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SUMMARY
The occurrence of dreaming during rapid eye movement (REM) sleep prompts interest in the role of REM
sleep in hippocampal-dependent episodic memory. Within the mammalian hippocampus, the dentate gyrus
(DG) has the unique characteristic of exhibiting neurogenesis persisting into adulthood. Despite their small
numbers and sparse activity, adult-born neurons (ABNs) in the DG play critical roles in memory; however,
their memory function during sleep is unknown. Here, we investigate whether young ABN activity contributes
to memory consolidation during sleep using Ca2+ imaging in freely moving mice. We found that contextual
fear learning recruits a population of young ABNs that are reactivated during subsequent REM sleep against
a backdrop of overall reduced ABN activity. Optogenetic silencing of this sparse ABN activity during REM
sleep alters the structural remodeling of spines on ABN dendrites and impairs memory consolidation. These
findings provide a causal link between ABN activity during REM sleep and memory consolidation.
INTRODUCTION

The capacity to recall specific experiences, known as episodic

memory, depends on the hippocampus (Vargha-Khadem et al.,

1997).Rodentsmayholdaprimitiveversionofanepisodicmemory

system in the hippocampus (Allen and Fortin, 2013; Dere et al.,

2005). This brain structure is unique in that its dentate gyrus (DG)

exhibits neurogenesis that persists across the lifespan in mam-

mals, including humans (Altman and Das, 1965; Boldrini et al.,

2018; Eriksson et al., 1998; Moreno-Jiménez et al., 2019; but see

Sorrells et al., 2018). Despite their scarcity (Imayoshi et al., 2008)
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and infrequent activity (Danielson et al., 2016), DGadult-born neu-

rons (ABNs) provide a distinctive form of plasticity to the brain and

may play an essential role in survival (Kempermann, 2012). In

particular, young ABNs show enhanced synaptic plasticity

compared with their fully mature counterparts and hence may be

preferentially recruited into memory traces (Ge et al., 2007; Gu

et al., 2012; Kee et al., 2007; Marı́n-Burgin et al., 2012; Park

et al., 2016). Indeed, the amount of adult neurogenesis correlates

with the strength and persistence of memories (Akers et al., 2014;

Alamet al., 2018;Clelland et al., 2009; Kitamura et al., 2009; Naka-

shiba et al., 2012; Sahay et al., 2011; Shors et al., 2001).
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Temporally specific optogenetic silencing of ABN activity re-

veals the necessity of young ABNs in learning and memory

retrieval (Danielson et al., 2016; Gu et al., 2012; Huckleberry

et al., 2018; Zhuo et al., 2016). So far, to our knowledge, only

one study has optogenetically increased and decreased the ac-

tivity of young ABNs in vivo to examine their role inmemory (Dan-

ielson et al., 2016). Interestingly, both manipulations impaired

memory (Danielson et al., 2016), suggesting that young ABN ac-

tivity is finely tuned in concert with ongoing neural activity (Luna

et al., 2019) during memory consolidation. However, efforts to

analyze the activity of ABNs have been hampered by their small

numbers and infrequent activity. The only previous study exam-

ining real-time ABN activity using Ca2+ imaging in awake, head-

fixedmice limited the recording session to amaximum of 12min,

which is insufficient to capture rare events across the sleep-

wake cycle. Although this study confirmed that ABNs are

capable of encoding contextual information (Danielson et al.,

2016), the contribution of ABN activity to memory consolidation

during sleep remains unexplored.

In mammals, sleep occurs in cycles of rapid eye movement

(REM) and non-REM (NREM) sleep. Each sleep stage is charac-

terized by local and global synchronous neuronal activities that

play critical roles in memory consolidation. For example, during

NREM sleep, boosting slow oscillations enhances memory

(Marshall et al., 2006), whereas silencing synchronous activity

across cortical regions (Miyamoto et al., 2016) or disrupting

sharp-wave ripples in the hippocampus (Girardeau et al., 2009)

impairs memory consolidation. Similarly, in REM sleep, disrupt-

ing theta rhythm, the dominant oscillatory pattern in the hippo-

campus, impairs long-term memory storage (Boyce et al.,

2016). These synchronous activities may affect memory consol-

idation by enabling the reorganization of synapses that were

formed or underwent plasticity during wakefulness (Norimoto

et al., 2018; Yang et al., 2014). Indeed, the timing of neuronal ac-

tivity in relation to local DG theta oscillations plays a critical role in

synaptic strength (Orr et al., 2001). Another line of evidence

shows that hippocampal ensemble activities during wakefulness

are replayed during subsequent sleep (Ghandour et al., 2019;

Louie and Wilson, 2001; Wilson and McNaughton, 1994), which

may enhance memory consolidation. Currently, however, the

specific types of hippocampal cells that enable memory consol-

idation during REM sleep are not known, warranting studies that

clarify the function of ABNs in memory consolidation dur-

ing sleep.

RESULTS

Young ABN Activity Decreases in REM Sleep during
Contextual Fear Memory Consolidation
To target ABNs, we used a pNestinCreERT2 (nestin) mouse line

(Lagace et al., 2007) for which targeting specificity was

confirmed by previous studies (Gao et al., 2009; Guo et al.,

2011; Knobloch et al., 2013; Ninkovic et al., 2013). Crossing nes-

tin mice with Rosa-pCAG-LSL-tdTomato reporter mice gener-

ated offspring (tdTomatonestin) in which we confirmed matura-

tion-specific marker expression in labeled neurons upon

tamoxifen injection (Figure S1), replicating previous results (La-

gace et al., 2007). To examine ABN activity during sleep, we em-
ployed Ca2+ imaging under freely moving conditions using mini-

aturized microendoscopes (Ghosh et al., 2011) (Figure 1A).

Crossing nestin mice with Rosa-pCAG-LSL-GCaMP3 (GC)

mice generated offspring (GCnestin mice; Figure 1B) in which 4-

week-old and younger ABNs (hereafter, young ABNs) express

the Ca2+-dependent fluorescence reporter GCaMP3 (Tian

et al., 2009) (Figures 1B and 1C; Figure S1H). At this point in

development, young ABNs are integrated into medial temporal

lobe neuronal circuitry (Figure S2). Consistent with the reported

ABN Ca2+ event rate during wakefulness (Danielson et al.,

2016), we found that young ABNs showed sparse activity during

wakefulness, with even less frequent activity during NREM and

REM sleep (Figure 1D; Figures S3 and S4A–S4G; Videos S1

and S2).

