor of 30 for better visualization. e Ripple
activity in CA1 and SUB as a function of the delta-spindle coupling phase. CA1l
showed a significant correlation (correlation between one circular and one linear
random variable; r = 0.56, p = 0.0037).

activity. Moreover, our results indicated that regardless of whether it was
band-based or event-based coupling analysis, the coupling between SO and
spindles/ripples in different subfields of the hippocampus during NREM
sleep was comparatively weaker than the coupling between delta waves and
spindles/ripples. Although both SOs and delta waves have been found to be
important in modulating higher frequency rhythms (e.g., spindles and
ripples)”*”, recent studies have reported that compared to SO-ripple cou-
pling within the cortex, hippocampal ripples appear to prefer to couple with
delta activity’"®. This robust delta band activity may reflect the occurrence
of sharp waves (even extending up to 10 Hz), which are large-amplitude
synchronized-onset waves that constitute as hallmark LFP signature in the
hippocampus during NREM sleep. Animal neurophysiology studies have
suggested that spontaneous synchronous bursts of CA3 pyramidal neurons
trigger a massive activation of CA1 and subicular pyramidal cells, as well as
dentate granular cells, creating the sharp waves in these regions, which, in
turn, give rise to the ripple event’®”’. Although our ripple event-locked
analysis aligns with the sharp-wave ripple complex pattern, displaying
ripples atop sharp waves in all three hippocampal subfields, additional

research is necessary to verify whether high delta activity in the hippo-
campus indeed corresponds to sharp waves or reflect other physiological
phenomena.

Our study revealed distinct rhythmic synchronization profiles within
the hippocampus, particularly in the DG/CA3 and CAl subfields during
NREM sleep. These different coupling patterns in the hippocampal sub-
fields indicate their dissociable roles in information routing and processing.
Specially, the DG/CA3 appears to process information in a more global
manner, while the CA1 may handle more precise information processing
that relies on intricate modulations to integrate current input with pre-
viously stored representations.

Several lines of our observations suggest that the DG/CA3 subfield may
play a more global coordination role. Firstly, we showed that the DG/
CA3 subfield exhibited robust delta-ripple coupling, while in the CA1 and
SUB fields, significant delta-ripple PAC was only noticeable in event-locked
analysis. Secondly, the DG/CA3 appeared to show strong delta-ripple
coupling with extensive hippocampal subfields. Thirdly, although earlier
research on the hippocampus as a whole identified prominent delta-spindle-
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Fig. 4 | Cross-frequency coupling between hippocampal subfields. a Phase-
amplitude coupling (PAC) between various hippocampal subfields. DG/CA3
exhibited significant coupling with CA1 and SUB, with the frequency range pri-
marily concentrated in the delta-ripple, (p < 0.05, corrected). b and ¢ are spindle-
based event couplings. b Normalized histogram (18 bins, 20° each) of preferred
delta-spindle (top) and spindle-ripple (bottom) modulation phases between CA1l
and SUB based on CA1 spindles (yellow bars represent significant coupling phase

ranges; V-test, Bonferroni correction, p < 0.05). ¢ Normalized histogram of preferred
phases between CA1 and SUB based on SUB spindles (yellow bars represent sig-
nificant coupling phase ranges; V-test, Bonferroni correction, p < 0.05). d Average
delta, spindle, ripple (and ripple’s analytical amplitude), zoomed in from —0.5 s to
+0.5 s to illustrate the nesting of delta-spindle-ripple between CA1 and SUB. The
ripple and its analytical amplitude were scaled up by a factor of 30 for better
visualization.

ripple trifecta coordination during NREM sleep”*™*”, our current data

suggested that this classic spindle-mediated coupling pattern was only
evident in the CAI and SUB regions but not in the DG/CA3 subfield.
Collectively, these findings collectively indicate that the DG/CA3 employs a
delta-ripple coupling mechanism to facilitate communication with the CA1
and SUB on a more global scale. In support of our findings, a recent study
that recorded local field potentials along the dorsal CA-DG axis from
sleeping mice found that the DG subfield displayed delta-band centered
sharp waves strongly correlated with CA1 ripples”. When paired with DG
sharp waves, the ripples exhibited higher amplitude and frequency com-
pared to unpaired ripples, indicating synchronized occurrence over larger
distances along the hippocampus”. Building on these findings, our results
provide evidence in humans for the regulatory role played by the DG/
CA3 subfield in modulating information flow within the hippocampal
circuits during NREM sleep.

