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SUMMARY

Sleep is thought to globally downregulate neuronal network activity and synaptic connections enhanced dur-
ing prior wakefulness and, in parallel, to upregulate activity in networks mediating the consolidation of
hippocampus-dependent episodic memory. To assess these processes in hippocampal networks during
natural sleep, we combined the two-photon Ca?* imaging of CA1 neuronal activity in mice with electroen-
cephalogram (EEG) recordings of sleep slow oscillations (SOs) and spindles as markers of ongoing memory
processing during slow-wave sleep (SWS). We found that the number of active hippocampal neurons
increased from wakefulness into sleep, peaking during rapid eye movement (REM) sleep. At the population
level, Ca* signaling did not decrease during individual SWS or REM epochs. Instead, we observed a gradual,
persistent downregulation of Ca?* signaling across consecutive SWS epochs, specifically in neurons active
during the preceding SWS epoch. In cells active during SOs and spindles, this downregulation was particu-
larly pronounced when the SWS epochs were separated by a REM sleep epoch. Sleep spindle density during
the preceding SWS epoch was the strongest predictor of this across-epochs downregulation. Moreover,
spindle onsets were followed (within 1 s) by an immediate reduction in both the fraction of active cells and
their mean Ca®* transient amplitude. Our findings point to a spindle-associated mechanism that, in cooper-
ation with intermittent REM sleep, drives the progressive downregulation of hippocampal network activity
across sleep, potentially supporting systems memory consolidation.

INTRODUCTION

Sleep is thought to play a 2-fold role in the regulation of the
brain’s network excitability and connectivity: (1) to help preserve
or even strengthen synaptic connections, thereby supporting the
formation of long-term memories, and (2) to globally downregu-
late synaptic connections formed in the process of information
uptake during prior wakefulness and, thereby, protect networks
from synaptic saturation and overexcitation.’™ Sleep has been
proposed to support memory through a systems-level consoli-
dation process that involves coordinated interactions between
neocortical and hippocampal networks.”® According to the
active systems consolidation framework, this process is thought
to be regulated by the coordinated occurrence of oscillatory
events hallmarking the stage of slow wave sleep (SWS), i.e.,
the slow oscillations (SOs) primarily generated in neocortical net-
works, the 10-16 Hz spindles originating from the thalamus, and
180-250 Hz ripples, which, in hippocampal networks, tend to

®

coalesce with sharp waves to form sharp wave-ripple com-
plexes.””'" SOs are composed of periods of hyperpolarized
neocortical networks producing synchronously reduced activity
(i.e., down states) that interleave longer depolarizing phases (up
states), alternating with frequencies of 0.1-2 Hz.®'? Spindles are
generated in an interplay between GABAergic neurons within the
thalamic nucleus reticularis and glutamatergic thalamocortical
projection neurons. Spindle generation is driven by the depola-
rizing phase of the SO such that the spindles tend to nest into
the SO up state.”'®"* Solitary spindles as well as spindles nest-
ing in SO up states have been linked to the induction of synaptic
plasticity and the upregulation of synaptic connections in
neocortical networks.'®>”'” Ripples accompany the memory
replay of neuronal assembly firing patterns in hippocampal
networks and themselves tend to nest into the excitable
troughs of spindle oscillations, i.e., the phase of the oscillation
where excitatory inputs to cortical neurons are strongly
enhanced.”'®?? Spindles presumably reach the hippocampus
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via the thalamic nucleus reuniens.”® The triple nesting of SO-
spindle-ripple events has been proposed as a core mechanism
promoting the strengthening of memory representations in the
neocortex during sleep-dependent system consolidation.'®"

Slow oscillatory activity as well as ripples might, at the same
time, also play a role in downregulating synaptic connections
during sleep in the neocortex and hippocampus.”>*?° Indeed,
whereas the view—as proposed by the synaptic homeostasis
hypothesis (SHY)—of a global downregulation of synaptic
connectivity occurring across longer sleep periods has been
supported by numerous studies using different functional and
structural measures, it is currently less clear which of the
different sleep stages (SWS or rapid eye movement [REM] sleep
or both) and which oscillatory events associated with these
sleep stages significantly contribute to the downregulation pro-
cess.”®?” Computational and experimental evidence supports
a major contribution of SWS and slow oscillatory activity to syn-
aptic downregulation in neocortical networks.?®=° However,
other work points to a contribution of REM sleep theta activ-
ity.2"**2 Using two-photon Ca®* imaging of neocortical pyramidal
cells, we observed a global decrease in activity of pyramidal cells
across both SWS and REM sleep epochs, with the REM sleep-
related decrease being more persistent than that during
SWS.*® Moreover, in this study, pyramidal cells with high activity
during spindles, against the general decrease, increased activity
during SWS epochs.

Against this backdrop of findings in neocortical networks,
this study aimed at exploring whether comparable dynamics
occurred during the sleep process in hippocampal networks.
Using in vivo two-photon Ca®* imaging in mice, we examined
neuronal activity in the hippocampal CA1 region during unpro-
voked wakefulness, SWS, and REM sleep, as well as during
SOs and spindles occurring in isolation or nesting in SO up
states. For the neuronal population as a whole, we found
that, in terms of the fraction of active neurons, overall neuronal
activity increased during sleep in comparison with wakefulness
and was largest during REM sleep. Contrasting with findings in
the neocortex,*® hippocampal Ca* signaling did not globally
decrease during SWS or REM sleep epochs. But there was a
downregulation of Ca®* signaling across consecutive SWS
epochs, which in neurons active during SOs and spindles
was particularly pronounced when SWS epochs were inter-
leaved by REM sleep. Downregulation of population activity
was stronger the more spindles occurred during the preceding
SWS epoch. Overall pointing to a cooperative action of spin-
dles and REM sleep in downregulating hippocampal network
activity.

RESULTS

Viral labeling of the CA1 area of the hippocampus with a
genetically encoded Ca?* indicator, GCaMP7b, enabled in vivo
two-photon Ca2* imaging of the CA1 pyramidal cell layer
(excitatory/inhibitory neuron ratio ~ 20:1; Figures S1A and
S1B) in head-fixed mice (Figures 1A and 1B). Simultaneous
electroencephalogram (EEG) and electromyogram (EMG) re-
cordings allowed us to analyze how the activity of CA1 pyrami-
dal neurons changed across cycles of wakefulness, SWS, and
REM sleep (Figures 1C [STAR Methods] and S1-S5 for
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example data from all individual animals). Consistent with liter-
ature data from freely moving and head-fixed mice,***° the
animals that were extensively habituated to the experimental
setup, on average, spent 49.6% of the recording time awake
(mean epoch duration: 84.4 + 6.19 s) and the remaining time
sleeping (SWS, 42.5%, mean epoch duration, 63.61 + 1.99 s;
REM sleep, 7.9%, mean epoch duration, 84.52 + 6.1 s;
Figures 1D and 1E; F = 5.7, p = 3.4 x 1073, permutation-based
ANOVA followed by Tukey’s post hoc test; Table S1). During
wakefulness, the animals were typically quietly resting on the
treadmill. They were free to move but were not engaged in
any specific task or locomotor activities, as such stimulation
would have interfered with the slowdown required for falling
asleep. Thus, the wake periods preceding sleep bouts re-
flected a quiet resting state rather than active exploration or
locomotion. All recording sessions started between 9 and 10
a.m. and lasted up to 5 h.

