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SUMMARY
The hippocampal CA2 region plays a key role in social memory. The encoding of such memory involves
afferent activity from the hypothalamic supramammillary nucleus (SuM) to CA2. However, the neuronal cir-
cuits required for consolidation of freshly encoded social memory remain unknown. Here, we used circuit-
specific optical and single-cell electrophysiological recordings in mice to explore the role of sleep in social
memory consolidation and its underlying circuit mechanism. We found that SuM neurons projecting to
CA2were highly active during rapid-eye-movement (REM) sleep but not during non-REMsleep or quiet wake-
fulness. REM-sleep-selective optogenetic silencing of these neurons impaired social memory. By contrast,
the silencing of another group of REM sleep-active SuM neurons that projects to the dentate gyrus had no
effect on social memory. Therefore, we provide causal evidence that the REM sleep-active hypothalamic
neurons that project to CA2 are specifically required for the consolidation of social memory.
INTRODUCTION

Social memory is a fundamental cognitive process that enables

animals to recognize and remembermembers of their same spe-

cies, and is often impaired in neurological disorders (Lai et al.,

2005; Thor and Holloway, 1982). The circuit mechanisms under-

lying how social memory is encoded, expressed, and consoli-

dated are only partially understood. Accumulating evidence indi-

cates that hippocampal CA2 neurons can respond to external

social novelty signals and are necessary for encoding social

memory (Alexander et al., 2016; Donegan et al., 2020; Hitti and
4000 Neuron 110, 4000–4014, December 7, 2022 ª 2022 Elsevier Inc
Siegelbaum, 2014;Wu et al., 2021). These CA2 signals are trans-

mitted to the ventral CA1, where social memory is probably

stored (Meira et al., 2018; Okuyama et al., 2016). A recent study

has identified a glutamatergic neuronal circuit from the hypotha-

lamic supramammillary nucleus (SuM) to the CA2 region that

contributes to the detection of social novelty signals (Chen

et al., 2020). However, while optogenetically activating the

SuMCA2 circuit can affect social memory expression, inhibiting

the same circuit does not seem to affect the same memory

expression, indicating a possible contribution of other unknown

circuits to the expression of social memory (Chen et al., 2020).
.
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This possible redundancy at circuit level raises a critical question

about how and through which specific circuits social memory

can be consolidated in the hippocampus.

Our understanding of the function of sleep on memory consol-

idation has been strongly boosted by recently developed high-

precision recording and manipulation approaches. Both the

two stages of sleep, non-rapid-eye movement (NREM) and

rapid-eye movement (REM) sleep, have been suggested to be

crucial for memory consolidation (see review; Girardeau and

Lopes-dos-Santos, 2021). These memory consolidation pro-

cesses rely on multiple neural circuits in hippocampal and ex-

tra-hippocampal regions (Born et al., 2006; Girardeau and

Lopes-dos-Santos, 2021; Marshall and Born, 2007). The prevail-

ing concept in the field is that, during NREM sleep, the reactiva-

tion of hippocampal neurons during sharp-wave ripples (SWRs)

promotes memory consolidation (Born et al., 2006; Buzsaki,

2015; Diekelmann and Born, 2010; Pfeiffer, 2020; Rasch and

Born, 2013). Such reactivation during SWRs arisen from CA3 is

needed for spatial memory consolidation (Ego-Stengel and Wil-

son, 2010; Fernandez-Ruiz et al., 2019; Girardeau et al., 2009).

Similarly, Oliva et al. (2020) have suggested that the reactivation

of CA2 pyramidal neurons during SWRs is essential for social-

memory consolidation. In addition to the contribution of NREM

sleep, REM sleep may contribute to social-memory consolida-

tion as well (Diekelmann and Born, 2010; Maquet, 2001; Maquet

et al., 1996; Stickgold, 2005). Indeed, in the case of spatial mem-

ory, a sleep-stage-specific perturbation of REM-sleep-depen-

dent neuronal activity in the medial septum or the hippocampal

dentate gyrus (DG) impairs its consolidation (Boyce et al.,

2016; Kumar et al., 2020).

In the present study, we combined optical Ca2+ recordings, sin-

gle-cell electrophysiology, and optogenetics in defined hypotha-

lamic-hippocampal circuits during various behavioral conditions

to explore the possible roles of NREM and REM sleep in mice

for the consolidation of socialmemory.Wedemonstrate a surpris-

ingly small group of CA2-projecting neurons in the hypothalamic

SuM that is active exclusively during REM sleep but not during

NREM sleep or quiet wakefulness (QW). Optogenetic silencing

experiments revealed an essential role for these neurons in

consolidating social memory. By contrast, a distinctly different

group of hypothalamic SuM neurons that project to DG, which

is also highly active during REM sleep, selectively contributes to

consolidating spatial but not social memory. Overall, our results

decisively extend the understanding of the memory function of

REM sleep and highlight the importance of surprisingly small clus-

ters of hypothalamic neurons in the consolidation of content-spe-

cific hippocampal memories. Moreover, our data advance the

knowledge of the functional roles of SuM, which has recently

been shown to participate in wakefulness (Pedersen et al.,

2017), detection of novelty signals (Chen et al., 2020), spike-timing

coordination (Ito et al., 2018), and locomotion (Farrell et al., 2021).

RESULTS

SuMCA2 projections are strongly active during
REM sleep
SuM neurons project into two different hippocampal subfields,

namely the CA2 region and DG, in a segregated manner (Vertes,
1992). We selectively labeled the SuMCA2 projection that is

crucial for social novelty detection (Chen et al., 2020) (Figure 1A)

by locally injecting an adeno-associated viral (AAV) vector ex-

pressing enhanced green fluorescent protein (EGFP) into SuM

(Figure 1B, insert). We observed robust EGFP expression in

cell bodies of SuM neurons one month after AAV-EGFP injection

(Figures 1B and S1), and EGFP expression was also observed in

axonal terminals within the CA2 region (Figures 1C and S1). In

addition, we observed extensive EGFP expression in axonal ter-

minals of SuM neurons in the DG region (Figures 1C and S1). Im-

munohistological staining of PCP4, a marker for CA2 pyramidal

cells and DG granule cells (Lein et al., 2005), showed that axonal

terminals of SuM neurons were mainly distributed in the pyrami-

dal cell layer of CA2 and the granule cell layer of DG (Figure S2).

To characterize the pattern of distribution of cell bodies of CA2-

projecting neurons within SuM, we injected a small volume of the

retrograde tracing indicator cholera toxin subunit B conjugated

with Alexa 555 (CTB555) into CA2 (Figures S3A-S3F). Serial

sectioning showed that CTB-positive neurons were bilaterally

distributed in lateral SuM (Figure S3C), but the number of CTB-

positive neurons in the ipsilateral SuM was approximately

3-fold of that on the contralateral side (Figures S3D and S3F;

ipsilateral 89 ± 11 cells versus contralateral 30 ± 6 cells; total

cell count fromboth sides: 119 ± 16; n = 9mice). Moreover, these

CA2-projecting neurons were largely non-overlapping with

DG-projecting neurons in SuM (CTB488-labeled neurons;

Figures S3B-S3F; total cell count from both sides for DG

projecting neurons: 354 ± 23; overlapping neurons: 8 ± 2;

n = 9 mice).

Although SuM neurons are highly active during both REM

sleep and waking periods, as indicated by previous FOS

(a marker of active neurons) immunostaining studies (Renouard

et al., 2015), the activities of SuM neurons that specifically

project to CA2 (SuMCA2-projecting neurons) have not yet been

recorded across sleep-wakefulness cycles. To do so, we first

used a circuit-specific fiber photometry approach (Gunaydin

et al., 2014; Qin et al., 2018) simultaneously with electroenceph-

alogram (EEG) and electromyogram (EMG) recordings in freely

moving mice. We expressed the genetically-encoded Ca2+

sensor jGCaMP7b in axons of SuM neurons by locally injecting

AAV-syn-axon-jGCaMP7b (Broussard et al., 2018; Dana et al.,

2019) into SuM and verified its expression area in SuM by

post-hoc histology (Figures S3G and S3H). One month following

the AAV injection, the tip of an optical fiber was implanted just

above CA2 to record activity at the afferent axonal projection

from the local population of SuM neurons. We routinely attached

EEG and EMGelectrodes to themouse cortical surface and neck

muscles, respectively, to define sleep-wakefulness states (Fig-

ure 1D, left). The axonal expression of jGCaMP7b and the optical

fiber location in CA2 were verified by post-hoc histology (Fig-

ure 1D, right). Significantly, axonal terminals of SuMCA2-projec-

ting neurons exhibited a much higher level of Ca2+ activity during

REM sleep than during either QW (indicated by their recorded

behavior and EEG-EMG data) (Liu et al., 2020) or NREM sleep

(Figures 1E and 1F; also see statistics in Table S1 for all figures).