In contrast to the global delta-ripple coupling in the DG/CA3 subfield,
CAl and SUB exhibited prominent event-locked synchronization patterns
involving the delta, spindle and ripple events. Although delta-spindle and
spindle-ripple couplings are frequently observed in the hippocampus during

NREM sleep, a closer examination reveals that they mostly occur in an
event-based manner*"*, which is in line with our data. The key difference
between event-based coupling and band-based PAC lies in the time scale:
event-based coupling reflects coupling strength within a short time window
associated with specific events, while band-based PAC represents an average
over a longer time scale (>4 s epoch in our analysis). Hence, our findings
indicate that the coordination of delta, spindle and ripple rhythms in the
CAL subfield may be intermittently rather than continuous during NREM
sleep, with spindle events occur sporadically during delta waves and ripples
fire sporadically during spindles.

Consistent with the complementary roles of the DG/CA3 and
CAL1 subfields in modulating information processing observed in our study,
previous research has shown that while the occurrence of DG sharp waves
increased significantly following memory tasks that rely on the hippo-
campus, the generation of CA1 SWRs was only partially modulated”. Based
on these observations, it has been postulated that during NREM sleep, CA1
may be involved in local information processing, while DG could serve as an
indicator of coordinated information transfer between different hippo-
campal subfields”". The reasons why such complementary relationships
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Fig. 5 | Delta slope in the hippocampus in relation to spindle and ripple.

a Calculation method for the delta slope. Within each cycle, delta-wave slope was
defined as the amplitude over time calculated by the straight line connecting the
most negative peak of the signal with the following zero crossing. Then, the mean
was taken over the groups. We calculated both the ascending and descending slopes,
but as they yielded similar results, we only reported the results for the ascending
slope. b Relationships between spindle power in each hippocampal subfield and delta
slope in all subfields (Spearman’s correlation; all subfields showed a significant
positive correlation with delta slope, 7s > 0.9; ps < 0.001, Bonferroni corrected).
Spindle power was divided into 20 bins based on the magnitude in ascending order,

Ripple event time [s]

Ripple event time [s]

and we calculated the mean delta slope within the corresponding bins. Lines are
standard least-squares regression line. ¢ Relationships between ripple power in each
hippocampal subfield and delta slope in all subfields (Spearman’s correlation;
Bonferroni correction; Only a few lines showed significant associations). Ripple
modulation exhibits a “binary” pattern, exclusively affecting the delta slope when the
ripple power reaches its maximum. d Time-resolved delta slope relative to the ripple
event (£1.5 s, normalized to the baseline —1.5 s to —1s). We detected significantly
increased delta slope around ripple peaks (cluster-based permutation test, p < 0.05).
All error bars indicate the mean + SEM.

exist and their specific physiological significance require further investiga-
tion. However, we here provide a preliminary inference. The DG/CA3 plays
a crucial role in pattern separation, which involves distinguishing similar
inputs or stimuli by creating distinct representations’™". This process
enables the DG/CA3 to encode and store memories without interference. In
contrast, the CAl is implicated in pattern completion, the process of

retrieving complete representations from partial input or cues, which may
rely on intricate associations with previously stored representations.
Through their complementary roles in global and local processing, the DG/
CA3 and CAL, in conjunction with other hippocampal subfields, enable
efficient integration of previously learned representations, which in turn
supports systems consolidation*".
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Although the regulation of synaptic homeostasis in the brain implies
synaptic pruning in general, it is also accompanied by local synaptic
strengthening to consolidate important memories'*">*. Current synaptic
homeostasis theory suggests that delta activity, as a type of slow wave, can
reflect changes in synaptic levels”*. Here we used an indirect index, delta-
wave slope, to investigate the synaptic changes in the three subfields of the
hippocampus. Overall, our findings suggest that synaptic activity within the
hippocampus is heightened during moments of high spindle and ripple
power in NREM sleep. This is consistent with current theories that propose
spindle and ripple rhythms may directly participate in the regulation of
memory at the synaptic level**".