Throughout the study, we analyzed Ca®* transient frequency
as well as amplitude, as they capture distinct yet complementary
aspects of neuronal dynamics. Frequency reflects the temporal
pattern and recruitment of active cells across brain states,
whereas amplitude more directly relates to the integrative
strength of cellular activation and the magnitude of synaptic
input.*® Considering both dimensions can help to disentangle,
e.g., whether state-dependent changes in hippocampal activity
arise primarily from shifts in the number and timing of activation
events or from altered activity patterns of individual cells within
recruited ensembles.

Sleep increases the activity of CA1 pyramidal cells
Imaging the CA1 cell population at single-cell resolution,
we found significant differences in the fractions of cells
showing ongoing Ca®* transients during different brain states
(Figures 2A and 2B). Whereas only 28% of the total neuronal
population was active during wake, the fraction of active cells
increased during sleep, with 42% of cells active during SWS
and 48% active during REM sleep (Figure 2B; y° = 8.83, p =
0.01). The mean frequency of Ca2* transients in the active cells
was lowest during SWS, intermediate during wake, and high-
est during REM sleep (Figure 2C, left; y*> = 15.86, p =
3.6 x 107%. The mean amplitude of the Ca?* transients in
active cells was also highest during REM sleep, intermediate
during SWS, and lowest during wake (Figure 2C, right; ¥* =
97.67, p < 6 x 1072?), thus paralleling the pattern obtained
for the fraction of active cells in each brain state (Figure 2B).
For the entire population, i.e., including also inactive cells,
the mean frequency of Ca2* transients was the lowest during
wake rather than SWS (x® = 43.45, p < 4 x 10 '%; Figure 2D).
Next, we investigated the dynamics of cell recruitment during
individual epochs of wakefulness, SWS, and REM sleep. In all
brain states, the fraction of activated neurons tended to increase
with increased duration of an epoch but at different rates
(Figure 2E). Therefore, we normalized the epoch’s length (setting
it to 100%) and quantified the cell recruitment in the course of an
epoch by calculating, for each epoch, the empirical cumulative
distribution function (ECDF), providing the fraction of active neu-
rons across each epoch in each brain state (Figures 2F and 2G).
The analysis revealed that the recruitment is most gradual during
wake epochs, intermediate during SWS, and steepest during
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Figure 1. Brain state-specific activity in the CA1 area of the hippocampus

(A) The CA1 pyramidal cell layer of the dorsal hippocampus was injected with AAVs encoding GCaMP7b and sealed with the cranial window glued to a stainless-
steel cannula (top). Besides the cranial window, EEG and nuchal muscle EMG electrodes were implanted (bottom). For recordings, the head-fixed mice were
placed on a treadmill, and neuronal activity was recorded across wakefulness and spontaneous sleep.

(B) An image (average of 200 frames) of the CA1 pyramidal cell layer.

(C) A sample recording of wake (green), SWS (orange), and REM sleep (blue) epochs, along with the respective EEG (black) and EMG (red) traces. Inserts (top)
show examples of the EEG traces recorded during wakefulness, SWS, and REM sleep, shown on an expanded timescale. Bottom traces (black) show corre-
sponding Ca®* signals from 4 representative pyramidal cells, marked with respective numbers in (B).

(D) Pie chart illustrating the fraction of recording time the animals spent in wake (green), SWS (orange), and REM (blue) states (35 h total, n = 7 mice).

(E) Bar graph illustrating mean bout durations of the three brain states (n = 7 mice, 856 wake, 854 SWS, and 114 REM epochs).

Data are shown as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001; permutation-based ANOVA followed by Tukey’s post hoc test.

See also Figure S1 and Table S1.

REM sleep (Figure 2G; F = 391.8, p < 2 x 107'®, permutation-
based ANOVA).

To check whether the recruitment of cells during different brain
states occurs in a temporally grouped manner, we next quanti-
fied the fraction of coactive cells (i.e., cells showing Ca®* tran-
sients within a 4-frame window). Windows with only one active
cell were excluded. The fractions were comparable between
wake and SWS but significantly lower during REM sleep (3 =
8.63, p = 0.01; Figure 2H). Additional analyses across epoch
thirds revealed that co-activation remained stable within each
state (data not shown). Finally, to assess how stable the activity
patterns were across successive epochs, we compared the
overlap between cell populations active in consecutive epochs
(nand n + 1). The overlap was significantly lower during wakeful-
ness compared with SWS and REM sleep (32 = 22.63, p =
1 x 1075; Figure 2I), indicating that although wake activity in-
volves relatively sparse yet synchronous activation of cells within
epochs, the specific populations recruited across consecutive

wake epochs vary more strongly than across consecutive
epochs of SWS or REM sleep.

Mean frequency of the CA1 population Ca%* signaling
increases during wake epochs but remains stable over
SWS and REM epochs
Following the idea that sleep is important for downregulating and
renormalizing brain excitability, we investigated the dynamics of
Ca?* transients within wake, SWS, and REM sleep epochs,
comparing the 15, 2", and 3™ thirds of an epoch (Figures 2J
and 2K). Looking at the total cell population, we observed a sig-
nificant interaction between brain state and epoch thirds for the
frequency of Ca®* transients (* = 15.82, p = 0.003; along with
main effects of brain state, X2 = 120.90, p < 0.001, and thirds,
¥2 = 22.50, p < 0.001).

Direct comparisons between the 15, 29 and 3" thirds re-
vealed that during wakefulness, the frequency of Ca®* transients
significantly increased from the 15t to the 2" and 3" thirds of an
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Figure 2. Distinct modulation of cellular activity across brain states

(A) Raster plot illustrating the activity of 236 CA1 pyramidal cells during a 10-min-long recording period. Individual AF/F traces of these cells are shown in
Figure S5. Vertical stripes indicate the brain state: wake (green), SWS (orange), and REM (blue). Each dot represents a Ca* transient whose amplitude is co-
lor-coded using a grayscale. A histogram (top) gives the cumulative number of active cells in each 10-s-long bin.

(B) Pie charts, illustrating the fractions of active and silent pyramidal cells for each brain state (n = 1,335 cells from 7 mice). The distributions differ significantly
between the 3 brain states (chi-square test, y* = 8.83, p = 0.01).