In addition, this activity increased strongly during NREM-REM

transitions, and decreased strongly during REM-QW transitions

(Figures 1G–1J).
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Figure 1. Strong activation of SuMCA2 projection terminals during REM sleep

(A) Working hypothesis for the SuMCA2 projection in (1) detection, (2) recall preceding consolidation, and (3) consolidation of social memory. The SuMCA2 pro-

jection is crucial for social novelty detection but not for social memory recall (note that we here called ‘‘rapid’’ recall, as it was tested 1 h after the learning trial and

preceding sleep-dependent consolidation according to the previous study [Chen et al., 2020]). In addition, the reactivation of CA2 neurons during SWRs is

essential for social memory consolidation. Here, we asked whether and how the SuMCA2 projection would contribute to social memory consolidation dur-

ing sleep.

(B) Diagram of virus injection (insert) and representative histological image showing EGFP-labeled cell bodies in SuM. Scale bar, 100 mm.

(C) EGFP-labeled SuM neuron axonal terminals in the DG and CA2.

(D) Schematic of jGCaMP7b labeling, axon-fiber photometry, and EEG/EMG recordings (left); representative post-hoc histological image of a recording site in

CA2 (right).

(E) Ca2+ activities in axonal terminals of the SuMCA2 projection across sleep-wakefulness cycles. Color map indicates power spectrum (mV2) of EEG. Freq.,

frequency; QW, quiet wakefulness.

(F) Summary of the area under the curve per second during QW, NREM, and REM sleep. Friedman’s ANOVA and Wilcoxon signed-rank tests, n = 8 mice.

(G–J) Ca2+ activities during state transitions: NREM to REM (G), REM to QW (H), QW to NREM (I), NREM to QW (J). Wilcoxon signed-rank test, n = 8 mice.

See Table S1 for full results of statistical tests; **p < 0.01.
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SuMCA2-projecting neurons are highly active during
REM sleep
To characterize the spike firing pattern of SuMCA2-projecting

neurons at the single-cell level during REM sleep, we con-

ducted optrode recordings across sleep-wakefulness cycles

(Liu et al., 2020; Stark et al., 2012). To specifically label

SuMCA2-projecting neurons with channelrhodopsin-2 (ChR2),
4002 Neuron 110, 4000–4014, December 7, 2022
a Cre-dependent retrograde AAV (retroAAV-Cre) was injected

into CA2 and, concurrently, an AAV vector carrying DIO-

ChR2-mCherry was injected into the SuM. An optrode was im-

planted into the SuM to deliver excitatory blue light pulses and

record single-unit activities (Figure 2A; see tetrode locations in

Figure S4A). SuM neurons were identified as CA2 projecting

neurons based on their reliable, light-induced spike responses



Figure 2. Single SuMCA2-projecting neurons are highly active during REM sleep

(A) Experimental design for virus injection and optrode implantation in the SuMCA2 projection.

(B) Histogram of stimulus time for spikes in a representative SuMCA2-projecting neuron (Cell#B121-TT4-C2).

(C) Waveforms of spontaneous (gray) and light-induced (red) spikes from the unit in (B).

(D) Firing rate of the neuron in (B) across sleep-wakefulness cycles. Freq., frequency; QW, quiet wakefulness.

(E) Firing rates of 16 tagged SuMCA2-projecting neurons in different behavioral states. Friedman’s ANOVA and Wilcoxon signed-rank tests, n = 8 mice. Non-loc.,

active waking without locomotion; Loc., locomotion.

(F and G) Distribution of firing rates during NREM and QW of tagged and untagged SuM neurons; firing rates were normalized to REM (n = 16 tagged cells, and 72

untagged cells).

See Table S1 for full results of statistical tests; **p < 0.01, ***p < 0.001.
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(latency 3.0 ± 0.3 ms, correlation coefficient 0.93 ± 0.02, suc-

cess rate >90%, n = 16 cells; Figures 2B and 2C, and S4C-

S4E). We found that, without exception, all SuMCA2-projecting

neurons (n = 16/16 units from 10 mice) significantly increased

their firing rates following the transition from NREM sleep to

REM sleep and again significantly decreased their firing rates

following the switch from REM sleep to QW (see an example

in Figure 2D and statistics in Figure 2E; REM, 7.7 ± 1.1 Hz,

NREM, 2.3 ± 0.5 Hz, QW, 2.2 ± 0.4 Hz; Friedman’s ANOVA

and Wilcoxon signed-rank tests, n = 16 units from 10 mice).

Since a previous study has reported that the activity of SuM

neurons is strongly coupled with locomotion (Farrell et al.,

2021), we analyzed the activity of the SuMCA2-projecting neu-

rons during locomotion and during active waking without

locomotion. We found that the firing rates of these neurons

during locomotion were significantly higher than those re-

corded during active waking without locomotion or during

NREM sleep or QW (Figure 2E; locomotion, 6.6 ± 1.2 Hz,

non-locomotion, 3.5 ± 0.6 Hz; Wilcoxon signed-rank test,

locomotion versus non-locomotion, p < 0.01; locomotion

versus NREM, p < 0.01; locomotion versus QW, p < 0.01;

n = 16 tagged neurons) but not significantly different from

those recorded during REM sleep (p = 0.13). These results

suggest that SuMCA2-projecting neurons are highly active

during REM sleep, reaching levels that are comparable

to the activity levels observed during locomotion (Farrell

et al., 2021).

We analyzed the firing patterns of untagged neurons recorded

with the same tetrodes and found that half of these neurons were

highly active during REM sleep while the other half were highly

active during NREM sleep or QW (with 54% REM active, 17%

NREM active, and 29% wake active, n = 72 untagged units;

Figures 2F and 2G). In addition to the hippocampal projection,

many of these untagged neurons may also project to other re-

gions such as the prefrontal cortex, medial septum, and lateral

hypothalamus, regions that are involved in arousal, locomotion,

or other brain functions (Farrell et al., 2021; Pan and McNaugh-

ton, 2004; Pedersen et al., 2017).

The above results suggest that SuMCA2-projecting neurons

receive inputs from REM sleep-active brain regions. To test

this possibility, we performed a retrograde transsynaptic tracing

experiment (Figure S5). We found that, in addition to the regions

reported in the previous study (Chen et al., 2020), the upstream

regions of SuMCA2 neurons indeed included those sites that are

related to the generation or regulation of REM sleep, including

the subcoeruleus nucleus (SLD) (Lu et al., 2006), the laterodorsal

tegmental nucleus (LDT), the pedunculopontine tegmental nu-

cleus (PPTg) (Van Dort et al., 2015), and the zona incerta (ZI)

(Liu et al., 2017).

As social exploration has been shown to increase the number

of SWRs during NREM sleep (Oliva et al., 2020), we analyzed the

firing rates of the REM-active neurons in the SuM after social

exploration (STAR Methods). We found that the firing rates of

these neurons increased significantly during REM sleep but not

during NREM sleep or QW (Figure S6, Wilcoxon signed-rank

test, QW: p = 0.24, NREM: p = 0.74, REM: p < 0.001). These

results suggest that REM-active neurons in the SuM may

contribute to social learning and memory.
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SuMDG-projecting neurons are highly active during
REM sleep
A group of SuM neurons sends its axonal projections to the DG

region (Figures 1C and S1), but the activity patterns during sleep-

wakefulness cycles of this SuMDG axonal projection remain un-

characterized. We used the same approach as described above

and monitored SuMDG projection activities at both the popula-

tion and single-cell levels. The Ca2+ indicator jGCaMP7bwas ex-

pressed in axons of SuM neurons by AAV-axon-jGCaMP7b in-

jection into the SuM. After virus expression, optical fiber was

implanted above the DG (Figure 3A). The virus expression and

fiber location were verified by post-hoc histology (Figure 3B).

Fiber photometry recordings of SuMDG axonal terminal popula-

tions showed a much higher level of activity during REM sleep

than that during NREM sleep or QW (Figures 3C and 3D). The

changes in activity in the SuMDG projection during sleep-wake-

fulness transitions were strikingly similar to those recorded in

the SuMCA2 projection (Figures 3E–3H).

Optrode recordings were applied to SuMDG-projecting neu-

rons by the same procedure as described above (Figure 4A).