More importantly, we found that unlike the gradual modulation seen
with spindle activity, ripple events exhibit a more “binary” mode of mod-
ulation, with synaptic enhancement occurring only when hippocampal
ripple amplitudes are at their maximum. This may be related to the reg-
ulation scale of the spindle and ripple. According to the current neural
oscillation regulation theory, different frequency bands represent different
regulation scales™***. Spindles, as relatively slow oscillations, have a wide
range of regulatory effects. In contrast, ripple regulation is more precise and
direct, allowing for direct interaction with neuronal replay*® and synaptic
remodeling’. This is consistent with the existing electrophysiological lit-
erature, which has shown direct effects triggered by the occurrence of rip-
ples. This includes, for instance, the relationship between ripple density and
memory™”* and the neural replay during ripple events*. In contrast, the
effect of spindles on synapses is reflected in both band-based”>*" and
event-based”” dynamics, indicating a more relaxed modulation effect
comparing with ripples. Taking together, the spindles may provide a time
window as a prerequisite for synaptic upscaling, while ripples play a more
precise regulatory role in initiating synaptic upscaling.

While hippocampal oscillations are thought to play a key role in
memory consolidation, there have limited knowledge regarding the coor-
dinated rhythmic activity among different human hippocampal subfields.
Through investigating the coupling relationships between oscillations in
DG/CA3, CAl, and SUB of the hippocampus, we discovered that these
subfields of the hippocampus complement and regulate each other, effec-
tively promoting information processing. These findings provide valuable
insights into the circuitry of the human hippocampus during NREM sleep
and enhance our understanding of its role in facilitating memory
consolidation.

Materials and methods

Participants

We analyzed iEEG recordings from 25 subjects with medication-resistant
epilepsy (23.47 + 8.22; Mean * SD; 10 females) who underwent presurgical
monitoring with implanted depth electrodes (Sinovation (Beijing) Medical
Technology Co., length = 2 mm, diameter = 0.8 mm, center-to-center inter-
contact distance = 3.5 mm, contact number 8 tol6) from Sanbo Brain
Hospital of Capital Medical University. Depth electrodes were implanted to
localize the seizure onset zone, and the electrode targets and implantation
durations were chosen entirely on clinical grounds. iEEG recording from
patients who had minimal pathology and electrodes implanted in the hip-
pocampus were used for analyses. All the patients provided written
informed consent for data usage, and the study was approved by the
Institutional Review Board at Sanbo Brain Hospital of Capital Medical
University.

Electrode localization

To localize the electrodes”, we first aligned the preoperative structural MRI
to the ACPC coordinate system, and segmented hippocampal subfields with
FreeSurfer 7.1.1 using a probabilistic atlas built with ultra-high resolution
ex vivo MRI data”™ . After aligning the postoperative CT to the CTF head
surface coordinate system, we fused the CT with the processed MRI using a
rigid-body transformation in SPM. The successful fusion would show tight
interlocking of CT-positive skull and MRI-positive brain and skin tissue.
After importing the header information including the list of electrode labels

from iEEG data, we obtained the electrode coordinates and were able to
determine whether electrodes were located in DG/CA3, CAl, and SUB
based on the probabilistic hippocampal atlas from the FreeSurfer segmen-
tation. As DG, CA3, and CA4 are anatomically close, electrodes categorized
as DG/CA3 in this study also encompassed CA4. The above operations are
all based on the Fieldtrip toolbox’ in MatLab 2020a (MathWorks Inc.). Two
independent neurologists also visually determined electrode positions based
on individual scans in native space. After excluding noisy channels, we
obtained a total of 71 electrode contacts in DG/CA3, CAl, and SUB. Please
refer to Supplementary Table 2 for details.