(C) Mean + SEM frequency (left) and amplitude (right) of Ca®* transients across consecutive wake, SWS, and REM epochs, only considering cells that showed at

least one transient in the respective epoch (n = 7 mice, n = 108 epochs for each state), “*p < 0.01, ***p < 0.001; linear mixed model (LMM) followed by the Wilcoxon
signed rank test.

(D) Mean + SEM frequency of Ca®* transients of all recorded cells in the different brain states (n = 7 mice, n = 108 epochs for each state). **p < 0.01, **p < 0.001;
LMM followed by the Wilcoxon signed-rank test.

(E) Scatterplots showing the fraction of cells active during a given epoch as a function of epoch duration across wake, SWS, and REM sleep. Red lines show the
kernel density estimations for the scatterplots (n = 856 wake, 854 SWS, and 114 REM epochs).

(legend continued on next page)
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epoch. By contrast, during SWS, frequency was significantly
decreased during the 2" third compared with both the 15t and
3™ thirds (Figure 2J). No significant changes were observed
across the thirds of a REM sleep epoch. In terms of amplitude,
Ca?* transients remained stable across the thirds of individual
epochs in all three states (p = 0.79 for the main effect of thirds;
Figure 2K).

Next, we compared Ca?* signaling across two consecutive
SWS epochs, separated by either a wake or a REM epoch, re-
sulting in SWS,,-wake-SWS,,,; and SWS,,-REM-SWS,, ; triplets.
Ca?* transient frequency (Figures 3A and 3B) remained stable
between SWS,, and SWS,,,1 (p > 0.18 for respective pairwise
comparisons) regardless of the intervening state. Due to the
different transient frequency during wake and REM, the interac-
tion between the intervening state and triplet position was signif-
icant in this analysis (x> = 19.24, p < 0.001). Similarly, Ca®*
transient amplitude (Figures S6A and S6B) also remained stable
between epochs (p > 0.09 for the respective pairwise compari-
son and for the interaction effect between the intervening state
and triplet position, ¥® = 19.08, p < 0.001).

Spindle density as a strong correlate of hippocampal
renormalization
Given the central role SOs and spindles during SWS play for
sleep-dependent plasticity, we correlated changes in the fre-
quency of Ca2* transients from SWS,, to SWS,,,; with the density
of solitary SOs (“SQ”), solitary spindles (“Spindles”), and
coupled “SO + Spindle” events where spindles occurred during
the SO up state (Table S2). Spindle density during the preceding
SWS,, epoch emerged as the strongest negative predictor of
changes in Ca®* transient frequency across both REM- and
wake-interleaved SWS pairs, i.e., when spindle density was
high during the initial SWS,, epoch, Ca®* transient frequency
likely decreased across the two consecutive SWS epochs
(Figures 3C and 3D; REM, r = —0.30, p < 0.001; wake, r =
—0.38, p < 0.001). Similarly, SO + Spindle event density was
negatively correlated with frequency changes, regardless of
the interleaving state (REM, r = —0.32, p < 0.001; wake, r =
—0.24, p = 0.01). By contrast, the density of solitary SOs was
not significantly associated with frequency changes (p > 0.06).
Interestingly, the duration of the initial SWS,, epoch was posi-
tively correlated with the change in Ca®* transient frequency be-
tween SWS,, and SWS,,, 1, indicating that SWS,, epochs of longer
duration were more likely followed by an increase rather than a
decrease in transient frequency in the SWS,,,; epoch (REM, r =
0.28, p < 0.001; wake, r = 0.25, p = 0.01).

SOs are known to increase in density after prolonged wake
and thus serve as a marker of sleep pressure that decreases
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with time asleep (e.g., Viyazovskiy et al.®”). Therefore, separately

for data analyzed in Figures 3C and 3D, we examined correla-
tions between the time of onset relative to the start of the
recording session and the duration of SWS epochs, on the one
hand, and the density of Spindle, SO, and SO + Spindle events,
on the other hand. The time of SWS epoch onset was positively
correlated with spindle density (r = +0.30, p < 0.001), whereas
SWS epoch duration was negatively correlated with spindle den-
sity (r = —0.27, p < 0.001) but only for SWS epochs preceding
interleaving wake epochs and not for those preceding REM
sleep. No other event densities were associated with the time
of SWS epoch onset or duration, overall ruling out that the
observed correlations between activity dynamics across two
consecutive SWS epochs and event densities were driven by
epoch duration or onset.

Together, these findings suggest that neither individual SWS
nor REM sleep epochs are consistently linked to lasting reduc-
tions in hippocampal CA1 pyramidal cell activity. Instead, spin-
dle density emerges as the strongest correlate of hippocampal
renormalization of activity across consecutive SWS epochs.

Cortical spindles are followed by a decrease in
hippocampal Ca?* signaling
To investigate the role of SOs, spindles, and coupled SO-spin-
dles on Ca?* signaling in the hippocampal CA1 area with higher
temporal precision, we analyzed changes in neuronal activity
within a £3 s window around each event (using the —3to —2 s
interval as baseline). We first examined the baseline-corrected
fraction of active cells per imaging frame, time-locked to the
negative half-wave peak of the SO and the onset of spindles,
respectively. There were no significant changes in the fraction
of active cells linked to solitary SOs during the +3 s window
(Figure 4A, left). However, onsets of solitary spindles were fol-
lowed by a distinct and persistent decrease in the fraction of
active cells per frame between +1 and +3 s (Figure 4A, middle).
SO + Spindle events were linked to a transient decrease in the
fraction of active cells per frame shortly before the negative
half-wave peak but otherwise did not elicit any significant mod-
ulation in the fraction of active cells (Figure 4A, right). To assess
overall recruitment during these events, we averaged the fraction
of active cells across the entire duration of an SO upstate and of
spindle events, respectively. This analysis revealed greater cell
recruitment during spindles compared with solitary SOs (x® =
42.93, p < 0.001). Importantly, this effect was present regardless
of whether spindles occurred in isolation or were coupled to SOs
(Figure 4C).

We also quantified the mean amplitude of Ca®* transients
across active cells for each frame within the +3 s window around

(F) Brain-state-specific empirical cumulative distribution functions (ECDFs), illustrating for each epoch (with duration set to 100%) the temporal evolution of cells

contributing to the network activity.

(G) The averaged ECDF vectors for the three brain states (**p < 0.001; permutation-based ANOVA followed by Tukey’s post hoc test).

(H) Mean + SEM fraction of coactive cells within each 133-ms-long (4 frames) time window across consecutive wake, SWS, and REM epochs. Coactivity was only
considered when at least two cells were active simultaneously (n = 7 mice, n = 108 epochs per state), *p < 0.01, ***p < 0.001; the Friedman test was followed by
the Wilcoxon signed-rank test.