The tetrode locations were confirmed by post-hoc histology (Fig-

ure S4B). SuM neurons were identified as DG projecting neurons

based on their reliable, light-induced spike responses (latency

2.6 ± 0.4 ms, correlation coefficient 0.92 ± 0.02, success rate

>90%, n = 19 cells; Figures 4B and 4C, and S4C-S4E). The re-

sults showed that virtually all SuMDG-projecting neurons ex-

hibited significantly higher firing rates during both REM sleep

and locomotion than during NREM sleep, QW, or active waking

without locomotion (Figures 4D and 4E; REM, 11.9 ± 2.3 Hz,

locomotion, 13.8 ± 4.3 Hz, NREM, 2.6 ± 0.8 Hz, QW, 3.3 ±

1.0 Hz, non-locomotion 5.2 ± 2.3 Hz; Friedman’s ANOVA and

Wilcoxon signed-rank tests, n = 19 tagged neurons from 7

mice). Thus, these results indicate that the parallel SuM-to-

CA2 and SuM-to-DG projections are both highly active during

REM sleep or locomotion but not during NREM sleep, QW, or

active waking without locomotion.

REM-sleep-selective silencing of SuMCA2-projecting
neurons impairs social but not spatial memory
The strong activation of the SuMCA2 projection exclusively during

REM sleep suggests that this projection plays a possible role in

social memory consolidation. To test this hypothesis, we tested

social memory in mice after selectively silencing this projection

during REM sleep by axonal projection-specific optogenetic in-

hibition. To do so, the inhibitory protein Guillardia theta anion-

conducting channelrhodopsin 1 (GtACR1) (Govorunova et al.,

2015) was specifically expressed in SuMCA2 projecting neurons

by bilateral injection of retroAAV-Cre into CA2 concurrent with

AAV-DIO-GtACR1-mCherry injection into SuM (Figure 5A; see

the silencing effect on spike firing by GtACR1 activation in

Figures S7A and S7B; see fiber tip locations in Figure S7C).

We first examined whether silencing of SuMCA2-projecting neu-

rons had an effect on hippocampal CA1 activity during REM

sleep by analyzing local field potentials (LFP) and neuronal firing

rates. We observed that photoinhibition had no effect on either

dorsal CA1 LFP activity in the frequency range of 0–30 Hz

(including delta, theta, alpha, and beta rhythms; Figures 5A–

5D) or neuronal firing (pre: 12.1 ± 3.4, inhibition: 12.8 ± 3.7,



Figure 3. Strong activation of SuMDG projection terminals during REM sleep

(A and B) Axonal terminal recording in the DG by fiber photometry after AAV-axon-jGCaMP7b injection into SuM. (A) Schematic of virus injection and optical fiber,

EEG, EMG recordings. (B) Post-hoc histological confirmation of jGCaMP7b expression and fiber position in the DG.

(C) Ca2+ activities in axonal terminals of the SuMDG projection across sleep-wakefulness cycles. Color map indicates power spectrum (mV2) of EEG.

(D) Summary of the area under the curve per second during QW, NREM, and REM sleep. Friedman’s ANOVA and Wilcoxon signed-rank tests, n = 8 mice.

(E–H) Ca2+ activities during state transitions. Wilcoxon signed-rank test, n = 8 mice.

See Table S1 for full results of statistical tests; **p < 0.01.
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post: 12.6 ± 3.7; RMs 1-way ANOVA test, p = 0.48, n = 16 cells

from 7mice). In addition, we found that inhibition of SuMCA2-pro-

jecting neurons during REM sleep did not alter CA2 LFP power

(Figures S8A-S8E). These results differed from previously re-

ported work in which silencing of a different projection, emerging

from medial septum GABAergic neurons, significantly reduced

the theta rhythm in the dorsal CA1 (Boyce et al., 2016).

We then conducted a three-chamber test (Hitti and Siegel-

baum, 2014; Moy et al., 2004), an established social memory

behavior task, to investigate the influence of silencing

SuMCA2-projecting neurons during REM sleep on social mem-

ory consolidation. During the training phase, a subject mouse

was allowed to freely explore in a chamber with an unfamiliar

mouse versus an empty chamber for 20 min (Figure 5E). A social

preference index was calculated based on the cumulative

exploration times in the two chambers (STAR Methods). The

subject mice showed a significant preference for the chamber

with a stimulus mouse in the day 1 training phase (Figure 5F

top; 175.7 ± 14.6 s versus 55.1 ± 5.3 s; p = 0.000008, Wilcoxon

signed-rank test, n = 26 mice). There was no significant differ-

ence in the social preference index among the GtACR1 REM,

mCherry REM, GtACR1 NREM/QW, and GtACR1 NREM groups

(Figures 5G and S9; p = 0.79, 1-way ANOVA test). During the

first 8 h of the memory consolidating stages following training,

blue light for optogenetic stimulation was delivered through

the implanted optical fiber to SuMCA2-projecting neurons in

the GtACR1 REM group or mCherry REM group �6 s after
REM sleep was detected. Exposure to blue light persisted until

the end of each REM sleep episode. A second control group

of mice expressing GtACR1 in SuMCA2-projecting neurons

(GtACR1 NREM/QW) underwent the same procedure as the

GtACR1 REM group, except that the blue light was delivered

during either NREM sleep or QW episodes with the similar

amount of time to what was delivered for the GtACR1 REM

group (STAR Methods; see the distribution of the onset of light

stimulation relative to the beginning of the 8-h recording in Fig-

ure S10). In a third control group (GtACR1 NREM), we delivered

blue light for inhibition during a large fraction (>70%) of NREM

sleep episodes (STAR Methods). In total, blue light was deliv-

ered for approximately 87.5 ± 0.7% of the cumulative REM

sleep time (2,151 ± 138 s, n = 10 GtACR1 REM mice and

2,086 ± 154 s, 8 mCherry REM mice; Figure S10). This REM-

sleep-selective silencing of SuMCA2-projecting neurons did not

affect the structure of sleep patterns as indicated by the

following four parameters: REM sleep episode duration, total

REM sleep time, NREM sleep episode duration, and total

NREM sleep time (Figures S10C and S10D).

On day 2 of testing, the subject mouse was allowed to freely

investigate a chamber with a familiar mouse, followed by the visit

of another chamber with a novel mouse. Mice often preferentially

interact intensively with novel conspecifics (Hitti and Siegelbaum,

2014; Moy et al., 2004). We therefore compared such preference

for novelmice between theGtACR1and control groups.We found

that mice of the GtACR1 REM group showed no preference for
Neuron 110, 4000–4014, December 7, 2022 4005



Figure 4. Single SuMDG-projecting neurons are highly active during REM sleep

(A) Diagram showing virus injection and optrode implantation in the SuMDG projection.

(B) Stimulus time histogram of spikes in a representative SuMCA2-projecting neuron (Cell#B27-TT4-C2).

(C) The waveforms of spontaneous (gray) and light-induced (red) spikes of the neuron in (B).

(D) Firing rates of the representative neuron across sleep-wakefulness cycles.

(E) Firing rates of 19 tagged SuMDG-projecting neurons in different behavioral states. Friedman’s ANOVA test and Wilcoxon signed-rank tests, n = 8 mice. Non-

loc., active wake without locomotion; Loc., locomotion.

(F and G) Distribution of firing rates during NREM and QW of 19 tagged and 58 untagged SuM neurons, firing rate normalized to REM.

See Table S1 for full results of statistical tests; **p < 0.01, ***p < 0.001.
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Figure 5. Optogenetic silencing of SuMCA2-projecting neurons during REM sleep impairs social but not spatial memory

(A–D) Effects of silencing SuMCA2-projecting neurons on CA1 local field potential (LFP) activity during REM sleep. (A) Experimental design for retrograde labeling

of SuMCA2 neurons by GtACR1-mCherry, fiber implantation above SuM, and LFP recording in CA1. (B) Representative heatmap showing the effects of silencing

SuMCA2 neurons on CA1 LFP during REM sleep. Freq., frequency. (C and D) CA1 LFP power spectral analysis pre-, during, and post-photoinhibition. RMs 1-way

ANOVA test, n = 7.

(E) Protocol for optogenetics and three-chamber social memory task. E, empty; M, mouse; N, novel; F, familiar.

(F) Representative heatmaps of distribution of time in three-chamber task.

(G and H) Summary of social preference indexes in training (G) and testing (H) of the social novelty task. (G), 1-way ANOVA test; (H), Kruskal-Wallis test with Tukey

post-hoc comparison test; GtACR1 REM n = 10, GtACR1 NREM/QW n = 8, mCherry REM n = 8.

(I) Protocol for the direct interaction (DI) test.