To examine young ABN activity across sleep-wake states dur-

ing memory consolidation, we employed a single-trial hippo-

campus-dependent contextual fear conditioning paradigm that

requires the activity of young ABNs for learning and memory

retrieval (Danielson et al., 2016; Gu et al., 2012). Microendo-

scope-implanted GCnestin mice were randomly assigned to two

groups. Mice in the immediate shock (IS) control group received

foot shocks immediately upon context entry, whereasmice in the

delayed shock (DS) group received foot shocks after exploring

the context (Figure 1E). The only difference between groups

was shock timing, because shock number and intensity and

the duration of context exposure were identical. 24 h later,

mice in the DS group showed a pronounced freezing response

upon context re-exposure, whereas mice in the IS group did

not (Figure 1F). This low freezing in the IS group is considered

to reflect a weak shock-context association when shock is deliv-

ered shortly after context exposure (Blanchard et al., 1976; Fan-

selow, 1986; McHugh and Tonegawa, 2007). Consistent with our

earlier observation (Figure 1D), Ca2+ transient probability was

lower in NREM and REM sleep than in wakefulness for both

groups (Figures 1G and 1H). However, after contextual fear con-

ditioning, Ca2+ transient probability in REM sleep was further

reduced in the DS group, but not in the IS group, with no change

in sleep architecture (Figures 1G and 1H; Figures S4H–S4R). This

activity reduction during REM sleep was not observed when we

examined fully mature DG granule neurons from GC mice in-

jected with AAV:pCaMKII-Cre (Stefanelli et al., 2016) instead of

nestin mice (Figures S5A–S5C; average labeled cell density,

33 ± 8.7 per mm2). These results suggest that consolidation of

the context-shock association, but not of context or shock rep-

resentations alone, reduces young ABN activity in REM sleep.

Contextual Fear Learning Recruits a Young ABN
Population That Is Reactivated during REM Sleep
To better characterize the reduction in young ABN activity in

REM sleep during memory consolidation, we longitudinally fol-

lowed the activity of individual ABNs across learning, consolida-

tion, and retrieval. In addition to recording ABN activity during

sleep, we recorded activity during four awake periods: (1)

home cage (HC) immediately before conditioning (10 min, pre-

shock HC), (2) pre-shock during conditioning in context A

(10 min, pre-shock A), (3) post-shock during conditioning

(5 min, post-shock A), and (4) memory retrieval test (10 min;

test A) (Figure 1I). Because it was challenging to track the
Neuron 107, 552–565, August 5, 2020 553
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Figure 1. Young ABN Activity Decreases in REM Sleep during Contextual Fear Memory Consolidation

(A) Ca2+ imaging.

(B) Transgenic method.

(C) GCaMP expression.

(D) Ca2+ event frequency (+NREM versus wake, *wake versus REM, #REM versus NREM, p < 0.05, bootstrap; error bars, 95% confidence interval [CI]; n = 46

neurons from 4 mice).

(E) Contextual fear conditioning. Ca2+ imaging was performed after shock (AS) and during a circadian time-matched baseline (BL) period.

(F) Freezing by IS and DS mice upon context re-exposure (n = 14 and 17 mice in IS and DS groups, respectively; *p < 0.0001, two-tailed unpaired t test with

Welch’s correction; error bars, SEM). Mice indicated by blue and red markers were used for further Ca2+ imaging analysis.

(G andH) Ca2+ event frequency in sleep-wake states in IS (G) and DS (H) group (*p < 0.05, bootstrap; error bars, 95%CI; n = 88, 47, 113, and 137 neurons in IS-BL,

IS-AS, DS-BL, and DS-AS groups, respectively).

(legend continued on next page)
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same ABNs over time due to their sparse activity against slight

but consistent changes in the field of view, we shortened the

duration (5.5 h) between conditioning and testing to minimize

field of view changes. This duration covers the period during

which memory is protein synthesis dependent (Bourtchouladze

et al., 1998). These changes in experimental conditions resulted

in overall low freezing during the test, but freezing remained spe-

cific to the shocked context (Figure S4S).

We first sorted ABNs into two groups based on the presence

(REM+) or absence (REM�) of their activity during post-learning

REM sleep and examined their activity during learning and

retrieval. REM+ ABNs were defined as being active at least

once during any REM episode, which represented 37.9%

(±5.0% SEM) of all recorded ABNs. Interestingly, REM+ ABNs

were more likely to be active during the post-shock period

than during the HC period or compared with REM� ABNs (Fig-

ure 1J). Although one could assume that REM+ ABNs would

be reactivated during the memory retrieval test if they encoded

the memory trace, there was no difference in the likelihood of

REM+ versus REM� ABNs being active during the test (Fig-

ure 1J), suggesting that REM+ ABNs participate during learning

more than during memory retrieval. Considering these results,

we next sorted ABNs based on their activity or inactivity during

learning and retrieval and compared their activity during REM

sleep. ABNs that were active in the post-shock period were

more likely to be active during subsequent REM sleep (Fig-

ure 1K). By contrast, ABNs that were active or inactive during

the memory retrieval test showed no difference in their likelihood

of being active during REM sleep. REM+ and REM� ABNs had

chance levels of being active during both the post-shock and

test periods (Figure S4T). Ca2+ event frequency was similar be-

tween REM+ and REM� ABNs across the four periods (Fig-

ure S4U). Overall, these results suggest that most of the young

ABNs that are active during post-learning REM sleep are those

that were active during learning.

Silencing Young ABN Activity in REM Sleep Does Not
Affect Sleep or DG Theta Oscillations
Based on these results, we hypothesized that the sparse activity

of young ABNs during REM sleep contributes tomemory consol-

idation. Because the fine-tuning of this activity may be critical for

memory consolidation, we performed optogenetic silencing to

reveal its function (Danielson et al., 2016; Gu et al., 2012; Huck-

leberry et al., 2018; Zhuo et al., 2016). Crossing nestin mice with

Rosa-pCAG-LSL-halorhodopsin (Halo) mice generated offspring

(Halonestin). We induced expression of Halo in young ABNs by

tamoxifen injection in Halonestin mice (Figure 2A) to allow their

silencing in a temporally specific and reversiblemanner upon de-

livery of orange light (Zhang et al., 2007). As expected, Cre-nega-

tive littermate HaloWT mice did not express Halo upon tamoxifen

injection (Figure 2B). We next confirmed the temporal specificity
(I) Ca2+ imaging of REM+ and REM� ABNs. A, context A; HC, home cage.

(J) Percentage of active (i.e., active more than once) ABNs in each recording perio

REM� and REM+ groups, respectively, from 7 mice).

(K) Percentage of active neurons in each time period (*p < 0.05, bootstrap; error b

test A�, and test A+ groups, respectively, from 7 mice).

gl, granular cell layer; ml, molecular layer; sgz, subgranular zone.
and reversibility of silencing young ABN action potentials. To

overcome the sparseness of ABN activity, we activated young

ABNs by current injection in acute brain slices of Halonestin

mice (Figure 2C) and observed a transient silencing of action po-

tentials in response to orange light delivery with high temporal fi-

delity and reversibility (Figures 2D–2F).