(I) Mean + SEM overlap of active cells between doublets of consecutive epochs (epoch,, and epoch,,, 1) of wake (green), SWS (orange), and REM sleep (blue). n =7
mice; epoch doublets for wake, n = 315; SWS, n = 410; and REM, n = 68; *p < 0.01, **p < 0.001, Kruskal-Wallis test followed by the Wilcoxon rank-sum test.
(J and K) Mean + SEM frequency (J) and amplitude (K) of Ca®* transients within the 15, 2", and 3 thirds of epochs of wake (left), SWS (middle), and REM (right)
sleep (n = 7 mice, n = 108 epochs for each state). “o < 0.05, **p < 0.01, **p < 0.001, LMM followed by the Wilcoxon signed-rank test.

See also Figures S2-S5.
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Figure 3. Frequencies of Ca®* transients in the total cell population are stable across consecutive SWS epochs

(A) Mean = SEM frequencies of Ca®* transients during two consecutive epochs of SWS (SWS,, and SWS,,. ) interleaved by either a wake (left, n = 106 triplets) or
REM sleep (right, n = 106 triplets) epoch. ***p < 0.001; LMM followed by the Wilcoxon signed-rank test.

(B) Mean + SEM differences in frequency of Ca®* transients between SWS,,,1 and SWS,,. Wilcoxon rank-sum test.

(C and D) Scatterplots showing the relationship between the density of SOs, Spindles, and SO + Spindles and the duration of SWS,, epochs (x axis) and the
difference in Ca2* transient frequency in the first SWS,, and second SWS,,,; epoch, indicating the degree of downregulation across SWS,-REM-SWS,,, 1 (C) and
SWS,-wake-SWS,,, 1 (D) triplets (y axis). Note that Spindle and SO + Spindle densities are predictive for a downregulation from SWS,, to SWS,,,; epochs. By
contrast, SWS,, epoch durations positively correlate with changes from SWS,, to SWS,,, 1 epochs. Spearman correlation, *p < 0.05, **p < 0.01, **p < 0.001.

See also Tables S1 and S2.

the events of interest. This analysis revealed a pattern similar to
that observed for active cell recruitment. Thus, solitary spindles
were followed within 1 s after spindle onset by a pronounced
decrease in mean Ca®* transient amplitude (Figure 4B). Never-
theless, the mean amplitude of Ca?* transients during the entire
spindle event was still higher than during the up state of solitary
SOs (y2 = 53.78, p < 0.001; Figure 4D). Together, these findings
support an association between spindles and the downregula-
tion of hippocampal activity during sleep. Although when
focusing on individual events, the magnitude of this modulation
appears to be modest, these event-locked analyses revealed a
robust and significant change, suggesting that spindles actively
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suppress hippocampal activity not only across extended SWS
epochs but also at the level of individual events, with potential
implications for memory consolidation.

Ca?* transient amplitudes of cells active during SO and
spindle events increase during REM epochs

Assuming that the activity of neurons during SOs, spindles, and
combined SO-spindle events is related to memory processing,
we examined whether cells particularly active during these
events showed specific temporal dynamics within SWS epochs
as well as across cycles of wake, SWS, and REM sleep. For
determining subpopulations of SO-active, Spindle-active, and
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Figure 4. Spindle events are followed by a decreased fraction of active cells and lower mean Ca®* transient amplitude

(A and B) Baseline-corrected (—3 to —2 s) mean + SEM fraction of active cells per frame (A) and mean + SEM amplitude of Ca?* transients across all cells (B) time-
locked to the negative half-wave peak of detected SOs (left, n = 9,498), spindle onset of solitary spindles (middle, n = 4,050), and spindle onset of SO + Spindles
(right, n = 900). The time periods during which the differences from baseline levels are significant are marked by bars below the respective curves.

(C and D) Mean + SEM fraction of active cells per frame (C) and mean + SEM amplitude of Ca* transients across all active cells (D) during the SO up state or during
spindle events (Spindles and SO + Spindles). **p < 0.01, ***p < 0.001, Kruskal-Wallis test.

See also Table S2.

SO + Spindle-active cells, respectively, we first calculated for
each cell the difference in the mean frequency of Ca®* transients
during the respective target events and during the remaining
time of the respective SWS epoch (STAR Methods).** All cells
with a positive difference were then defined as SO-active, Spin-
dle-active, and SO + Spindle-active cells, respectively. Note,
active cells were separately determined for each SWS epoch,
and SO + Spindle-active cells did not count into the subpopula-
tion of SO or spindle-active cells. The active cell populations
were compared with a control population composed of those
cells that did not meet the criteria for any of the three event-
related subpopulations and exhibited at least one Ca2* transient
during the epoch.

We first compared the activity levels of SO-active, Spindle-
active, and SO + Spindle-active cells with those of the control
cell population during the current SWS epoch as well as during
the preceding wake and subsequent REM sleep epochs. All
four cell populations, SO-active, Spindel-active, SO + Spindle-
active, and control cells, showed their highest Ca®* transient fre-
quencies during SWS compared with wake and REM sleep
(Figures 5A and 5B; main effect of state: y? = 89.98, p < 0.001).
As expected, during the SWS epochs, transient frequencies
were generally higher in the three active cell subpopulations
(SO-active, Spindle-active, and SO + Spindle active) than in

the control population (all p < 0.001), and the same difference
was observed for the preceding wake and succeeding REM
sleep epochs (all p < 0.001, 2 = 85.55, p < 0.001, for the main
effect of subpopulation). However, the three kinds of active sub-
populations did not significantly differ in Ca®* transient fre-
quency levels during any brain state (all p > 0.15; Figure 5B). In
terms of Ca®* transient amplitudes, all four subpopulations ex-
hibited patterns similar to the overall population (Figures 2C
and 2D), with the lowest amplitudes during wakefulness, inter-
mediate amplitudes during SWS, and the highest amplitudes
during REM sleep (main effect of brain state, y®> = 92.12,
p < 0.001; Figure 5C). Notably, amplitudes during the SWS
epochs were highly comparable between the subpopulations
(all p > 0.69). In the succeeding REM sleep epochs, Ca®* tran-
sient amplitude decreased in the SO + Spindle-active cells,
with this decrease reaching significance in comparison with
SO-active cells (p = 0.04, X2 =11.07, p = 0.09 for interaction be-
tween subpopulation and brain state; Figure 5C).