Data preprocessing and NREM sleep selection

Data analysis was performed using MatLab 2020a (MathWorks Inc.) with
custom-written code, supplemented by relevant functions from the Field-
Trip toolbox™, the EEGLAB toolbox”, and the CircStat toolbox™. In every
subject (N = 25), the selected electrodes were notch-filtered at 50 Hz and its
harmonics, bipolar referenced to its immediate lateral neighboring elec-
trode, and down-sampled to 512 Hz. All resulting traces were manually
inspected to exclude noisy, epileptic and artifact-contaminated hippo-
campus channels. A detailed description of the confirmation of interictal
epileptic discharges is provided below.

Due to the unavailability of clinical hypnograms, patient monitoring
videos, scalp EEG, and electrooculogram, we were unable to classify sleep
stages according to the criteria by the American Academy of Sleep Med-
icine (AASM). Instead, we identified NREM sleep (including N2 and N3,
but excluding N1) by adopting methods from a previous iEEG study™”.
Specifically, we extracted the iEEG recordings from nights that were
confirmed by a neurologist to be seizure-free. NREM sleep was identified as
a prolonged time period that are characterized by increased activity
amplitude in the low delta frequency band (<2 Hz), and decreased
amplitude in the high gamma frequency band (70-190 Hz) and an initially
high but gradually decreasing amplitude in the spindle frequency band
(9-17 Hz). When selecting NREM epochs for sleep staging, we focused
solely on the electrodes located in the neocortex. NREM sleep was iden-
tified only if the majority of these neocortical electrodes met the afore-
mentioned criteria. Each NREM period was then visually inspected to
confirm the presence of NREM sleep graphoelements. We retained time
periods for which we had sufficient confidence in ensuring the accuracy of
NREM sleep determination.

Interictal epileptic discharge (IED) detection

Prior to all analyses, we first detected IEDs using an automated
algorithm”'* on all contacts located in the hippocampus. The iEEG signal
was bandpass filtered between 25 and 80 Hz. Hilbert transform was applied
to obtain the envelope amplitude, which was subsequently z-scored. Events
were recognized when this signal was 3 SD above the mean for >20 ms and
<100 ms. The IED events were then time-locked to the peak and the +2.5s
before and after the peak was considered as an artifact (Supplementary
Fig. 1). A subset of events was sampled and verified through visual exam-
ination by two neurologists. If a single channel displayed an artifact, that
data segment would not be included for any of the channels, further
reducing the likelihood of pathological activity. The removed time range was
+5 s of the IED peaks.

Spectral analysis

To obtain the spectra of the three hippocampal subfields, we utilized the
Welch’s method, applying a Hamming window of 4 s with an 80% overlap®.
We also normalized the spectra by computing z-scores along the frequency

domain.

Time-frequency analysis

To obtain continuous time-frequency representations for all artifact-free
epochs, the initial signals underwent wavelet analysis* within the frequency
range of 0.2 to 200 Hz, encompassing 50 logarithmically spaced frequencies.
Each epoch was extended with 5 s on either side to minimize edge artifacts.
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Wavelets were defined in terms of desired temporal resolution according to
Eq. (1):

wavelet = ¢ *—4n@F /1’ (1)

where i is the imaginary operator, ¢ is time in seconds, f is frequency (50
logarithmically spaced frequencies between 0.5 and 200 Hz), In is the natural
logarithm, and / is temporal resolution (logarithmically spaced between 3 s
and 0.025 s). Spectrograms showed the z-scored power across times in each
frequency point.