We next examined whether the silencing of activity during REM

sleep after contextual fear conditioning affects sleep architecture.

Halonestin and HaloWT mice underwent DS conditioning followed

by optogenetic silencing selectively during REM sleep by moni-

toring electroencephalogram (EEG) activity in real time for 6 h (Fig-

ures 3A and 3B; Table S1). We estimate that a minimum of 467

ABN Ca2+ events per mouse were affected by optogenetic

silencing during this period (although there are differences in focal

planes and observation points between imaging and optogenetic

manipulation experiments; Figure 3C). This estimation is basedon

our knowledge that: (1) there are anaverageof 198ABNs in theDG

upper blade in a 40-mm section (Figure S1D), (2) the light-effective

lengthalong theAPaxis is 450mm(Figure3C), (3) the averageREM

duration in theoptogenetic interventionperiodwas22.2min (Halo-

AS;Figure3D), (4) lightwasdelivered for 50%of the targetedsleep

stage, and (5) there were an average of 0.0189 Ca2+ events/min

during REM sleep in the DS-AS group; therefore, 198 3

(450 mm/40 mm)3 22.23 0.53 0.0189 = 467. We observed that

optogenetic silencing did not alter sleep architecture or EEG po-

wer spectra (Figures 3D–3F).

Hippocampal theta oscillations during REM sleep influence

neuronal activity in a manner that allows memory consolidation

(Boyce et al., 2016), and DG theta oscillations play a critical role

in spike-timing-dependent synaptic plasticity (Orr et al., 2001).

Moreover, reactivation of awake CA1 ensemble activity during

subsequent REM sleep may affect local theta oscillations (Louie

andWilson, 2001). To examinewhether youngABNactivity during

REM sleep affects DG theta oscillations, we recorded local field

potentials (LFPs) in the DG while silencing ABNs during REM

sleep during the memory consolidation period (Figure 3I). As pre-

viously reported (Montgomery et al., 2008), robust theta oscilla-

tions were seen during REM sleep during the memory consolida-

tion period, with a prominent autocorrelationwithin the theta band

and no difference between HaloWT and Halonestin mice (Figure 3J).

Furthermore, LFPs and theta peaks were similar during light on

and off periods between HaloWT (Figure 3K) and Halonestin mice

(Figure 3L). These results indicate that silencing young ABN activ-

ity during REM sleep does not influence DG theta oscillations.

Young ABN Activity in REM Sleep Regulates DG Gene
Expression
ABN activity finely tunes DG neuron activity (Luna et al., 2019;

Toni et al., 2008), which induces new gene expression in REM

sleep (Ribeiro et al., 1999). Therefore, we examined the effect

of silencing young ABN activity during REM sleep on DG gene
d (*p < 0.05, **p < 0.01, bootstrap; error bars, 95% CI; n = 59 and 36 neurons in

ars, 95% CI; n = 60, 36, 72, and 24 neurons in post-shock A�, post-shock A+,

Neuron 107, 552–565, August 5, 2020 555
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expression. Immediately after silencing young ABNs in REM

sleep during the memory consolidation period (i.e., 6 h after

DS conditioning), we performed RNA sequencing of DG tissue

(upper blade of the dorsal DG) using laser microdissection mi-

croscopy (Figures 4A–4G). Of the 49,585 genes quantified, we

found decreased Zif268 (or Egr1), Gadd45g, Npas4, Egr2,

Nr4a1, 5430416O09Rik, Fos, and Jhy expression, and increased

Nestin expression in Halonestin mice compared with HaloWT mice

(Figures 4H–4J). Zif268, Npas4, Egr2, Nr4a1, and Fos belong to

the immediate early gene family, whose expression in the DG re-

flects neuronal activity and/or synaptic plasticity (Chen et al.,

2014; Cole et al., 1989; Lin et al., 2008; Renouard et al., 2015; Ri-

beiro et al., 1999, 2002). All genes with decreased expression

had motif sequences for the Serum Response Factor (SRF) tran-

scription factor in their promoter/enhancer regions (Figure 4K)

despite no change in the expression of SRF itself (Figure 4L).

These results suggest that the young ABN activity in REM sleep

is required for the expression of activity/synaptic plasticity-

related genes, possibly through SRF activity.

Silencing Young ABN Activity in REM Sleep Leads to
Elongation of Dendritic Spines
REM sleep prunes and strengthens newly formed spines in the

motor cortex after learning (Li et al., 2017), and fear learning in-
556 Neuron 107, 552–565, August 5, 2020
duces plasticity-dependent remodeling of ABN dendritic spines

(Petsophonsakul et al., 2017). Moreover, SRF activity controls

synaptic plasticity (Etkin et al., 2006; Ramanan et al., 2005).

Therefore, we hypothesized that young ABN activity during

REM sleep induces ABN spine structural remodeling.

To test this hypothesis, we compared ABN spines in REM-

silenced and control mice after DS or IS conditioning (Figure 5A).

For control mice that underwent DS conditioning, we used no

light delivery in Halonestin mice and orange light delivery in

ChRnestin mice, in which young ABNs express channelrhodop-

sin-2 (H134R)/YFP that is not activated by orange light (Han

et al., 2009). As expected, 3D reconstruction of the dendrites

of young ABNs (Figure 5B) revealed the presence of dendritic

varicosities (Zhao et al., 2010). Compared with IS conditioning,

DS conditioning generally increased spine density and head

size (Figures 5C and 5D), suggesting that the association of

context and shock initiates active remodeling of spines on young

ABNs. However, in mice in which young ABN activity was

silenced during REM sleep, there was an increase in the length

of spine necks (Figure 5E), similar to that observed in ABNs of

Schnurri-2 knockout mice (Nakao et al., 2017), which show a se-

vere working memory deficit (Takao et al., 2013). By contrast,

there were no changes in spine density, head diameter, or

neck length on fully mature DG granule neurons silenced during
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Figure 3. Silencing Young ABN Activity in REM Sleep Does Not Affect Sleep or DG Theta Oscillations

(A and B) EEG electrode and optic cannula implantation (A) for real-time sleep analysis and optogenetic intervention (B).

(C) Difference in effective area between imaging and optogenetic manipulation experiments.

(D–F) Total amount of time (D), episode count (E), and mean episode duration (F) under optogenetic silencing during REM sleep within 6 h after DS (AS: zeitgeber

time [ZT] = ~2–8) and a BL recording period (ZT = ~2–8; n = 11–13 mice/genotype; error bars, 95% CI).