We additionally compared the dynamics of Ca®* transients for
SO-, Spindle-, and SO + Spindle-active cells with that of control
cells within individual epochs, i.e., across the 1st, 2nd, and 3rd
thirds of SWS and neighboring wake and REM sleep epochs
(Figures 6A and 6B). As to the frequency of Ca®* transients,
within-epoch dynamics for all 4 subpopulations were similar to
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Figure 5. Activity levels of SO-active, Spin-
dle-active, and SO + Spindle-active cells
across consecutive wake, SWS, and REM
sleep epochs

(A) Normalized histograms showing mean (per
epoch) frequency of Ca®* transients for SO-active
(left top, n = 100 epochs), spindle-active (left
bottom, n = 100 epochs), SO + Spindle-active
(right top, n = 76 epochs), and (nonspecifically
active) control cells (right bottom, n = 100 epochs)
during consecutive wake (green), SWS (orange),
and REM (blue) sleep epochs. The y axis shows
the probability of observing a given Ca®* transient
frequency within each cell population for a given
state, and the x axis indicates the transient fre-
quency. Values were normalized to the total
number of cells in each cluster, allowing direct
comparison across states while accounting for
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those observed for the total population (Figure 2), i.e., Ca®* tran-
sient frequency increased from the 15t to the 3™ third during
wake (p < 0.04) but remained stable during SWS and REM sleep
epochs (p > 0.06, x* = 25.16, p < 0.001 for interaction between
brain state and third; Figure 6A). This pattern also did not differ
between the active subpopulations and the control population
(Figure 6C). Changes in Ca* transient amplitudes within epochs
appeared to be rather variable, with slightly increased ampli-
tudes toward the 3rd third in wake epochs (3> = 15.49,
p < 0.001, main effect of third) and REM sleep (x° = 7.07, p =
0.03, main effect of third). During REM sleep epochs, this in-
crease was also significant for SO-active cells and for the com-
bined subpopulation of SO-, Spindle-, and SO + Spindle-active
cells when compared with the non-active control cell population
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showing no systematic change in ampli-
tude (p = 0.03; Figure 6D). Examining
the parallel dynamics of SO, spindle,
and SO + Spindle event densities across
the thirds of SWS epochs, we consis-
tently observed the lowest event den-
sities during the 2™ third (Figure S6C),
closely resembling the overall dynamics
PP observed across all cell clusters and the
total cell population (Figure 2J).

In sum, while SO-, Spindle-, and SO +
Spindle-active cells show distinctly
enhanced activity across all brain states in comparison with con-
trol cells, these active subpopulations did not exhibit clear
changes in their within-epochs dynamics, except for an overall
tendency of increased transient amplitudes toward the 3™ third
of REM epochs.

REM sleep-related downregulation is more pronounced
for cells active during SO and spindles

Based on evidence from neocortical recordings that REM sleep
may spare from downregulation circuits that are involved in
memory formation,®® and on our finding that spindles are
accompanied by an immediate reduction in hippocampal Ca®*
transients (Figure 4), we examined how activity of SO-active,
spindle-active, and SO + Spindle-active cells evolved across
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Figure 6. Ca2* transient amplitudes of cells
active during SOs increase across REM
sleep epochs

(A and B) Mean Ca®* transient frequencies (A) and
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successive SWS epochs that were interleaved by either REM
sleep (SWS,-REM-SWS,,, triplets) or wakefulness (SWS,-
wake-SWS,,, 1 triplets). The complementary analysis for the total
cell population is shown in Figure 3. We found that all three active
subpopulations, as well as the control cell population, exhibited
significant reductions in Ca®* transient frequency from SWS,, to
SWS,, 1, regardless of whether the intervening state was REM
sleep or wakefulness (Figure 7; p < 0.01 for all comparisons).
However, the reduction following REM sleep was distinctly less
pronounced in the control cells than in the SO-active, Spindle-
active, and SO + Spindle-active cell populations (x> = 11.42,
p = 0.009, main effect of subpopulation; Figure 7D). This pattern
suggests that the lack of downregulation observed in the overall
cell population (Figures 3A and 3B) may reflect the recruitment of
new, previously inactive cells during SWS,,, 1, while cells that are
active during SWS,, undergo downregulation. The same ana-
lyses performed on the amplitudes of Ca?* transients did not
reveal any significant modulation across both types of triplets
(p > 0.17; Figure S7).

T T 1 ) T 1 ) T 1
qst 2nd 3rd qst ond grd qst 2nd 3rd
Third

== Control Cells

(C and D) Mean + SEM differences in Ca®* tran-
sient frequency (C) and amplitudes (D) between
the 15 and the 3" third of wake (left), SWS (mid-
dle), and REM epochs (right). LMM followed by the
Wilcoxon signed-rank test, o < 0.05, "o < 0.001,
and the Mann-Whitney U test. “p < 0.05. Additional
comparison using the Mann-Whitney U test be-
tween merged SO, Spindle, and SO + Spindle
subpopulations is indicated on top.

See also Figure S6.
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REM

DISCUSSION

O

< We performed in vivo two-photon Ca®*

imaging of the CA1 area of the mouse
hippocampus to investigate the dy-
namics of Ca®* transients during wakeful-
ness, SWS, and REM sleep. Our analyses
addressed two main questions: (1) refer-
ring to the SHY,* we examined to what
extent SWS and REM sleep contribute
to a widespread downregulation of Ca®*
signaling in CA1 pyramidal cell networks,
and these analyses concentrated on the
dynamics of the total cell population. (2)
Based on evidence for a central role of
sleep in actively consolidating memory
in the hippocampus-dependent episodic
memory system,”’ we examined to
what extent sleep leads to signs of upre-
gulated Ca2* signaling specifically in cell networks assumed to
be involved in memory processing. For these analyses, we
concentrated on the dynamics of cell subpopulations with
distinctly enhanced activity during SOs, spindles, and SO-spin-
dle events, i.e., oscillatory phenomena known to be involved in
sleep-dependent memory formation. The main findings of our
study are (1) the number of active cells in the total population
of CA1 pyramidal cells increased from wakefulness to sleep,
reaching a maximum during REM sleep. (2) Unexpectedly, we
did not find, for the total population, signs of a global downregu-
lation of Ca®* signaling within SWS or REM sleep epochs or
across consecutive SWS epochs. (3) Instead, we observed a
specific decrease in hippocampal Ca2* signaling across consec-
utive SWS epochs for active cells only. This downregulation was
most pronounced in cells that, during the initial SWS epoch, were
active during SO + Spindles, and when the SWS epochs were
separated by a REM rather than a wake epoch. The gradual
downregulation across SWS epochs was, moreover, strongly
associated with spindle density in the preceding SWS epochs.
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Figure 7. Cells active during SOs and spindles show the strongest downregulation of Ca?* transient frequency across SWS epochs inter-

leaved by REM epochs

(A and B) Mean + SEM Ca?* transient frequency of SO-active, Spindle-active, SO + Spindle-active, and control cells during two consecutive epochs of SWS
(SWS,, and SWS,,,,) interleaved by wake (A) and REM (B) epochs. *p < 0.05, **p < 0.01, ***p < 0.001, LMM followed by the Wilcoxon signed-rank test.