(legend continued on next page)
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novel versus familiar mice (Figure 5F bottom left; novel, 127.0 ±

11.0 s versus familiar, 120.7 ± 13.9 s; p = 0.49, Wilcoxon

signed-rank test, n = 10mice). In contrast, the preference for novel

mice was retained by animals of the GtACR1 NREM/QW group

(Figure 5F bottom right; novel, 149.3 ± 29.4 s versus familiar,

73.6 ± 13.4 s; p = 0.008, Wilcoxon signed-rank test, n = 8 mice)

or mCherry REM group (novel, 95.8 ± 23.7 s versus familiar,

48.3 ± 12.3 s; p = 0.008, Wilcoxon signed-rank test, n = 8 mice).

Consistent with this finding, the social preference index was

significantly lower in the GtACR1 REM group than in each of

the control groups (Figures 5H and S9C; GtACR1 REM group

versus GtACR1 NREM/QW group, p < 0.01; GtACR1 REM group

versusmCherry REM group, p < 0.01; GtACR1REMgroup versus

GtACR1 NREM group, p < 0.05, Kruskal-Wallis test with Tukey

post-hoc comparison test). In addition, no significant differences

were observed in either locomotion speed or total locomotion

time among these four groups (Figure S11A, p > 0.05, 1-way

ANOVA test).

In addition to the three-chamber test, we next performed

another social memory behavioral task, namely the direct inter-

action test (Hitti and Siegelbaum, 2014; Kogan et al., 2000), to

test the consequences of silencing SuMCA2-projecting neurons

during REM sleep on social memory consolidation (Figure 5I).

For this purpose, optogenetic inhibition of SuMCA2-projecting

neurons was performed on the subject mice that were exposed

to unfamiliar mice during training for 5 min on day 1. At 24 h after

training, each subject mouse was re-exposed to the same

mouse or to another novel mouse for 5 min. We observed that

the GtACR1 REM group interacted for a longer period (Figure 5J;

36.7 ± 3.9 s, n = 7 mice) with the familiar mouse than did mem-

bers of the GtACR1 NREM/QW group (Figure 5J; 22.7 ± 4.0 s,

p = 0.04, n = 8 mice, RMs 2-way ANOVA with Sidak post-hoc

comparison test) or the mCherry REM group (Figure 5J; 18.8 ±

5.4 s, p = 0.04, n = 9 mice, RMs 2-way ANOVA with Sidak

post-hoc comparison test). An interaction index was calculated

to identify preferential interactions by each subject mouse with

either the novel or familiar mice (STAR Methods). The GtACR1

REMgroup (Figure 5K;�0.07 ± 0.04, n = 7mice) showed a signif-

icantly lower interaction index (i.e., suggesting a lower familiarity)

with the familiar mice than that determined for members of the

GtACR1 NREM/QW group (Figure 5K; 0.31 ± 0.06, p < 0.01,

n = 8 mice, RMs 2-way ANOVA with Sidak post-hoc comparison

test) or for members of the mCherry REM group (Figure 5K;

0.29 ± 0.08, p < 0.001, n = 9mice, RMs 2-way ANOVAwith Sidak

post-hoc comparison test).

We also tested the effects of REM-sleep-selective silencing of

SuMCA2-projecting neurons on spatial memory consolidation

(Boyce et al., 2016). For this purpose, we performed, first, a

contextual fear memory test and, second, a novel object position

recognition (NOPR) test. For the first test, subject mice were

trained using a contextual fear learning paradigm on day 1

(Figures 5L, 5M, and S12A; STAR Methods). During the next
(J and K) Summary of total interaction time (J) and interaction index (K) in the DI tes

GtACR1 NREM/QW n = 8, mCherry REM n = 9 mice.

(L) Protocol for contextual fear conditioning.

(M and N) Freezing levels during training (M) and testing (N) phases. RMs 2-way A

See Table S1 for full results of statistical tests, n.s. p > 0.05, **p < 0.01, ***p < 0.
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experimental step, optogenetic inhibitory light was delivered to

SuMCA2-projecting neurons selectively either during REM sleep

episodes (GtACR1 REM and mCherry REM groups) or during

NREM/QW (GtACR1 NREM/QW group) in the first 8 h post-

training period. At 24 h after training, the mice were re-exposed

to the conditioned context for a duration of 10 min. Consistently,

no significant differences in freezing levels were observed

among these three groups (Figure 5N).

For the NOPR test, which has been previously used to test for

spatial memory (Antunes and Biala, 2012; Boyce et al., 2016),

mice were trained to freely explore two objects, A and B, in an

arena (Figure S9D). In general, mice spent the same exploration

time for objects A and B in the training phase (Figure S9E). In the

next step, optogenetic silencing was selectively applied during

REM sleep in the 8-h consolidation stages, as described above

(see Figure 5E). At 24 h after training, mice were re-introduced

to the arena with object B in a different position. Consistent

with the results from the contextual fear memory test, we

observed no significant difference in the discrimination index

(i.e., longer exploration time indicating a lower familiarity) be-

tween the GtACR1 REM andGtACR1 NREMgroups (Figure S9F;

see the correlation analysis of memory performance and total

REM sleep time in Figures S9G and S9H). Further, cued fear

memory (a hippocampal-independent process) was not affected

by silencing SuMCA2-projecting neurons during REM sleep (Fig-

ure S12B; STAR Methods). These experiments indicate that the

SuMCA2 projection is required for REM sleep-associated consol-

idation of social memory but has no contribution to the consoli-

dation of spatial memory.

REM-sleep-selective silencing of SuMDG-projecting
neurons impairs spatial but not social memory
In light of our observations that the SuMDG projection was also

strongly active during REM sleep (Figures 3 and 4), we next

explored its possible contribution to the consolidation of social

memory. For this experiment, we specifically labeled SuMDG-

projecting neurons with GtACR1 by retroAAV-Cre injection into

the DG and AAV-DIO-GtACR1-mCherry injection into SuM. We

again tested the effect of silencing SuMDG-projecting neurons

on CA1 LFP and CA1 neuronal firing rates during REM sleep (Fig-

ure 6A). We found that light delivery to SuMDG GtACR1+ neurons

caused a significant reduction of CA1 LFP power in the theta, as

well as in the alpha and beta bands (Figures 6B–6D), and also

significantly reduced CA1 neuronal firing rates (pre: 9.2 ± 2.6, in-

hibition: 7.6 ± 2.2, post: 9.12 ± 2.6; RMs 1-way ANOVA test,

p = 0.014, n = 20 cells from 6 mice; pre versus inhibition,

p = 0.013, inhibition versus post, p = 0.02). This result is different

from the absence of any effect when silencing SuMCA2-projec-

ting neurons (Figures 5A–5D). This difference suggests that

SuMDG-projecting neurons are more strongly modulated by

theta activity than are SuMCA2-projecting neurons during REM

sleep, as supported by our theta coupling analysis of these
t. RMs 2-way ANOVAwith Sidak post-hoc comparison test; GtACR1REMn= 7,

NOVA test; GtACR1 REM n = 8, GtACR1 NREM/QW n = 9, mCherry REM n = 7.

001.



Figure 6. Optogenetic silencing of SuMDG-projecting neurons during REM sleep reduces theta rhythm but does not alter social memory

(A–D) Effects of silencing SuMDG-projecting neurons on CA1 LFP activity during REM sleep. (A) Experimental design for labeling of SuMDG-projecting neurons by

GtACR1-mCherry, fiber implantation above SuM, and LFP recording in CA1. (B) Example heatmap showing the effects of silencing SuMDG-projecting neurons on

CA1 LFP power during REM sleep. (C and D) Spectral analysis of CA1 LFP power pre-, during, and post-photoinhibition, RMs 1-way ANOVA with LSD post-hoc

comparison test, n = 6.

(E) Protocol for three-chamber task. E, empty; M, mouse; N, novel; F, familiar.

(F) Representative heatmaps of the distribution of mouse times in each chamber in the task.

(G and H) Summary of social preference indexes in the training (G) and testing (H) phases of the three-chamber task. 1-way ANOVA test; GtACR1 REM n = 8,

GtACR1 NREM/QW n = 9, mCherry REM n = 8.

See Table S1 for full results of statistical tests, n.s. p > 0.05, *p < 0.05, ***p < 0.001.
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two cell groups (Figure S13). In addition, we also found that inhi-

bition of SuMDG-projecting neurons during REM sleep signifi-

cantly reduced DG LFP power in the theta and beta bands

(Figures S8F–S8H). Next, we conducted the three-chamber so-

cial tests, as described above (Figures 6E–6H), and observed

no obvious influence on the social preference index in either

the GtACR1 REM group or the control groups (Figure 6H;

GtACR1 REM, 0.34 ± 0.05, n = 8 mice; GtACR1 NREM/QW,

0.34 ± 0.03, n = 9 mice; mCherry REM, 0.34 ± 0.04, n = 8

mice; p = 0.99, 1-way ANOVA test).