(G andH) Fast Fourier transform (FFT) analysis of EEG activity in HaloWT (G) and Halonestin (H) mice under optogenetic silencing during REM sleep (n = 12–13mice/

group; error bars, 95% CI).

(I) DG LFP recording.

(J) Mean autocorrelation of DG LFPs in REM sleep during memory consolidation (ZT = ~2–8) with their peaks in the theta band for HaloWT (n = 434 epochs) and

Halonestin (n = 468 epochs) mice (t = 0.11–0.17 s, corresponding to 6–9 Hz; error bars, SD; W = 100.150, p = 0.72, Mann-Whitney test).

(K and L)Mean autocorrelation of DG LFPs during light on and off phases in REM sleep for HaloWT (K; off, n = 205; on, n = 229 epochs; W= 24.240, p = 0.56, Mann-

Whitney test) and Halonestin (L; off, n = 225; on, n = 243 epochs; W = 26.873, p = 0.75, Mann-Whitney test) mice (error bars, SD).
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Figure 4. Changes in DG Gene Expression after Silencing of Young ABNs in REM Sleep

(A) Before (A) and after (A0) laser micro-dissection of the upper blade of the dorsal DG (scale bar, 100 mm).

(B) Representative UCSC Genome Browser displays of tag counts (red) from each sample in chromosome 19 confirmed consistent data quality (blue, reference

transcripts).

(C–F) Boxplot (C and E) and principal-component analysis (PCA) (D and F; red bars, HaloWT mice; green bars, Halonestin mice) of raw (C and D) and normalized

expression values (E and F).

(G) Cluster heatmap showing overview of differentially expressed genes (filtered by raw p < 0.05, |fold change| > 2, interquartile range > 10).

(H) Average fold change and p value for Halonestin versus HaloWT mice (n = 4 mice each).

(I, J, and L) Representative RefSeq sequences (top) and tag counts (red).

(K) The promoter/enhancer regions of all eight genes with decreased expression (top) contained SRF binding sequences (bottom; p < 0.0001) despite no change

in the expression of SRF itself (L).

See also Data S2.
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Figure 5. Silencing Young ABN Activity in REM Sleep Leads to Elongation of ABN Dendritic Spines

(A) Experimental paradigm.

(B) 3D reconstruction of confocal images (scale bars, 5 mm).

(C–E) Spine density (C), head diameter (D), and neck length (E). n = 30–40 dendrites/group, error bars, SERM, *p < 0.05, one-way ANOVAwith bootstrapmethods

(C) or Sidak’s multiple comparison tests (D and E). Mice within each group are represented by different color markers (red, blue, or gray).
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REMsleep (Figures S5D–S5M). Previous studies show that an in-

crease in spine neck length reflects a weakening of overall syn-

aptic strength (Araya et al., 2014) and desynchronization of neu-

ral activity from synaptic input (Tanaka et al., 2008). Therefore,

these results suggest that the activity of young ABNs in REM

sleep increases the robustness of their synapses.

Silencing Young ABN Activity in REM Sleep Impairs
Contextual Fear Memory Consolidations
Finally, we examined the role of young ABN activity during REM

sleep in memory consolidation. Halonestin and HaloWT mice that

did not undergo optogenetic silencing showed similar levels of

freezing during the memory retrieval test (Figures 6A and 6B).

However, silencing young ABN activity during REM sleep within

the memory consolidation window (total �11 min light delivery)

impaired memory (Figures 6C and 6D), whereas silencing

outside the memory consolidation window (i.e., >6 h after DS)

had no such effect (Figures 6E and 6F). Reactivity to shock

was similar between Halonestin and HaloWT mice, suggesting

that the reduced freezing was not due to motor or sensory defi-

cits (Figures 6G and 6H). These results suggest that the memory
deficit induced by silencing young ABN activity during REM

sleep is due to impaired memory consolidation.

A longer duration of silencing during NREM sleep (�105 min

light delivery) or wakefulness (�21 min light delivery) did not

impair memory consolidation (Figures 6I and 6J). Furthermore,

no memory impairment was observed when immature (�2-

week-old) ABNs were silenced in REM sleep (Figures 6K–6M).

The silencing of fully mature (�10-week-old) ABNs tended to

reduce freezing (Figures 6K, 6N, and 6O), perhaps because of

the inclusion of some young ABNs in the silenced population

(Figure S1) (Lagace et al., 2007), but this effect did not reach sta-

tistical significance, even with a larger number of mice (n > 17

mice/group, p = 0.084; Figures 6P and 6Q). Moreover, silencing

fully mature DG granule neurons during REM sleep did not impair

memory (Figures S5N and S5O). These results suggest that

young ABNs play a more pronounced role in memory consolida-

tion during REM sleep than their immature or fully mature coun-

terparts. The silencing of young ABN activity in REM sleep did

not impair auditory fear memory (Figures 6R and 6S). Because

previous work demonstrates that either activation or silencing

of ABNs during learning and retrieval impairs fear memory
Neuron 107, 552–565, August 5, 2020 559
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(Danielson et al., 2016), we used equivalent transgenic (ChRnes-

tin) mice to determine whether randomly activating young ABNs

in REM sleep during the memory consolidation window affects

memory. ChRnestin and Cre-negative littermate controls (ChRWT)

underwent DS conditioning followed by optogenetic activation

during REM sleep (Figures 6T and 6U). The next day, ChRnestin

mice showed less freezing than ChRWT mice (Figure 6V), sug-

gesting that randomly increasing young ABN activity during

REM sleep interferes with memory consolidation. Together,

these results indicate that finely tuned activity of young ABNs

in REM sleep is required for the consolidation of contextual

fear memory.

DISCUSSION

These findings provide causal evidence that the sparse activity

of young ABNs in REM sleep is necessary for memory consolida-

tion. Until now, the activity and function of ABNs in memory

consolidation during sleep has been unknown. In addition, the

type of hippocampal neuron responsible for memory consolida-

tion during REM sleep was not clear. We found that the acquisi-

tion of contextual fear memory reduced the overall activity of

young ABNs during REM sleep, but this remnant activity ap-

peared to reflect the reactivation of ABNs that participated in

learning. This sparse ABN activity was necessary for memory

consolidation, because its silencing altered ABN dendritic spine

structures, and both silencing and random activation impaired

memory consolidation. These findings identify DG ABNs as a

key neuronal population for contextual fear memory consolida-

tion during REM sleep and provide a framework allowing this

mechanism to be further explored.