(C and D) Mean + SEM changes in Ca®* transient frequency between SWS,, and SWS,,,; epochs interleaved by wake (C) and REM (D) epochs for SO-active (n =
100 triplets), spindle-active (n = 100 triplets), SO + Spindle-active (n = 76 triplets), and control cells (n = 100 triplets). LMM followed by the Mann-Whitney U test.

***p < 0.001.
See also Figures S6 and S7.

(4) Sleep spindle events themselves were accompanied by a
rapid reduction in both the fraction of active cells and the
mean amplitude of Ca?* transients within seconds after their
onset. Together, these findings suggest that hippocampal
network activity is not generally downregulated within individual
sleep epochs but instead undergoes a gradual activity-depen-
dent modulation across successive SWS epochs—a regulatory
process that is mediated via spindle and REM-related
mechanisms.

We found that compared with wakefulness, sleep is associ-
ated with enhanced CA1 neuronal activity, with the number of
active cells reaching a maximum during REM sleep. Although
REM sleep showed the highest cell recruitment and the largest
amplitudes of Ca®* transients, network dynamics were more de-
synchronized than in other states. By contrast, during SWS, the
relatively low frequency of Ca®* transients was accompanied by
stronger co-activation, consistent with the idea that SOs drive
synchronized neuronal activity. Of note, the relatively low activa-
tion during wakefulness might be owed to the fact that we
focused on periods of “quiet” wakefulness occurring between
sleep bouts, and the mice, being highly habituated to the exper-
imental setup, were not engaging in any particular task. Our
observation concurs with previous electrophysiological find-
ings®® showing that in CA1 the majority of neurons are silent
during wakefulness. The increase in activated cell numbers
reaching a maximum during REM sleep—in conjunction with a
faster recruitment of cells and a higher amplitude of Ca®*
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transients during REM sleep than SWS—might reflect specific
network properties in the hippocampus, where the ratio of inhib-
itory to excitatory cells is rather low, compared with most
neocortical networks.**“° In the neocortex, network activity dur-
ing REM sleep is governed by the predominant activity of inhib-
itory interneurons (parvalbumin-positive basket cells), producing
a general suppression of network activity.'™** Whether REM
sleep is characterized by a similar preferential upregulation of
inhibitory activity in hippocampal networks cannot be answered
based on the present data. The increase in Ca®* transient ampli-
tude occurring in combination with a relative increase in fre-
quency of transients during REM sleep in comparison with
SWS might indeed reflect the presence of a more burst-like firing
pattern during REM sleep, as it can originate from an enhanced
recurrent inhibition.**

Unexpectedly, we did not find any decrease in hippocampal
Ca?* signaling within epochs of either SWS or REM sleep for
the total population of pyramidal cells. This finding contrasts
with results obtained from Ca®* imaging of neocortical circuits,
which demonstrated a reduction in Ca* signaling of layer 2/3 py-
ramidal cells during SWS and REM sleep.'® At first glance, this
finding, moreover, appears to challenge the view, as put forward
by the SHY, that the widespread synaptic downregulation during
sleep extends to hippocampal networks. In fact, this view is well
supported by studies showing reduced expression of glutama-
tergic AMPA receptors in the hippocampus following sleep
compared with wake periods.*> However, it is important to
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note that our imaging approach, which captures ongoing Ca*
transients, primarily reflects network excitability rather than
providing a direct measure of synaptic strength or connectivity.
Therefore, it may well be that sleep-dependent synaptic down-
scaling in CA1 during sleep was masked by widespread release
of inhibition in these networks. Accordingly, these seemingly
discrepant findings might be resolved in a combined assess-
ment of activity in excitatory and inhibitory networks.

Notably, we did not observe a downregulation of Ca®* transient
frequency and amplitude for the overall hippocampal cell popula-
tion across successive SWS epochs, as previously reported us-
ing electrophysiological recordings.*®™*® This discrepancy likely
reflects methodological differences between Ca?* imaging and
electrophysiological recordings of neuronal spikes as used in
those previous studies. Typically, such electrophysiological ap-
proaches apply a firing rate threshold,*® thereby excluding low-
activity and silent neurons, whereas our imaging approach
included the total recorded cell population. In addition, electro-
physiological recordings primarily capture neurons with ongoing
spiking, whereas Ca®* imaging emphasizes burst-related activity,
providing altogether a complementary but not identical view on
network activity. Indeed, when we restricted our analysis to sub-
populations that showed at least one Ca®* transient during the
SWS,, epoch (Figure 7), we observed the expected decrease in
transient frequency during the subsequent SWS,,,; epoch. Ca%*
transient frequency also decreased across successive SWS
epochs for cells showing enhanced activity during SOs and spin-
dles. Together, these findings match well with electrophysiolog-
ical findings showing that hippocampal spindles and ripples pre-
dict changes in neuronal activity between consecutive SWS
epochs,?” and they extend these observations to SO and SO +
Spindle events. Overall, the observed dynamics suggest a down-
regulation of activity across extended sleep bouts, selectively
affecting cells engaged in memory processing during SWS.>*

We found that the extent of downregulation across SWS
epochs strongly depends on the duration of the preceding
SWS epoch as well as on spindle density during this epoch.
Indeed, the duration of the initial SWS epoch was the only nega-
tive predictor of downregulation, i.e., the longer the initial SWS
epoch was, the less downregulation of Ca®* signaling occurred
across the two consecutive epochs, which points to the impor-
tance of memory processing during SWS that counters, and in
this way determines, the degree of subsequent downregulation
of activity in the respective cell subpopulations.*®

Spindle activity during the initial SWS epoch, on the other
hand, was a positive predictor of downregulation of activity
across consecutive SWS epochs, i.e., the higher the spindle
density was during the initial SWS epoch, the more network ac-
tivity was downregulated during the succeeding SWS epoch.
Moreover, acute spindle events were directly followed by a
decrease in CA1 network activity, which likewise points to a
role of spindles in downregulating hippocampal CA1 activity.
Consistent with this view, in neocortical circuits spindles appear
to regulate plasticity primarily through activating inhibitory (par-
valbumin-positive) basket cells while simultaneously reducing
dendritic inhibition from somatostatin-positive cells.'® Inhibitory
cells may likewise convey the effects of thalamic spindles
spreading to hippocampal networks. Ripples, which in hippo-
campal networks tend to nest into the troughs of the spindle
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oscillation,?” may additionally contribute. Indeed, ripples play a
2-fold role in plasticity, on the one hand promoting the down-
scaling of hippocampal synapses.”® On the other hand, they
contribute to stabilizing hippocampal memory representations
by coordinating memory replay.>->? One might speculate that
the nesting of ripples into the sequence of spindle oscillations,
beyond supporting the hippocampal-to-neocortical transmis-
sion of reactivated memory information,?’>® simultaneously
augments the synaptic downscaling effect of these ripples.”®
However, as we did not record hippocampal local field poten-
tials, this study cannot address this issue.