Band-based cross-frequency coupling

Phase-amplitude coupling (PAC) analysis was conducted using the Mean
Vector Length (MLV) method*®. For every epoch, all pairs of modulating
frequency f1 and modulated frequency f2 came from the wavelet analysis
(Eq. (1)), and f2>2*f1. To adjust the possible bias stemming from non-
sinusoidal shapes, we calculated complex-valued debiased phase-amplitude
coupling (dPAC) according to Egs. (2, 3)'":

n

dPAC = %;(ampfz(t)*(e@f 10 — B)) )
_ 1N eno
B=- e 3)

t=1

where i is the imaginary operator, ¢ is time in seconds, ampp(t) is the
amplitude of f2, ¢y, (t) is the phase of f1 (f1, 2 from 0.2 to 200 Hz, f2 > 2*fI).

Subsequently, we generated a surrogate distribution of coupling
strengths by iteratively shifting the fI phase time series with respect to the f2
amplitude time series by a random amount (repeated 500 times) and
recalculated the Mean Vector Length for each iteration. The observed
coupling strength was then normalized by calculating a z-score in com-
parison to this null distribution of coupling strength values. All the reported
analyses pertaining to coupling strength are based on this z-scored dPAC.
The z-values were than transformed into p-values and significant clusters
were identified when z-value > 3 x 1.64 (one-tail, p < 0.05, Bonferroni cor-
rected for three subfields).

Event detection

We utilized previously established detection algorithms™'” to identify
spindle and ripple events from hippocampal electrodes. We randomly
sampled a subset of the detected events and subjected them to visual
examination by a neurologist. Only artifact-free data from NREM sleep
stages were employed for event detection.

To detect spindles, for each electrode, we filtered the raw signal between
12-16 Hz and calculated the filtered signal’s root mean square (RMS) uti-
lizing a moving average of 200 ms. We defined the spindle amplitude cri-
terion as the 75th percentile of RMS values. A spindle event was detected
whenever the signal exceeded this threshold for more than 0.5 s but less than
3's. Artifact-free epochs (—2.5s to +2.5s) time-locked to the maximum
spindle trough in the filtered signal were extracted from the unfiltered raw
signal for all events.

To detect ripples, we filtered the raw signal from each electrode within
the 80-100 Hz and calculated the filtered signal’s RMS utilizing a moving
average of 20 ms. We defined the ripple amplitude criterion as the 99th
percentile of RMS values. A ripple event was detected whenever the signal
exceeded this threshold for a minimum of 38 ms. Additionally, we required
at least 3 discrete peaks or 3 discrete troughs to occur in the raw signal
segment corresponding to the above-threshold RMS segment. Artifact-free
epochs (—1.5s to +1.5s) time-locked to the maximum ripple peak in the
filtered signal were extracted from the unfiltered raw signal for all events.

Event-based cross-frequency coupling

For each detected spindle event epoch, we used preferred PAC phases
method to measure the event-based coupling™. We first filtered the raw
signals for frequencies of interest (SO: 0.2-1 Hz; delta: 1-4 Hz; spindle:
12-16 Hz; ripple: 80-100 Hz) within the spindle event epoch. Then, we
utilized the Hilbert transform to extract the phase values of the lower-
frequency oscillation (modulating) and the phase values of the power
fluctuation of the higher-frequency oscillation (modulated). Finally, we
calculated the coupling phase by evaluating the angle of the synchronization
index (SI) between the two phase value time series (modulating and
modulated) for each event epoch. SIis a complex number of which the angle
represents the ‘preferred phase’ of the synchronization (SIp), that is, the
phase of the lower frequency at which the power of the higher frequency is

maximal across time:

#(9()—,(1))
SI == Z e (4)

where 7 is the number of time points, 7 is the imaginary operator, ¢,,(t) is the
phase value of the higher frequency power fluctuation at time point ¢, and
¢i(t) is the phase value of the lower frequency signal at time point . The time
intervals for estimating the preferred phase were —1 s to +1 s around the
spindle center for delta-spindle coupling and —0.25 s to +0.25 s around the
spindle center for spindle-ripple coupling.