Our results suggest that finely coordinated ABN activity during

REM sleep is necessary for memory consolidation based on the

observations that: (1) ABN activity decreased during REM sleep

only after the formation of an association between a context and

shock, (2) ABNs that were active during learning weremore likely

to be reactivated in subsequent REM sleep during memory

consolidation, and (3) disrupting ensemble ABN activity in REM

sleep during memory consolidation resulted in an elongation of

ABN spine necks and memory deficits. Thus, a sparse and spe-
Figure 6. Effect of Manipulating Young ABN Activity on Memory Cons

(A, C, and E) Behavioral paradigm for no-light stimulation control (A), light during

(B, D, and F) Freezing without light delivery (B; two-tailed paired t test; n = 12/geno

n = 12–13/genotype; *p < 0.05, two-tailed unpaired t test; error bars, SEM) or out

genotype; p = 0.98, two-tailed unpaired t test; error bars, SEM).

(G and H) Protocol (G) and data (H) for shock reactivity during conditioning (two-

(I and J) Freezing after silencing young ABN activity in NREM sleep (I) or wakefulne

bars, SEM).

(K) Experimental timelines for labeling the same adult neural progenitors with the

(L–O) HaloYFP expression (L and N) and freezing (M andO) 2 (L andM; n = 13–16m

injection (error bars, SEM). Scale bars, 40 mm.

(P) Power analysis for each age group. Dotted line indicates threshold of statistical

the 4-week group to cross the threshold.

(Q) Estimated degrees of freedom (df) required to reach statistical significance w

(R and S) Freezing (S) after silencing young ABN activity in REM sleep after tone

(T) ChR2YFP expression in young ABNs. Scale bars, 40 mm.

(U) Contextual fear conditioning paradigm.

(V) Freezing after 20-Hz light delivery in REM sleep (*p < 0.05, two-tailed paired
cific population of ABNs that are predominantly active during

learning may subsequently undergo synaptic modifications dur-

ing REM sleep and thereby enable memory consolidation. We

speculate that these synaptic modifications depend on the

fine-tuning of ABN activity in concert with local REM theta oscil-

lation, because not only silencing but also random activation

during REM sleep impaired memory consolidation. Indeed, the

theta phase-specific activity of hippocampal neurons deter-

mines their contribution to learning or memory retrieval (Has-

selmo et al., 2002; Siegle and Wilson, 2014) and modulates syn-

aptic weights via spike-timing-dependent synaptic plasticity in

the CA1 (Huerta and Lisman, 1993; Kwag and Paulsen, 2009)

and DG (Orr et al., 2001). Therefore, during REM sleep after

learning, young ABNs may coordinate their activity with theta

rhythm and thereby facilitate a synchrony-based plasticity

mechanism for memory consolidation.

Do young ABNs that are active in REM sleep constitute the

memory trace? In our experimental setting, young ABNs that

were active during the post-shock period, but not those that

were active during the memory retrieval test, were more likely

to be reactivated during REM sleep. The likelihood of ABN activ-

ity during both the post-shock and test periods was not associ-

atedwith their likelihood of being active during REMsleep. Taken

together, these results suggest the following possibilities: (1)

young ABN activity during REM sleep is necessary for the

consolidation of a memory trace in downstream circuits, and/

or (2) the ensemble activity patterns of ABNs that are active in

REM sleep constitute a memory trace regardless of the overall

population size or activity level of ABNs.

Regarding the first possibility, young ABNs that are active in

REM sleep after learning may coordinate the maturation of a

memory trace encoded in downstream circuits. Indeed, previous

studies demonstrate the highly coordinated and dynamic nature

of ABN output to downstream targets (Bergami et al., 2015; Gu

et al., 2012; Luna et al., 2019; Marı́n-Burgin et al., 2012). There-

fore, REM sleep may provide a suitable environment for ABNs to

form a memory trace in downstream circuitry, perhaps through

theta-related mechanisms. Thus, it would be particularly inter-

esting to understand how young ABNs that are active in REM

sleep are specifically selected.
olidation

consolidation period (C), and outside the period (E).

type; error bars, SEM), after optogenetic silencing during REM sleep within (D;

side the protein synthesis-dependent memory consolidation window (F; n = 9/

way repeated-measures ANOVA, n = 12–13/genotype; error bars, 95% CI).

ss (J) within the memory consolidation window (n = 11–14mice/genotype; error

same tamoxifen injection protocol.

ice/genotype) or 10 (N andO; n = 17–18mice/genotype) weeks after tamoxifen

significance (p = 0.05). Green box denotes theminimumdegrees of freedom for

ithin each group. Error bars, 95% CI.

fear conditioning (R) (n = 9 mice/genotype; error bars, SEM).

t test; n = 10–12/genotype; error bars, SEM).
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Regarding the second possibility, a dynamic change in the

ensemble activity of young ABNs that are active in REM sleep af-

ter learning may constitute the memory trace, similar to that for

fear memory formation in the amygdala (Grewe et al., 2017).

Althoughwe did not detect differences in averageCa2+ event fre-

quency during the memory retrieval test between REM+ and

REM� ABNs, this does not rule out the possibility that changes

in the activity of each REM+ ABN collectively constitute a popu-

lation ensemble that represents a memory trace. However, the

sparseness of REM+ ABN activity hampered population analysis

in this study.

To test these possibilities in the future, ABN activity must be

analyzed with higher temporal resolution and more specifically

manipulated. Although Ca2+ imaging provides a good indication

of differences in neural activity between brain states (e.g., wake-

fulness versus sleep), genetically encoded Ca2+ sensors cannot

achieve the resolution necessary to assess theta modulation

(e.g., Akerboom et al., 2012). Moreover, to specifically select

and control ABNs that are active during REM sleep, a method

capable of manipulating ABN activity with higher temporal reso-

lution compatible with the short nature of single REM episodes

(�1 min) is required. Newly developed technologies may over-

come these issues (Adam et al., 2019; Lee et al., 2017; Wang

et al., 2017). Nevertheless, our findings indicate that sparse

and finely tuned hippocampal ABN activity is necessary for

REM sleep-dependent memory consolidation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT/RESOURCE SOURCE IDENTIFIER(S)

Antibodies

Anti-NeuN mouse IgG antibody Millipore MAB377; RRID:AB_2298772

Anti-GFP rabbit IgG antibody Thermo Fisher A11122; RRID:AB_221569

Anti-Dcx goat IgG antibody Santa Cruz Biotechnology sc-8066; AB_2088494

Alexa Fluor 488 conjugated anti-Mouse IgG antibody

F(ab’)2 fragment

Jackson Immunoresearch

Laboratories

715-546-151; RRID:AB_2340850

biotin conjugated anti-Goat IgG antibody F(ab’)2

fragment

Jackson Immunoresearch

Laboratories

705-066-147; RRID: AB_2340398

Virus

pAAV-pEF1a-mCherry-IRES-WGACre a gift from Dr. Karl Deisseroth,

Stanford University

N/A

pENN.AAV.CamKII 0.4.Cre.SV40 a gift from Dr. James M. Wilson

(Addgene plasmid # 105558)