Importantly, we found that the downregulation of cells active
during SOs and spindles was most robust across consecutive
SWS epochs that were separated by an intermittent REM sleep
epoch. Moreover, these cells tended to upregulate activity in
the course of REM epochs, pointing to a specific contribution of
this sleep stage to memory processing. In combination, these
findings are consistent with a scenario where sleep spindle-asso-
ciated cell activity during SWS initiates processes shaping the
downregulation of hippocampal networks during subsequent
REM sleep, an idea also in line with evidence indicating that spin-
dle density during an SWS epoch predicts the onset of subse-
quent REM sleep.® Yet this idea, as well as the question of to
what extent REM sleep-related downregulation eventually mani-
fests in structural changes in hippocampal networks, as
observed in cortical synapses,®*°° warrants further investigation.

Our study has several limitations, such as the missing record-
ings of inhibitory interneuron activity as well as active manipula-
tion of memory, which hampers straightforward conclusions as
to the extent to which the cells active during SOs and spindles
are critical for memory processing. Additionally, due to technical
challenges (space on the animal’s head and weight of the
mounted devices), hippocampal LFPs were not recorded. There-
fore, we did not examine ripple activity, and thus our observa-
tions of spindle- and SO-associated cell activity are not directly
linked to canonical hippocampal memory signatures. Neverthe-
less, our data reveal distinct sleep-dependent patterns of activa-
tion for these cells and the total population of CA1 pyramidal
neurons, patterns that clearly differ from the dynamics found in
neocortical circuits.>®> Unlike in neocortical networks, where
spindle-active pyramidal cells upregulated their activity within
SWS epochs, we did not observe such upregulation for hippo-
campal pyramidal cells but, instead, signs of a spindle-initiated
downregulation across SWS epochs that reaches full expression
with intermittent REM sleep. Although our study identifies spin-
dles as a potential key factor in the downregulation of hippocam-
pal activity, the causal role of spindles in this process needs to be
scrutinized in the future. Determining whether spindles are
necessary or sufficient for hippocampal renormalization requires
targeted manipulations, such as spindle-specific optogenetic in-
terventions, which represent important directions for future
research.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and viral strains

AAV-syn-jGCaMP7b-WPRE Addgene RRID:Addgene_104489
sCAAV-DJ/8/2-mDIx-HBB- Viral Vector Facility of the v242-DJ/8; https://www.vvi.
chl-mRuby3-SV40p(A) Zdrich University uzh.ch/en.html
Experimental models: Organisms/strains

C57BL6/N Charles River RRID: MGl:7466658
Software and algorithms

Suite2P Github RRID: SCR_016434
MATLAB 2024b Mathworks RRID: SCR_001622
Spike2 Cambridge Electronic RRID: SCR_000903

Design

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Seven 5-6 months old male C57BL6/N mice were kept in pathogen-free conditions at 22 °C, 60% air humidity, 12/12-hour light/dark-
cycle (lights on at 7.00 a.m.) with ad libitum access to food and water. All recordings started during the first hour of the light phase. All
experimental procedures were in accordance with the Directive 2010/63/EU of the European Parliament and the Council of the Eu-
ropean Union and were approved by the state government of Baden-Wirttemberg, Germany.

METHOD DETAILS

Surgery

Virus injection: all surgical procedures were conducted on a stereotactic apparatus under 3-component anesthesia (Fentanyl
0,05 mg/kg KGW, Midazolam 5,0 mg/kg BW, Medetomidine 0,5 mg/kg BW, injection volume 0,1 ml pro 10 g BW) and local analgesia
using 2% lidocaine. During all steps of surgery, the animals were kept on a warming plate, with the body temperature continuously
monitored and kept at 37 °C. Using a dental drill (NSK, Eschborn, Germany), a small (& 0.5-1 mm) craniotomy was performed above
the right hippocampus (-1.8 mm anterior-posterior (AP), -1.5 mm medial-lateral (ML) from bregma) and~ 600 nL of viral solution
(either AAV-syn-jGCaMP7b-WPRE (product #104489, Addgene, USA), titer > 1x10"2 vg/mL or a mixture of the above virus with a
SCAAV-DJ/8/2-mDIx-HBB-chl-mRuby3-SV40p(A) virus (Viral Vector Facility of the Ziirich University), titer >6.2x10'2 vg/mL) was in-
jected 1.5 mm below the dura.®® The mice were kept on a heated plate until full recovery from anesthesia. Postoperative care included
an analgesic dose of carprofen (5 pg/g BW).

Implantation of the cranial window and EEG/EMG electrodes: Cortical aspiration was performed 10 days after the viral injection
according to a published protocol.*® A craniotomy (& 3 mm) was centered around the virus injection spot. Aspiration was used to
slowly remove the cortex within the craniotomy. The removal was accomplished very slowly (within 6-7 min) with aspiration of
~50—100 pm of tissue at a time, followed by repeated irrigation with saline containing (in mM) 125 NaCl, 4 KCI, 1 KH2POy, 1
MgSQy, 2.2 CaCl,, and 20 HEPES, until any bleeding stopped and the external capsule was exposed. The topmost layers of the
external capsule were gently peeled away with a swab soaked in saline until the surface of the hippocampus looked translucent.
The imaging window, consisting of a glass coverslip (@ 3 mm) glued to the bottom of a 1.5 mm long stainless-steel cannula, was
inserted into the craniotomy such that the glass was in direct contact with the hippocampal surface. The implant was secured
with cyanoacrylate glue and blue light-cured dental cement. Subsequently, three holes were drilled in the skull of the contralateral
hemisphere to implant the EEG electrodes (frontal: +1.5 mm AP, 1.5 mm ML; parietal: -1.5 mm AP, 2.5 mm ML). The reference elec-
trode was implanted above the cerebellum. The EEG electrodes were inserted into the holes in direct contact with the dura mater and
fixed to the skull with dental cement. Two stainless-steel wires (Science Products GmbH, Hofheim am Taunus) were inserted in the
nuchal muscles for EMG recordings. A custom-made titanium holder was centered on the cranial window and fixed to the skull with
dental cement. The mice were placed on a heating plate to recover. Postoperative care included an analgesic dose of carprofen (5 pg/
g BW) for 3 days subcutaneously and the antibiotic Enrofloxacin in drinking water (final concentration 0.025%) for consecutive
10 days. Mice were allowed to recover for at least 2 weeks and were subsequently examined for window clarity. After surgery,
the mice were single-housed, again on a 12/12 h light/dark cycle with food and water available ad libitum.
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Training for head fixation

Every animal was subjected to an individual training protocol consisting of several sequential steps: (i) gentle handling inside their
home cages (~ one week), (i) habituation to the experimental set-up, including head fixation (at least two weeks). Each habituation
session consisted of gentle handling followed by a >20-min period of free exploration of the setup. Thereafter, the mice were head-
fixed under the microscope on a custom-made linear treadmill for an increasing time interval (1 min, 10 min, 30 min, 60 min). Each
fixation was followed by a 5-min-long rest period. After this initial habituation phase, the animals were head-fixed for longer periods
(2-3 hours), mimicking the imaging sessions. The training sessions and imaging experiments (see below) started within one hour after
lights on.