As the SuMDG projection has been found to be essential for

spatial memory encoding and expression (Chen et al., 2020; Li

et al., 2020), we next tested the effects of silencing SuMDG-pro-

jecting neurons during REM sleep on spatial memory consolida-

tion. We conducted contextual fear conditioning (Figure 7A), and

mice were trained in a conditioned context (Figure 7B). The ac-

tivity of SuMDG neurons was then optogenetically inhibited, as

described above. On day 2 of the memory retrieval phase,

mice of the GtACR1 REM group showed a significantly lower

freezing level than mice from the mCherry REM group or the

GtACR1 NREM/QW group (Figure 7C). For the NOPR test, we

observed a significant decrease in the discrimination index for

both objects in the GtACR1 REM group, but not in the GtACR1

NREM/QW or mCherry REM group (Figure 7G; GtACR1 REM,

�0.04 ± 0.01; GtACR1 NREM/QW, 0.28 ± 0.02; mCherry REM,
0.25 ± 0.03; also see Figure S14 for comparisons with SuMCA2

inhibition groups). Collectively, these results establish that the

SuMDG projection is required for REM-sleep-dependent spatial

memory consolidation but does not contribute to social memory

consolidation.

CA2SuM-recipient neurons are highly active during
REM sleep
Given that SuM projections are excitatory and release glutamate

into CA2 (Chen et al., 2020; Robert et al., 2021), we expected that

the increased activity of SuM neurons during REM sleep would

correlate with an increase in the activity of the target CA2

neurons. To test this hypothesis, we recorded the activity of

SuM recipient CA2 neurons (CA2SuM-recipient neurons) by fiber

photometry across sleep-wakefulness cycles. To label the

CA2SuM-recipient neurons specifically with a Ca2+ indicator,

we injected the anterograde trans-synaptic virus construct

scAAV2/1-hSyn-Cre (Zingg et al., 2017) into SuM and AAV-

LOXP-GCaMP6f into CA2 (Figure 8A). Three weeks after virus in-

jection, an optical fiber was implanted above CA2 (Figure 8B) to

monitor the activity of labeled CA2 neurons. We found that these

CA2 neurons showed significantly higher Ca2+ activity during

REM sleep than during NREM sleep or QW (see an example in

Figure 8C and summary in Figure 8D). Next, we used the same

approach to record the activity of DGSuM-recipient neurons
Neuron 110, 4000–4014, December 7, 2022 4009



Figure 7. Optogenetic silencing of SuMDG-projecting neurons during REM sleep impairs spatial memory

(A) Protocol for contextual fear conditioning.

(B and C) Freezing levels during the training (B) and testing (C) phases. RMs 2-way ANOVA with Sidak post-hoc comparison test; yGtACR1 REM (n = 8) versus

mCherry REM (n = 8), z GtACR1 REM (n = 8) versus GtACR1 NREM/QW (n = 8).

(D) Protocol for novel object position recognition (NOPR) task.

(E) Representative heatmaps of the distribution of mouse times spent with each object in the NOPR task.

(F and G) Summary of discrimination indexes in the training (F) and testing (G) phases of the NOPR task. 1-way ANOVA with LSD post-hoc comparison test;

GtACR1 REM n = 8, GtACR1 NREM/QW n = 8, mCherry REM n = 9.

See Table S1 for full results of statistical tests, n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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(Figures S15A and S15B) and found that these DG neurons were

highly active during REM sleep (Figures S15C andS15D). Collec-

tively, these results suggest that the downstream CA2 and DG

neurons of SuM are both highly active during REM sleep.

DISCUSSION

Sleep supports memory consolidation, but the circuit-specific

mechanisms for different types of memory remain largely un-

known (Blumberg et al., 2020; Diekelmann and Born, 2010; Gir-

ardeau and Lopes-dos-Santos, 2021). Currently, the prevailing

general notion is that, during SWRs of NREM sleep, reactivating

the participating neurons and circuits that have been active dur-

ing learning leads to the consolidation of the freshly learned infor-

mation (Buzsaki, 2015; Pfeiffer, 2020). Such reactivation during

SWRs occurring in CA3 (Ego-Stengel and Wilson, 2010; Girar-

deau et al., 2009) and CA2 (Oliva et al., 2020) during NREM sleep

promotes spatial and social memories respectively. However,

whether and how REM sleep consolidates social memory re-

mains elusive.

The main finding of this study is that the consolidation of social

memory requires intense activity of SuMCA2-projecting neurons
4010 Neuron 110, 4000–4014, December 7, 2022
during REM sleep, without a detectable contribution of neuronal

activity during QW or NREM sleep. An additional novel finding is

that the SuMDG projection selectively drives the REM-sleep-

dependent consolidation of spatial but not social memory.

Remarkably, theoptogeneticexperiments reveal that thesilencing

of as few as �100 REM sleep-active SuMCA2-projecting neurons

is sufficient to cause major perturbations in the consolidation of

social memory. Analogously, we estimate that �350 REM sleep-

active SuMneurons projecting to DGcontribute the consolidation

of spatial memory (Figure S3). In each case, dedicated neurons

within these two small clusters are highly active exclusively during

REMbut not duringNREMsleeporQW.Thus, these results estab-

lish the presence of two narrowbut effective neuronal ‘‘gateways’’

from the SuM of the posterior hypothalamus to the hippocampus

that control theREM-sleep-dependent consolidationof social and

spatial memories with notable specificity.

The results presented here allowed us to advance and specify

the working model for how the SuMCA2 projection participates in

the processing and storage of novel social information

(Figures 8E and 8F) (Chen et al., 2020; Girardeau and Lopes-

dos-Santos, 2021). During a first social encounter with a non-

familiar conspecific, a cluster of SuM neurons, projecting to



Figure 8. CA2SuM-recipient neurons are highly active during REM sleep and the proposed working model
(A) Experimental design for labeling of CA2 neurons that receive inputs from SuM by the injection of scAAV2/1-Cre into SuM and AAV-LOXP-GCaMP6f into CA2,

fiber implantation above CA2, and EEG-EMG recordings.

(B) Post-hoc histological confirmation of GCaMP6f expression and fiber track position in CA2.

(C) Ca2+ activities of CA2 neurons across sleep-wakefulness cycles. Color map indicates power spectrum (mV2) of EEG.

(D) Summary of the area under the curve per second during QW, NREM, and REM sleep. RMs 1-way ANOVA with LSD post-hoc comparison test, n = 7 mice.

(E) Model of the local circuitry of CA2 pyramidal neurons innervated by SuM projections. IN, interneuron; PN, pyramidal neurons. +, excitation; -, inhibition.

(F) Working model of the SuMCA2 projection for social memory consolidation during REM sleep.

See Table S1 for full results of statistical tests, n.s. p > 0.05, **p < 0.01.
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the hippocampal CA2 region, is activated through afferent inputs

that convey behavior-relevant sensory and other types of infor-

mation. These novel social signals are then transmitted to CA2

neurons via glutamatergic afferents, thereby initiating CA2 hip-

pocampal social novelty detection (Chen et al., 2020) (Figure 8F,

the first row). The expression process of social memory may

involve an additional, yet unknown, circuit mechanism, as

SuMCA2-projecting neurons seem to be inactive during social

memory retrieval (at least for the ‘‘rapid’’ recall that was tested

1 h after social learning and preceding sleep-dependent consol-

idation according to the previous study [Chen et al., 2020]) (Fig-

ure 8F, the second row).

To test for the effectiveness of SuM activation of CA2 during

REMsleep, weperformed an in vivo experiment to directly record

the activity of SuM recipient CA2neurons (CA2SuM-recipient neu-

rons) by fiber photometry. We found a significant increase in the

activity of these CA2 neurons during REM sleep (Figures 8A–8D),

consistent with the increased activity of SuMCA2-projecting neu-

ronsduringREMsleep (Figures 1and2). Basedonour results and

the published literature, we propose a working model in which

SuM neurons affect CA2 pyramidal neurons during memory

consolidation through an excitatory synaptic connection to CA2
pyramidal neurons and a strong feedforward inhibitory connec-

tion via CA2 interneurons to CA2 pyramidal neurons (Chen

et al., 2020; Robert et al., 2021). As a result, SuM neurons are

likely to produce an activating effect on CA2 neurons during

REM sleep (Figure 8E). Therefore, optogenetic inhibition of SuM

may reduce the reactivation of CA2 pyramidal neurons during

REM sleep and impair social memory consolidation. Altogether,

during REM sleep, these CA2-projecting SuM neurons are

strongly reactivated and drive the strengthening of synaptic

connectivity (Ishikawa et al., 2006; Walker and Stickgold, 2006)

within participating neuronal ensembles in CA2 that project to

downstream ventral CA1 neurons (Hitti and Siegelbaum, 2014;

Okuyama et al., 2016). This process may ultimately lead to the

consolidation of social memory (Figure 8F, the third row).