#105558; RRID:Addgene_105558

Transgenic Mice

Mouse, pNestin-CreERT2 Jackson Laboratory 016261; RRID:IMSR_JAX:016261

Mouse, Rosa26-CAG-loxP-stop-loxP(LSL)-GCamP3 Jackson Laboratory 014538; RRID:IMSR_JAX:014538

Mouse, Rosa26-CAG-LSL-eNpH3.0-YFP Jackson Laboratory 024109; RRID:IMSR_JAX:024109

Mouse, Rosa-LSL-tdTomato Jackson Laboratory 007914; RRID:IMSR_JAX:007914

Mouse, Rosa26-CAG-LSL-ChR2(H134R)-YFP Jackson Laboratory 024109; RRID:IMSR_JAX:024109

Oligonucleotide Primers

Cre-forward: CATCTGCCACCAGCCAGCTATCAACTCG This paper N/A

ERT2-reverse: ACTGAAGGGTCTGGTAGGATCATACTCG This paper N/A

GC-forward: TGGGGATGGTCAGGTAAACT This paper N/A

GC-reverse: CCACATAGCGTAAAAGGAGCA This paper N/A

ChR-forward: TCTGCCTGGGTCTGTGTTATGGTGC This paper N/A

ChR-reverse: TGGTCTTGCGAATGTCGCCGTGG This paper N/A

Halo-forward: TGGATGTTCCATCTGCTTCTG This paper N/A

YFP-reverse: TTGCCGGTGGTGCAGATGAA This paper N/A

td-forward: CCGCCAAGCTGAAGGTGACCAAG This paper N/A

td-reverse: TGGATCTCGCCCTTCAGCAC This paper N/A

Imaging and Sleep Recording

Microendoscope lens (1-mm diameter, 4-mm length) Inscopix 1050-002176

Teflon-coated wires Cooner Wire AS633

Miniaturized microendoscope camera Inscopix nVista

Optic ferrule (200-mm diameter) Thorlabs CFLC230

Fiberoptic Rotary Joint Doric Lenses FRJ_1x2i_FC-2SMA_0.22

RNaseq

O.C.T. compound Sakura Finetek 4583

TRIzol reagent Thermo Fisher Scientific 15596026

SMARTer Stranded Total RNA Sample Prep Kit Takara Z4873N

CLC Genomics Workbench QIAGEN v10.1.1

BedTools

Quinlan and Hall, 2010

v2.25.0,

https://doi.org/10.1093/bioinformatics/btq033

(Continued on next page)
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Continued

REAGENT/RESOURCE SOURCE IDENTIFIER(S)

Other Software and Algorithms

Mosaic Inscopix V1.2

MATLAB Mathworks R2017b

CNMF-E package FOOPSI AR1 model

IgorPro 8 Wavematrics version 8.01B01

Vital recorder KISSEI COMTEC Vital recorder2

LabChart AD Instruments Ver7

TimeFZ O’HARA & CO., LTD. TimeFZ4

Freezeframe Med Associates Version 4.104

Spiso-3D Mukai et al., 2011 https://doi.org/10.1093/cercor/bhr059

GraphPad Prism GraphPad Software 7.04 for Windows

Other Chemicals

Tamoxifen Merck T5648

Sunflower Oil Wako 196-15265

Lucifer Yellow Thermo Fisher Scientific K.K. L453
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and datasets should be directed to and will be fulfilled by the Lead Contact, Masanori

Sakaguchi (sakaguchi.masa.fp@alumni.tsukuba.ac.jp).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and Code Availability
Data underlying the results described in this manuscript, except raw data for RNA analysis, are available at Mendeley Data: [https://

doi.org/10.17632/gfbdv5kfrz.1]: https://data.mendeley.com/datasets/gfbdv5kfrz/draft?a=fee1e084-7cd0-479b-99fc-a59a4cf1f7ab

RNaseq raw data are available at Mendeley Data: [https://doi.org/10.17632/pfgkv43yn7.1]: https://data.mendeley.com/datasets/

pfgkv43yn7/draft?a=a45e0f20-86a1-4306-a286-353f863d3e46

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were approved by the University of Tsukuba Institutional Animal Care and Use Committee. Mice were main-

tained in a home cage (cylindrical Plexiglas cage: 21.9-cm diameter, 31.6-cm height) in an insulated chamber (45.7 3 50.8 3

85.4 cm), whichwasmaintained at an ambient temperature of 23.5 ± 2.0�C under a 12-h light/dark cycle (9 am to 9 pm) with ad libitum

access to food and water in accordance with institutional guidelines.

Mice (Jackson Laboratory) harboring pNestin-CreERT2 (nestin mice, stock #016261), Rosa26-pCAG-loxP-stop-loxP(LSL)-

GCaMP3 (GC mice, Ai38, stock #014538), Rosa26-pCAG-LSL-eNpH3.0-YFP (Halo mice, Ai39, stock #014539), Rosa26-pCAG-

LSL-channelrhodpsin-2-YFP (ChR mice, Ai32, stock #024109), or Rosa-pCAG-LSL-tdTomato (tdTomato mice, Ai14, stock

#07914) were backcrossed in a C57BL6/J background more than 10 times. Nestin+/WT mice were bred with Halo+/+ mice, resulting

in F1 Halonestin and HaloWT offspring at a nearly 1:1 ratio. We used a similar method to create ChRnestin, GCnestin, and tdTomatonestin

mice. All transgenes in F1 mice were kept as heterozygotes in the chromosome used for the experiments (but not for breeding) to

avoid possible complications of overexpressing Cre recombinase (Forni et al., 2006) or loss of the Rosa allele (Zambrowicz et al.,

1997). Only male F1mice were used. Mice were group-housed 2-5 per cage before surgery and habituated to experimenter handling

by two or three 2-min handling sessions/day for a total of 11 sessions before behavioral experiments. Age-matched littermates were

always used to compare HaloWT versus Halonestin and ChRWT versus ChRnestin to avoid potential confounds of litter, age, cage,

tamoxifen administration, or light delivery. In this manner, the only difference between genotypes of mice was the presence of

Cre. Genotypes of Halo and ChR mice used in the experiments were reconfirmed by tail genotyping or the presence of fluorescence

signals in ABNs after completion of experiments.
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Primers used were as follows: For nestin mice, Cre-forward: CATCTGCCACCAGCCAGCTATCAACTCG, ERT2-reverse:

ACTGAAGGGTCTGGTAGGATCATACTCG; successful PCR amplification produced a 430-bp band. For GC mice, GC-forward:

TGGGGATGGTCAGGTAAACT, GC-reverse: CCACATAGCGTAAAAGGAGCA; successful PCR amplification produced a 226-bp

band. For ChR mice, ChR-forward: TCTGCCTGGGTCTGTGTTATGGTGC, ChR-reverse: TGGTCTTGCGAATGTCGCCGTGG;

successful PCR amplification produced a 321-bp band. For Halo mice, Halo-forward: TGGATGTTCCATCTGCTTCTG,

YFP-reverse: TTGCCGGTGGTGCAGATGAA; successful PCR amplification produced a 700-bp band. For tdTomato mice, td-for-

ward: CCGCCAAGCTGAAGGTGACCAAG, td-reverse: TGGATCTCGCCCTTCAGCAC; successful PCR amplification produced a

320-bp band.