Ripple activity as a function of delta-spindle coupling phase

To further analyze the delta-spindle-ripple triple coupling, we expressed
the normalized ripple amplitude as a function of the precise delta-spindle
coupling phase'”. First, we determined the delta coupling phase for every
spindle event and binned coupling phase into 36 nonoverlapping, 10° wide
bins. Then, we time-locked the ripple activity relative to the detected
spindle events and extracted the average power per bin during the spindle
peak. To further quantify this relationship, we calculated a circular-linear
correlation between the phase vector (36 bins) and the ripple power.

Correlation between spindle power, ripple power and delta slope
The delta-wave slope was defined as the amplitude over time calculated by
the straight line connecting the most negative peak of the signal with the
following zero crossing (Fig. 5a)*. While both the ascending and descending
slopes were computed, only the results for the ascending slope are reported
in this manuscript, as they yielded similar outcomes.

For every epoch, we first performed delta band filtering, and calculated
the delta slope for each cycle, and assigned the delta slope value to all time
points in that cycle. Then, we filtered the spindle band, and extracted the
spindle power. This resulted in a delta slope sequence and a spindle power
sequence that were consistent with the epoch time length. Delta slope was z-
scored. We then divided the spindle sequence into 20 bins based on the
magnitude of their power values, and calculated the mean delta slope within
the corresponding bins. To quantitatively characterize the relationship, we
calculated the Spearman correlation between spindle powers and delta
slopes (20 pairs from 20 bins).

We also measured the relationship between ripple power and delta
slope using the above method. Furthermore, to further assess the delta slope
changes induced by the ripple event, we extracted the delta slopes within the
range of the ripple event (—1.5sto +1.55).

Statistics and reproducibility

Statistical analysis was performed using MatLab 2020a (MathWorks Inc.)
with custom-written code and the CircStat toolbox™. P-values < 0.05 were
considered significant unless stated otherwise. For spectral statistics, we
used cluster-based permutation tests to correct for multiple comparisons
(Monte Carlo method; 1000 iterations; maxsum criterion). Clusters were
formed via two-tailed independent samples ¢-tests thresholded at p < 0.05
(n =15 for DG/CA3, n =19 for CAl, n =10 for SUB). The significance of
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phases of delta histogram for ripple was tested by Rayleigh-test™ (n =673
for DG/CA3, n =617 for CA1,n = 179 for SUB) and phases of event-based
coupling was tested by V-test” (Within hippocampal subfields: n = 1346
for DG/CA3, n=1244 for CAl, n =972 for SUB; between hippocampal
subfields: n = 556 for SUB-CAL1, n = 622 for CA1-SUB), and all followed by
Bonferroni correction. The correlation between delta-spindle coupling
phases and ripple power was calculated by a circular-linear correlation
function of CircStat toolbox™ (n = 1244 for CA1, n = 972 for SUB), and the
correlation between spindle/ripple power and delta slope was calculated by
Spearman’s correlation (n = 20 bins). The delta slope within ripple event
was tested against the baseline (—1.5s to —1s) by cluster-based permu-
tation tests (Monte Carlo method; 1000 iterations; maxsum criterion).
Clusters were formed via two-tailed one-sample t-tests thresholded
at p < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data sets generated and analyzed here are available from the corre-
sponding author on reasonable request. Data for all figures is available in
Supplementary Data 1-5 files.

Code availability

EEG data analyses were performed in the freely available toolbox EEGLAB
(2022.1, https://scen.ucsd.edu/eeglab), FieldTrip (20211209, https://www.
fieldtriptoolbox.org/) and CircStat (1.21.0.0, https://ww2.mathworks.cn/
matlabcentral/fileexchange/10676-circular-statistics-toolbox-directional-
statistics) in combination with custom MATLAB (R2020a, https://ww2.
mathworks.cn/en/products/matlab.html) scripts. SMRI data analyses were
performed in FreeSurfer (7.1.1, https://surfer.nmr.mgh.harvard.edu/) in
combination with custom MATLAB script. All the computer code used to
implement the experiments and to collect and analyze data is available from
the corresponding author on reasonable request.
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