Interestingly, the reactivation of CA2 neurons by SuM afferent

inputs does not seem to contribute to theta rhythm generation in

both CA2 and CA1, as silencing of the SuMCA2-projecting neu-

rons during REM sleep had no effect on CA2 and CA1 LFP activ-

ity. This contrasts to the SuMDG-projecting neurons, whose

inhibition significantly reduces theta activity in both DG and

CA1. Theta coupling analysis of these two groups of neurons

showed that the SuMDG-projecting neurons were more strongly
Neuron 110, 4000–4014, December 7, 2022 4011
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modulated by theta rhythm than were the SuMCA2-projecting

neurons during REM sleep (Figure S13). These results, which

suggest that SuM transmits theta rhythm to CA1 through the

DG projection but not the CA2 projection, advance our under-

standing of the role of SuM in the regulation of hippocampal

CA1 population activity during REM sleep (Farrell et al., 2021).

In summary, we suggest that the REM-sleep-dependent reac-

tivation of a specific SuMCA2 connectivity that is active during

recent social behavior, together with the SWR-related reactiva-

tion of CA2 ‘‘social’’ neurons during NREM sleep (Oliva et al.,

2020), may represent an integral mechanism for sleep-induced

social memory consolidation (Buzsáki, 1989) (Figure 8F, the third

row). In the future, an experiment to demonstrate a ‘‘reactiva-

tion’’ of neurons that have been active during encoding of the so-

cial events is required. In addition, loss-of-function experiments

(e.g., optogenetic inhibition) could prove a causal link between

the activity of SuMCA2-projecting neurons and the reactivation

of CA2 neurons during REM sleep, as our activity recording

experiments performed in SuMCA2-projecting neurons and

CA2SuM-recipient neurons only provided correlational evidence.
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Chemicals, peptides, and recombinant proteins

CTB488 Thermo fisher Cat# C34775

CTB555 Thermo fisher Cat# C34776

Experimental models: Organisms/strains

Mouse: C57BL/6J Beijing HFK Bioscience Co., Ltd. JAX: 000664; RRID: IMSR_JAX:000664

Software and algorithms
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matlab.html; RRID: SCR_001622
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473 nm solid-state laser: MBL-III-473 Changchun New Industries http://www.cnilaser.com/blue_laser473.htm

16 channel digital amplifier: C3334 Intan Technology http://intantech.com/RHD2132_16channel_

amp_board.html

RHD2000 USB interface board: C3100 Intan Technology http://intantech.com/RHD2000_USB_

interface_board.html
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partnumber=LDC205C
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

3–5-month-old adult male C57BL/6CJmicewere used for recording and behavioral experiments. Micewere housed in groups of 4–5,

except for those with optical fiber and tetrode implants which were housed individually. Mice were given free access to food and

water and were housed under a 12:12 h light/dark cycle (lights on at 7:00 a.m.). All experimental procedures were conducted accord-

ing to the protocols and guidelines of the Third Military Medical University Animal Care and Use Committee.

METHOD DETAILS

AAV, rabies virus, and CTB
The following AAV virus constructs were used in this study: AAV2/8-EF1a-EGFP (titer: 1.4931013 viral particles/mL), AAV2/9-Syn-

axon-jGCaMP7b (titer: 2.17 3 1013 viral particles/mL), AAV2/2Retro Plus-Syn-Cre (titer: 1.92 3 1013 viral particles/mL), AAV2/

9-EF1a-DIO-hChR2-mCherry (titer: 3.6731013 viral particles/mL), AAV2/9-Syn-DIO-hGtACR1-mCherry (titer: 1.43 3 1013 viral par-

ticles/mL), AAV2/9-Syn-DIO-mCherry (titer: 1.233 1013 viral particles/mL), AAV2/5-Ef1a-DIO-EGFP-2A-VTA (titer: 2.00 3 1012 viral

particles/mL), AAV2/5-Ef1-1a-DIO-RVG (titer: 2.00 3 1012 viral particles/mL), AAV2/9-FLEX-GCaMP6f (titer: 1.00 3 1013 viral parti-

cles/mL), and scAAV2/1-Cre (titer: 5.00 3 1012 viral particles/mL). All AAV constructs were purchased from Taitool Bioscience Co.,

Ltd. (Shanghai, China), BrainVTACo., Ltd. (Wuhan China) or Obio Biotechnology Co., Ltd. (Shanghai, China). For rabies virus, the RV-

ENVA-DG-DsRed (titer: 2.00 3 108 viral particles/mL) was purchased from BrainVTA Co., Ltd. (Wuhan China). CTB488 (0.2%,

c34775, Thermo fisher) and CTB555 (0.2%, c34776, Thermo fisher) were used to identify SuM neurons that projected to CA2 and DG.

Electrode construction for in vivo recording
Custom-made tetrode was composed of four 25 mm insulated tungsten wires (California FineWire). Four tetrodes were assembled in

a line array every 200 mm. The tetrodes weremounted onto amicrodrive to allow vertical movement. For hippocampal CA2, CA1, and

DG local field potential recording, each tetrode was spaced 200 mm vertically. For tetrode recording in SuM, the four tetrodes were

aligned at the end without spacing in the vertical direction. The optrodes consisted of four tetrodes and a 200 mm-diameter fiber (NA

0.37). The previously described tetrodes were fixed to the optical fiber with the tips being �500 mm longer than the fiber end. A laser

diodewas attached to the opposite end of the optical fiber and the laser intensity from the fiber wasmeasured before connecting with

super glue. Electrodes for EEG-EMG recording were attached for synchronous recordings.

Surgical procedures
For virus injection, 2-3-month-old mice were anesthetized with isoflurane in oxygen (induced at 3%,maintained at 1–2%) and placed

into a stereotaxic frame with a heating pad (37.5–38�C) to keep themwarm. A glass pipette with a tip diameter of 10–20 mmwas used

to deliver the virus to a particular brain location. To express EGFP or jGCaMP7b in the SuM-DG and SuM-CA2 projections, AAV-

EGFP (30–50 nL) or AAV-axon-jGCaMP7b (100–200 nL) was injected into SuM (AP: �2.8 mm, ML: 0.5 mm, DV: 5.0 mm from

dura). To express ChR2, hGtACR1, or mCherry in the SuM-CA2 or SuM-DG projections, AAV2/2Retro-Cre was injected into CA2

(AP: �1.8 mm, ML: 2.45 mm, DV: 1.55 mm, 100–200 nL) or DG (AP: �1.8 mm, ML: 1.1 mm, DV: 1.85 mm, 100–200 nL), and AAV-

DIO-ChR2-mCherry, AAV-DIO-hGtACR1-mCherry, or AAV-DIO-mCherry were injected into SuM (100–200 nL). To express

GCaMP6f in DG or CA2 neurons that receiving inputs from SuM, AAV2/9-FLEX-GCaMP6f was injected into CA2 (AP: �1.8 mm,

ML: 2.45 mm, DV: 1.55 mm, 100–200 nL) or DG (AP: �1.8 mm, ML: 1.1 mm, DV: 1.85 mm, 100–200 nL), and scAAV2/1-Cre was in-

jected into SuM (100–200 nL). For optrode recording and histological tracing experiments, the viruses were injected unilaterally, and

for behavioral experiments the viruses were injected bilaterally. The viruses were allowed to express at least one month prior to sub-

sequent histological recording and behavioral experiments.
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To implant fibers in axon terminals of the SuM-CA2 or SuM-DG projections, mice were placed in a stereotactic frame after anes-

thetization with 1–2% isoflurane in oxygen. An optical fiber (200 mm diameter, NA 0.53, Doric lenses, MFP_200/230/900–0.53) was

glued into amental cannula (ID. 0.51mm,OD. 0.82mm) after cutting the end face flat. The prepared fiber was inserted through a small

cranial window above CA2 (AP:�1.8 mm,ML: 2.5 mm, DV: 1.5mm) or DG (AP:�1.8 mm,ML: 1.1 mm, DV: 1.8 mm). The cannula was

then secured to the skull using blue light-curing dental cement (Tetric EvoFlow, 595989WW). Common dental cement and super glue

were used for further reinforcement and a thin layer of black acrylic paint was applied evenly to the outermost layer to avoid light

pollution. After surgery, mice were individually housed with heating to allow for full recovery.