METHOD DETAILS

Tamoxifen injection
To induce transgene expression (i.e., GC, tdTomato, ChR, Halo) in ABNs, all F1micewere treatedwith tamoxifen at 7weeks of age by

experimenters who were blind to genotype. This design ensured that the target neurons were from the same neural/stem progenitor

pool and that phenotypic differences betweenmice were not attributed to nonspecific tamoxifen effects. Tamoxifen (120mg/kg) was

injected into the peritoneal cavity five times at 1- or 2-day intervals, with completion of the injection period within 10 days. To prepare

tamoxifen solution, 30 mg tamoxifen (T5648, Merck, USA) was dissolved in 100 ml of 100% EtOH. Next, 1,000 ml sunflower oil (Wako,

Japan) was added and placed in an ultrasonic cleaner for further dissolution. In the last step, ethanol was evaporated by a centrifuge.

Implantation of lens and EEG/EMG electrodes
At 9 weeks of age, mice were anaesthetized with isoflurane and fixed in a stereotaxic frame (Stoelting, USA). The height of bregma

and lambda were adjusted to be equal. The microendoscope lens (1-mm diameter, 4-mm length, Inscopix, USA) was placed at ante-

rior-posterior (AP) �2.0 mm, medial-lateral (ML) +1.2 mm, and dorsal-ventral (DV) �1.95 mm. After implanting the lens, EEG/EMG

electrodes were placed (Kumar et al., 2015) (Figure S4A). Briefly, EEG electrodes were stainless steel recording screws implanted

epidurally at AP +1.5 mm and�3 mm and ML�1.7 mm, and EMG electrodes were stainless steel Teflon-coated wires (AS633, Coo-

ner Wire, USA) bilaterally placed into the trapezius muscles. One week after electrode placement, the baseplate for a miniaturized

microendoscope camera (nVista, Inscopix, USA) was attached above the implanted microendoscope lens. After baseplate surgery,

mice were habituated to the attached microendoscope camera for 7-8 days before recording. After completion of each experiment,

randomly chosen mice were subject to histological analysis to confirm the location of the lens in the brain.

Ca2+ imaging and data analysis
We tested several versions of GCaMP includingGCaMP3, 6 s, 6f, 7f, and 8, but only GCaMP3 showed consistent expression in young

ABNs in nestinmice; thus, this version was used. All Ca2+ imaging was performed at 11weeks of age. For the 4-h recordings shown in

Figure 1D, imaging started at zeitgeber time (ZT) = 1. For experiments involving foot shocks shown in Figures 1E–1H and S5C, the

recording duration was 2-3 h and began immediately after mice were returned to the home cage, which was around ZT = 1 or 4. For

baseline recordings, a recording period of 2-3 h during an equivalent circadian time period occurred on the previous day in the same

mice. For longitudinal recording over the course of the behavioral protocol shown in Figures 1I–1K, the recording started at ZT =�0.

For Ca2+ trace extraction by experimenters who were blind to mouse group, recordings were spatially down-sampled at 5.02 Hz

and motion-corrected in Mosaic v1.2 (Inscopix). Fluorescence traces from single neurons were extracted in MATLAB using con-

strained non-negative matrix factorization for microendoscopic data (CNMF-E) (Zhou et al., 2018). Raw video was filtered using a

mean-subtracted 2D Gaussian kernel resembling average neuron diameters (gSig = 4, gSiz = 12). Seed pixels were initialized with

a greedy model considering a minimum local correlation of 0.7 and a minimum peak-to-noise ratio (PNR) of 6. Local background

was correctedwith a ringmodel (radius = 25). False cell detection, cell merging, andmotion artifacts were verified by visual inspection

of neuron shape and temporal dynamics of Ca2+ transients. To detect significant Ca2+ transients, a 200th-ordermedian filter was used

to remove slow Ca2+ fluctuations not related to fast Ca2+ transients (e.g., slow variation in the internal storage of Ca2+ that may hinder

the proper extraction of Ca2+ transients). Signal was deconvolved using the CNMF-E package (FOOPSI, AR1 model). To reduce the

number of false positives, we constrained Ca2+ transients to beR 5 standard deviations from the remnant of the deconvolved Ca2+

signals (see Figure S3 for details). Raster plots and sleep stage matching were performed in IgorPro 8 (Wavemetrics). The timing of a

Ca2+ transient was estimated at the time of its peak. Fluorescence trace amplitudes are reported relative to the level of noise.

Average Ca2+ transient rate by event probability
The harmonic mean (Figure S3B, the inverse of the average inter-event interval) is widely used for rate estimation, including that of

Ca2+ transients. However, the harmonic mean may not be suitable for representing the slow rate of ABN Ca2+ transients. This is

because each wake or sleep episode can be as short as 10 s, whereas the Ca2+ transient rate is on the order of 1 event/min, making

it impossible to obtain a precise inter-event interval. Therefore, we examined the use of event probability to calculate the rate of ABN

Ca2+ transients (Figure S3C). Event probability was calculated by dividing the total number of Ca2+ transients by the total recording

time for all cells in each experimental group. To compare the use of event probability versus harmonic mean to calculate Ca2+ tran-

sient rate in REM sleep (as it has the shortest episode duration on average compared with that of NREMandwakefulness), we plotted
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the rate calculated by both methods (Figure S3D, y axis) against simulated events (Figure S3D, x axis). We first simulated events

generated according to a Poisson point process. Next, we obtained the distribution of REM episode durations from our experimental

data, fromwhich we created pseudorandomREM episodes. Finally, we calculated the Ca2+ transient rate in each episode. Using this

probability, we found that the harmonic mean tended to overestimate the Ca2+ transient rate at < 0.02 events/s, which is higher than

that previously reported in ABNs during wakefulness (Danielson et al., 2016). Therefore, we used the event probability method to

calculate ABN Ca2+ transient rate.