EEG and EMG recordings
The electrophysiological signals were amplified, filtered (EEG: 0.01-300 Hz; EMG: 30-300 Hz), and sampled at 1 kHz using a differ-
ential low-noise amplifier (AD Instruments, Ltd, Oxford). Signals were divided into 10-s-long time bins, which were manually scored to
discriminate the different sleep stages (wakefulness, SWS, and REM sleep). Wakefulness was identified by rapid, low-amplitude ac-
tivity accompanied by increased EMG tone. SWS was distinguished by prevalent high-amplitude delta activity (<4.0 Hz), the pres-
ence of sleep spindles (11-16 Hz), and reduced EMG activity, and REM sleep by the prevalence of theta activity (5.0-10.0 Hz), muscle
twitches, and minimal EMG activity. Sleep scoring was supported by custom routines in Spike2 software (CED, Cambridge, UK).
For display purposes (Figures 1 and S1-54), the ECG artefacts were removed from the EMG signals using a PCA-based pattern
subtraction algorithm. To do so, the QRS complexes were detected in the EMG signal based on their stereotypic shape and ampli-
tude, and fixed-length time frames were placed around each R-peak. Subsequently, each framed segment was projected into a PCA
space. Since ECG artifacts are similar across heartbeats while EMG activity is stochastic, PCA captures the time course of the ECG
artifact in the 1st principal component. Subsequently, the EMG signal was reconstructed without the 1st principal component.

Detection of slow oscillations and sleep spindles

The algorithms for the detection of sleep spindles and SOs were adopted from previous studies.*® Sleep spindles were detected in
EEG recordings, band-pass filtered between 7-15 Hz, and rectified. The absolute values of the Hilbert-transformed filtered signal
were used to yield the envelope for the frequency band of interest. A spindle event was identified whenever the envelope exceeded
a threshold of 1.5 standard deviations (SD) of the filtered signal during SWS for 0.5-3 s. The onset and end of the spindle event were
marked by the positive and negative crossings of the threshold, respectively. For the detection of SOs, the signals were band-pass
filtered between 0.1-4 Hz. All positive-to-negative zero-crossings were marked. The event was marked as a SO if the duration be-
tween two succeeding positive-to-negative crossings was between 0.4 and 2 s and if the minimum-to-maximum amplitude
was > 66.6% of the average of the respective amplitude values across the entire recording session. When the onset of a spindle
occurred in the interval between the negative half-wave peak and the positive half-wave peak of an SO, it was identified as an SO-
+Spindle event.'®

Two-photon imaging

Mice were placed on a custom-made linear treadmill and head-fixed under a two-photon resonant scanner microscope
(FemtoSmart-Dual, Femtonics Ltd, Budapest) with a 256 pm x 256 pm imaging frame and a frame rate of 30 Hz. GCaMP7b was
excited at 930 nm with a femtosecond-pulsed two-photon laser (Mai Tai DeepSee, Spectra-Physics). Images of the CA1 pyramidal
cell layer (containing 150-250 cell somata) were acquired with a water-immersion objective (Nikon 40x, 0.8 NA, Nikon, Tokyo, Japan)
from the stratum pyramidale at a depth of 100 pm below the hippocampal surface, thus targeting deep (calbindin-negative) CA1 py-
ramidal cells.

Two-photon image analyses

Registration of the acquired time series was performed with Suite2p.®’ Regions of interest (ROls) were manually drawn over cell
somata, and the individual fluorescence traces were calculated as the average pixel intensity for each ROI. Slow baseline fluctuations
were removed from the fluorescent traces using the 8" percentile threshold in a rolling window of 60 s.°° The baseline Fy was calcu-
lated by measuring the 10" percentile of the corrected trace and was used to calculate relative changes in fluorescence (AF/F) for
individual neurons. The AF/F changes were counted as Ca®* transients when the amplitude of the signal was higher than the tenfold
SD of the corresponding baseline noise. The baseline noise was estimated using a wavelet-based approach.*®

Detection of SO-active, Spindle-active, and SO+Spindle-active cells

For each cell and each epoch, we calculated the difference between the mean frequency of Ca?* transients during a given type of
oscillatory events (i.e., SOs, Spindles or SO+Spindles) and the remaining period of the respective SWS epoch. All cells with a positive
difference were defined as SO-, spindle-, or SO+Spindle-active cells, respectively, whereas the cells with a negative difference were
considered as control cells.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using MATLAB R2024b (MathWorks, USA). To evaluate the effects of brain state on changes
in Ca®* activity across sleep epochs, we employed linear mixed-effects models (LMMs) using the fitime function from the Statistics
and Machine Learning Toolbox. For analyses involving changes across the three thirds of a sleep epoch, we compiled a dataset con-
taining animal identity, Ca®* transient frequency/amplitude, brain state (wake, SWS, REM), and epoch segment (15, 2", 3™ third). We
first fit a full model including fixed effects for brain state and epoch third, as well as their interaction, with a random intercept for an-
imal: (Ca2* signaling ~ Brain State * Third + (1JAnimal)).

Significance of interaction and main effects was assessed using likelihood ratio tests (Matlab function ‘compare’). If the interaction
term was not significant (p > 0.05), we used a reduced model: (Ca2* signaling ~ Brain State + Third + (1JAnimal)). We then tested for
main effects by sequentially removing from the model one factor at a time (e.g., Ca2* signaling ~ Subpopulation + (1|Animal) or Ca%*
signaling ~ Brain State + (1|Animal)). Similar LMMs were used to compare Ca®* transient frequency/amplitude across sequential
sleep triplets—SWS,—REM-SWS,,,1 and SWS,-Wake-SWS,,,—using the following model: (Ca?* signaling ~ Intervening-State *
Triplet + (1|Animal)) where Triplet denotes the position in the sequence (SWS,, REM/Wake SWS,,. ), and Intervening State refers
to the state type (REM or wake) between the two SWS epochs.

For analyses involving activity across cell subpopulations (SO-active, spindle-active, SO+Spindle-active, and control), we used
analogous models that included Subpopulation as a fixed factor: (Ca®* signaling ~ Brain State * Subpopulation + (1JAnimal)). Post
hoc comparisons were performed using two-sided Wilcoxon rank-sum tests (for independent samples) and two-sided Wilcoxon
signed-rank tests (for paired samples). Results were considered statistically significant at p < 0.05. Spearman correlation was
used for all correlation analyses.
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