To implant EEG-EMG electrodes, three EEG stainless steel screws were inserted into the craniotomy holes. Two were placed

above the frontal lobe (AP 1.5 mm, ML ±1.5 mm) and one above the parietal lobe (AP -3.0 mm, ML 3.0 mm). Two EMG electrodes

were inserted into the neckmusculature and the incision was closed. A thin layer of blue light-curing dental cement was applied to fix

the EEG screws and EMGwires. Additional dental cement and super glue were used to fix and strengthen the EEG-EMG connection

with the skull.

For fiber ferrule implantation in optical silencing experiments, mice expressing GtACR1-mCherry or mCherry in bilateral SuM-CA2

or SuM-DG projections were used. Optical fiber ferrules (200 mm diameter, NA 0.37) were implanted with the tips placed above the

bilateral SuM (AP -2.8 mm, ML ±2.0 mm, at a 20� angle toward the midline, 4.6 mm depth). Mice were allowed to recover for at least

5 days prior to behavioral experiments. After behavioral experiments the locations of fiber tips were verified by post-hoc histology

(Figures S7C and S7D).

To implant tetrodes in SuM, the previously described electrode was inserted above SuM (AP -2.8 mm, ML 0.5 mm) to a depth of

4.7 mm. After 5 days of recovery, the tetrode was gradually advanced to the target depth of �5.0 mm.

To implant optrodes in SuM, mice expressing ChR2 in the SuM-DG or SuM-CA2 projection were used. The previously described

optrode was inserted above SuM (AP -2.8 mm,ML 0.5 mm) to a depth of 4.7 mm. After 5 days of recovery, the optrode was gradually

advanced to the target depth of �5.0 mm.

To implant tetrodes in the hippocampal CA2, CA1, or DG, mice expressing GtACR1 in the SuM-DG or SuM-CA2 projection were

used. The previously described electrode was inserted above CA2 (AP -1.8 mm,ML 2.5mm) to a depth of 1.5 mm, CA1 (AP -1.8 mm,

ML 1.2 mm) to a depth of 1.2 mm, or DG (AP -1.8 mm, ML 0.8 mm) to a depth of 1.8 mm. Fiber ferrules were implanted above SuM

bilaterally to deliver inhibition light. After 5 days of recovery, the recordings were conducted.

Fiber recording
After mice implanted with fibers in CA2 or DG projections had recovered from surgery, fiber photometry-based Ca2+ recording was

performed. Neuronal Ca2+ and EEG-EMG signals, along with behavioral video recordings, were simultaneously captured across

sleep-wakefulness cycles. Data acquisition was conducted at frequencies of 2000 Hz for Ca2+ signals, 200 Hz for EEG-EMG signals,

and 25 Hz for videos. All Ca2+ and EEG-EMG signals and behavioral videos were synchronized offline with event marks.

In vivo electrophysiological recording
All electrophysiological recordings began after mice were fully recovered from surgery and habituated to the recording apparatus.

Signals were acquired at a sample rate of 20 kHz on a RHD2000 USB board (Intan Technology, C3100). Electrophysiological record-

ings and EEG-EMG recordings, along with behavioral video recordings, were simultaneously conducted. After recording, an electri-

cal lesion wasmade by passing a current (100 mA, 10 s) through the tetrodes to verify the recording locations (Figures S4A, S4B, S6A,

S8D, and S8E).

Optogenetic identification of SuMCA2 or SuMDG projecting neurons
To identify SuMCA2 or SuMDG projecting neurons, a series of optogenetic excitation light pulses of 15 mW intensity, 10 ms duration,

and 1 s interval were given to circuit-specific ChR2-expression mice. Units produced by light delivery having a short spike latency

(<7ms for all the units in our data) and a high response reliability (>90%) were identified as ChR2-positive neurons (Figures S4C-S4E).

Tetrode recording in SuM
Custom-made tetrodes described above were used for recordings. Tetrode recording in SuM was conducted across sleep-wake-

fulness cycles in the initial 8 h of day 1 light phase. Between 7:00 a.m. to 8:00 a.m. on day 2, mice were placed into a chamber

and allowed to freely explore with a novel mouse for 20 min. Then mice were immediately placed back to home cage after social

exploration. Then tetrode recording in SuM along with EEG-EMG and behavioral video recordings were conducted again in the

following 8 h (Figure S6B).

Local field potential recording in hippocampal CA2, CA1, or DG
The local field potential recordings in CA2, CA1, or DGwere monitored to identify REM episodes. Blue light was continually delivered

to SuM during REM sleep for 4 s after REM episodes were detected. For theta rhythmmeasurements fromCA2 or CA1, the recording

sites were placed at the stratum lacunosum moleculare layer (SLM) but not at the pyramidal cell layer, as the amplitude of theta ac-

tivity is largest in the SLM layer according to previous studies (Buzsáki, 2002; Boyce et al., 2016; Fernandez-Lamo et al., 2019).
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Behavioral task procedure and analysis
All mice underwent, at most, two behavioral tasks. Only one task for a particular memory type was used, and the contextual fear con-

ditioning task was always used as the second task. Mice were handled for 5 min each day for 3 consecutive days prior to behavioral

habitation.

Three-chamber social novelty test
The three-chamber social novelty test was used as a social memory test (Hitti and Siegelbaum, 2014; Phillips et al., 2019). A square

open-topped box (75 3 50 3 40 cm) was divided into 3 equal-sized chambers by transparent plastic sheets. A 12 cm diameter,

organic glass cylinder with air holes in the wall was used to hold the stimulus mouse. The task involved three phases: habitation,

training, and testing. The task was carried out across 3 consecutive days between 7:00 a.m. to 8:00 a.m. On day 1 (habituation),

the subject mouse was allowed to freely explore the arena containing empty cylinders in the lateral two chambers for 10 min. On

day 2 (training), a stimulus mouse was put into the left or right cylinder (systematically alternated), the other cylinder left empty,

and the subject mouse was placed into the arena and allowed to freely explore for 20 min. The subject mouse was returned to

the home cage immediately and the EEG-EMG recording was monitored to manually identify REM episodes across the following

8 h (for memory consolidation happens in the initial several hours after memory encoding (Kumar et al., 2020)). For sleep structure

analysis, the real-time sleep-wakefulness state was defined according to the criteria described below. In GtACR1 REM andmCherry

REM groups, blue light was continually delivered to SuM by fiber ferrules from the time detecting REM sleep and until the end of REM

sleep. In GtACR1 NREM/QW group mice, blue light was delivered during NREM sleep or QW periods for an equivalent cumulative

amount of time as the GtACR1 REM or mCherry REM groups (the average total time for light delivery during NREM sleep was 1477 ±

63 s, and the average total time for QW was 690 ± 57 s). In GtACR1 NREM mice, blue light was delivered during a large fraction of

NREMsleep periods (71 ± 3%of the total cumulative NREMsleep time). On day 3 (testing), the familiarmousewas placed randomly in

either the left or right chamber while a novel mouse was placed in the other, after which the subject mouse was introduced and again

allowed to explore freely for 20 min. A custom-written MATLAB program was used to automatically track the positions of the subject

mouse. Time spent investigating the stimulus mouse was recorded based on themouse trajectory and a social preference index was

calculated using the equation:

Social preference index = ððtime for novel mouseÞ � ðtime for familiar mouseÞÞ =
ððtime for novel mouseÞ + ðtime for familiar mouseÞÞ

Correlation analysis between social memory performance and total REM sleep time indicated a positive correlation (Figure S9G).

Mice from control groups which were not affected by optogenetic manipulation were used for this analysis (49 mice).

Direct interaction test
This test was conducted to observe social interactions in detail, with a high magnification view to observe the specific social inter-

actions (Hitti and Siegelbaum, 2014). The taskwas conducted from 7:00 a.m. to 8:00 a.m. across 3 consecutive days. On day 1 (habit-

uation), the subject mouse was allowed to freely explore the clean cage for 5 min. On day 2 (training), a novel mouse was introduced

to the cage, and the subject mouse was allowed to socialize with the stimulus mouse for 5 min. After training, the subject mouse was

returned to the home cage. EEG-EMG recording and optogenetic silencingmanipulation were conducted as described above during

the following 8 h. On day 3 (testing), the subject mouse was again placed in the cage individually with either the previously introduced

stimulus mouse or a novel mouse for a 5 min social interaction period. Mouse social interaction behaviors (anogenital and nose-to-

nose sniffing, following, and allogrooming) weremanually reviewed by experiment-blinded analysts through the recorded videos, and

the time of interaction for each mouse was documented. The interaction index was calculated from interaction time in training and

testing phases as:

Social interaction index = ððtime for testing mouseÞ � ðtime for training mouseÞÞ =
ððtime for testing mouseÞ + ðtime for training mouseÞÞ

Novel object place recognition test
The novel object place recognition task (Boyce et al., 2016) was conducted in a square open field (50 3 50 3 40 cm) with distinct

patterns attached to the walls. The task again involved three phases: habituation, training, and testing. The task was carried out

across 3 consecutive days from 7:00 a.m. to 8:00 a.m.Mice were allowed to explore freely in the open field for 10min on day 1 (habit-

uation). On day 2 (training), two identical objects (A and B) were fixed randomly to two quadrants of the arena, andmice were allowed

to explore for 20min.Micewere then immediately returned to the home cage and the EEG-EMG recordingwasmonitored tomanually

identify REM episodes during the following 8 h. Optogenetic silencing manipulation was conducted as described above. On the third

day (testing), the object B was repositioned to another quadrant, while object A was left in the same position relative to the training

day, and subject mice were introduced into the arena for a 20-min free exploration period (the object and space quadrants were sys-

tematically alternated). Behavioral videos for all mice were recorded by an infrared camera at 25 Hz with a spatial resolution of

1920 3 1080 (Cannon, XA-25). Time spent investigating each object (with nose sniffing at object) during the training and testing
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phases were manually reviewed by experiment-blinded analysts through the recorded videos to assess object preference. The ob-

ject B discrimination index was calculated using the following equation:

Object B discrimination index = ððtime for Object BÞ � ðtime for Object AÞÞ = ððtime for Object BÞ + ðtime for Object AÞÞ
Correlation analysis between spatial memory performance and total REM sleep time indicated a positive correlation (Figure S9H).

Mice from control groups which were not affected by optogenetic manipulation were used for this analysis (33 mice).

Fear conditioning
The fear conditioning task was used as the final behavioral task for all mice to test memory evoked by context and cue induced re-

sponses following a standard protocol (Boyce et al., 2016) (see protocol diagram in Figure S12A). The taskwas conducted from 7:00–

9:00 a.m. across two consecutive days. During the training session, the unconditioned stimulus (US, electrical shock, 2 s, 0.6 mA

intensity) was applied immediately following the conditioned stimulus (CS, pure tone at 8964 Hz, 20 s, 70 dB SPL) after a baseline

recording of 260 s. This pairing was repeated three times, with an interval of 180 s. Mice were immediately returned to the home

cage for EEG-EMG recording and optogenetic silencing manipulation, conducted as described above, during the following 8 h.

24 h after training, mice were introduced back into the training box for a 10-min recording. A cued fear memory recall test was carried

out 1 h after the contextual memory test in a novel chamber which was different from the training box in shape, size, landmarks, and

material (Figure S12A right). 5 CS stimuli (pure tone at 8964Hz, 20 s, 70 dB SPL, 180 s interval) were applied after a baseline recording

of 260 s. All task scenes were recorded by infrared camera for offline freezing analysis. A self-written MATLAB program was used to

track the body movement intensity. Freezing level was calculated based on body movement at a time bin of 20 s (Qin et al., 2018).

Freezing data was further binned for statistical analysis (3 min in the training phase and 2 min in the contextual testing phase).

Optogenetic silencing
For optogenetic silencing experiments, blue (473 nm wavelength) light was delivered to the bilateral SuM area. The light intensity was

adjusted to�3mWat the tip of eachfiber ferrule. Light deliverywascontrolledusing a self-designedprogramon theLabVIEWplatform.

We did not apply optogenetic inhibition throughout the entire 8-h interval. We applied optogenetic inhibition only during REM or

NREM sleep episodes. The average length of REM sleep episodes was 69 ± 3 s, and the average length NREM sleep was 90 ±

3 s in our datasets (n = 36 mice). Thus, the average light application time for each episode was shorter than 1.5 min. In addition, a

similar inhibition protocol has been applied in previous publications (4-h (Boyce et al., 2016); 6-h (Kumar et al., 2020); 12-h (Izawa

et al., 2019)).

Sleep structure analysis
All recorded EEG-EMGsignals were filtered by a band-pass filter (EEG, 0.5–30Hz; EMG, 10–70Hz). The sleep-wakefulness statewas

automatically analyzed based on the spectral characteristics of EEG and integral amplitude of EMG using sleep analysis software

(SleepSign for Animal, Kissei Comtec). States were analyzed by continuous non-overlapping epochs of 4 s.Wakefulness was defined

by high EMG activity and low amplitude EEG activity. NREM sleep was defined by high amplitude and low frequency EEG activity

(delta band, 0.5–4 Hz), as well as low amplitude EMG activity. REM sleep was defined by low-amplitude and high frequency EEG

activity (theta band, 4–10 Hz), and no tonic EMG activity. The automatic analysis results were manually checked and corrected. Cu-

mulative and episodic durations of wakefulness, NREM sleep, and REM sleep were summarized using a self-designed MATLAB

program.

Histology
All mice after recording or behavioral tests were perfused with 4% paraformaldehyde (PFA) in PBS. The brains were dehydrated with

15% sucrose in PBS for 24 h and sectioned into 50 mm slices. After staining with DAPI, brain slices were mounted onto glass slides

and imaged with a confocal (Zeiss, LSM 700) or wide field (Olympus, BX51) microscope. For immunohistochemistry, mice injected

with AAV2/8-EF1a-EGFP in SuM (expression for one month) or CTB in CA2 and DG (expression for 10 days) were perfused and

sectioned as described above. The following primary antibodies were used: rabbit anti-PCP4 (1:500; Sigma, HPA005792), and

chicken anti-GFP (1:200; Abcam, ab13970). For cell counting of CTB-labeled samples, we collected brain slices from AP -2.5 mm

to AP -3.2 mm two weeks after CTB injection into DG and CA2. Slices were 50 mm in thickness. The numbers of red, green, or double

labeled cells in SuM were counted manually by experimenters (Figures S3D-S3F). The accurate AP position was confirmed by DAPI

staining and the summarized data is shown in Figures S3D-S3F. For estimating the fraction of GCaMP6f expressing neurons that

were CA2 pyramidal neurons (Figure 8B), we combined the immunostaining image results stained by PCP4 and GCaMP6f. The frac-

tion of CA2 pyramidal neurons was 88.0 ± 2.1% (n = 5 mice).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and statistics
Fiber recording data were analyzed using a procedure similar to previous work (Qin et al., 2018). Briefly, all of the Ca2+ signals were

low-pass filtered by Savitzky-Golay FIR smoothing filter with 50 side points and a third order polynomial. Then Ca2+ signals were
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converted as Df/f = (f - fbaseline)/fbaseline, where the fbaseline is the baseline fluorescence taken during the current recording period. To

quantify the Ca2+ signals during sleep-wakefulness cycles, the arousal state was identified by synchronous EEG-EMG recording, and

the area under Ca2+ signals was used for statistical analysis.

The raw extracellular electrophysiological data were preprocessed as described previously (Qin et al., 2018) to extract the spikes.

All of the events that exceeded an amplitude threshold within four standard deviations above the background were saved for sub-

sequent spike sorting analysis. All detected events for each tetrode were sorted in the toolboxMClust based on the features of wave-

forms (Schmitzer-Torbert and Redish, 2004). For single unit activity analysis, cell classification was performed according to firing pat-

terns. We calculated the firing rates of each cell in a sliding time bin of 2 s (0.1 s interval).

A self-designed MATLAB program was used to analyze the spectral profiles of local field potential (LFP) and EEG activities (Ren

et al., 2018). The raw LFP and EEG data were calculated by fast Fourier transformation with a frequency resolution of 0.15 Hz. The

particular frequency bands were binned in delta (1–4 Hz), theta (6–12 Hz), alpha (12–15 Hz) and beta (15–30 Hz) (Billwiller et al., 2020;

Boyce et al., 2016). The mean power densities of LFP in the 4 s before, during, and after optogenetic silencing were compared

(Figures 5D, 6D, S8C, and S8H).

Statistical tests were performed in MATLAB and SPSS software (Table S1). Data were first tested for normality and equal variance

between groups. When both were achieved, parametric tests were used. When normality or equal variance between groups failed,

non-parametric tests were used. For parametric tests, paired and unpaired t tests, RMs 1-way ANOVA with LSD post-hoc compar-

ison, 1-way ANOVA with LSD post-hoc comparison and RMs two-way ANOVA with Sidak’s post-hoc comparison were used. For

non-parametric tests, Wilcoxon signed-rank test, Wilcoxon rank-sum test, Kruskal-Wallis test with Tukey post-hoc comparison,

and Friedman’s ANOVA test were used. All tests were two-tailed. All summary data are from individual mice, and represented as

mean ± SEM
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