We calculated confidence interval (CI) for Ca2+ transient rate using a bootstrapmethod in which we estimated the distribution of the

mean rate by resampling with random replacement of cells (Figure S3E) (bootstrap resamples). This was repeated 10,000 times to

obtain a 95% CI (Figure S3F). To determine the mean difference between two groups, the CI of the difference between groups was

calculated. For multiple comparisons, statistical significance was corrected by the Bonferroni method.

Calculation of Ca2+ transients for 4 h
Due to the limits of our system for handling large amounts of image data (Windows 10 professional with 128GB RAM), we split each

4-h movie file into two shorter files (2 h each) for further processing and duplicated the above-described Ca2+ transient extraction

process for each mouse (total of 8 separated files from 4 mice). To detect the same cells in the two separated files for Figures

S4B and S4C, we used a previously described algorithm (Sheintuch et al., 2017).

Imaging ABN activity across the behavioral protocol
We used the same GCnestin mice and DS protocol, with a few modifications, to examine the likelihood of young ABNs being active

across different contextual fear conditioning and testing periods. In a preliminary experiment, we noticed that microendoscope

attachment reduced freezing behavior, seemingly due to its weight. Therefore, we performed 6 days of habituation to microendo-

scope attachment before contextual fear conditioning, which resulted in low but context-specific freezing (Figure S4S). On the con-

ditioning day, we attached themicroendoscope tomice at ZT =�0 and performedCa2+ recording for 10min in the home cage and an

additional 10 min in context A before the shock during conditioning, creating a single ‘‘Pre-shock’’ recording file for each mouse. We

then detached the microendoscope (< 1 min) to avoid a change in the field of view due to hitting themicroendoscope against the wall

during the shock, performed the DS protocol as described above in context A, re-attached the microendoscope (< 1 min), and per-

formed 5 min of recording after the shock in context A, creating a ‘‘Post-shock’’ recording file for each mouse. Subsequently, we

performed 2.5 h of recording toward the latter part of the 5.5-h consolidation period in the home cage (covering most of the REM

sleep episodes within the period of our image processing capability as described above) and 10 min of recording during the memory

retrieval test in context A without stopping the recording, creating a single ‘‘Consolidation-Test’’ recording file for each mouse. The

time gap between the end of the Post-shock period and the start of the 2.5-h recording window was 3 h 2 m ± 0 h 1 m (mean ± SEM)

and between the end of the 2.5-h recording window and the start of the Test was 7m ± 1m (mean ± SEM). Somemice were assigned

to a no-shock control group (i.e., DS protocol without shocks), and other mice underwent DS conditioning in context A followed 3 h

later by a 5-min session in context C. Context C consisted of a circular glass chamber (22-cm diameter) with a floor covered with

paper and no ethanol odor.

Tracking same cells across the behavioral protocol
To identify and track the same neurons within multiple imaging files across different behavioral settings (Figures 1I–1K), we concat-

enated the Pre-shock, Post-shock, and Consolidation-Test files into a single file. Then, we identified neurons from the concatenated

file (Ghandour et al., 2019; Jimenez et al., 2018) using the multi-batch implementation of CNMF-E, which is optimized for analyzing

multiple recordings, allowing us to project the same neuronal footprints across the file (Zhou et al., 2018).

To confirm that we tracked the same neurons across the concatenated file, we compared the footprints of identified neurons using

separate files as previously described (Ghandour et al., 2019; Gonzalez et al., 2019; Jimenez et al., 2018). We chose to compare Pre-

shock and Post-shock files because this is where the largest misalignment between files could have occurred due to disconnecting

themicroendoscope between the two recording sessions (Gonzalez et al., 2019). The spatial footprints of the identified neurons of the

Pre-shock and Post-shock periods were almost identical in the two separate files (Figure S3G) and the concatenated file

(Figure S3H).

Importantly, some neurons were detected in only one separate file (Figure S3I, green/red trace), which could lead to the misinter-

pretation of some neurons as inactive in some periods. However, these neurons displayed significant Ca2+ transients during the pe-

riods extracted from the concatenated file (Figure S3I, gray trace). This can occur when the local correlation or PNR of the pixels falls

below the threshold defined in CNMF-E when separate files are used. This issue is especially relevant to the experiment shown in

Figures 1I–1K, as the two recording files were only 5 min (Post-shock) and 20 min (Pre-shock) in duration, whereas ABN activity

is sparse (< 0.5 event/min) and not normally distributed.

Moreover, we found that the spatial component extracted from the concatenated file showed single round-shaped cells exhibiting

similar amplitudes and shapes of Ca2+ transients across different behavioral settings (Figure S3J, left). The time component demon-

strates truly silent neurons in some contexts, evidenced by their absence of Ca2+ transients (Figure S3J, right).

We next systematically evaluated the accuracy of our cell tracking. As the local correlation and PNR images are used to initialize

spatial footprints in the CNMF-E algorithm, we created images (Figure S3K, top) by multiplying the local correlation and PNR of each
Neuron 107, 552–565.e1–e10, August 5, 2020 e4
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target period from the concatenated file as previously described (Zhou et al., 2018). By thresholding these images with the parameter

used to detect neurons, we obtained spatial masks (Figure 3K, bottom) showing several coactive regions in target periods, reflecting

neuronal activities. Theoretically, the maximum similarity between the spatial masks of any two periods can be achieved when they

are perfectly aligned. Thus, we calculated a similarity score defined as the cosine similarity between the spatial mask vectors divided

by the cosine similarity obtained from their best alignment (Pnevmatikakis and Giovannucci, 2017). To test the performance of this

approach, we divided the Pre-shock period images into two halves and systematically introduced pixel misalignments in eight direc-

tions to the second half. As expected, this resulted in amonotonic decrease in similarity score between the two halveswith increasing

pixel misalignment (Figure S3L). Importantly, the 5-pixel misalignment equals the minimum distance between two neurons defined in

the CNMF-E configuration, which may lead to neural duplications (i.e., merging threshold), resulting in a similarity score of �0.4.

Finally, we examined similarity scores at the three most vulnerable points: (1) Pre-shock versus Post-shock (i.e., removal of the

microendoscope), (2) Post-shock versus Consolidation-Test (i.e., long duration (�3 h) between recording sessions), and (3) 1st

quartile versus 4th quartile of Consolidation-Test (i.e., long, continuous duration (> 2.6 h) of a single recording session). All three com-

parisons showed similarity scores > 0.95 (Figure S3L, inset). To further confirm stable identification of the same cells within long,

continuous recording sessions, we examined similarity scores between quartiles throughout the Consolidation-Test period, which

were consistently > 0.95 (Figure S3M). Taken together, these results provide evidence of our capability to track the same neurons

throughout the behavioral protocol.

Slice patch clamping
Coronal brain slices from 11-week-old Halonestin mice that received five tamoxifen injections were prepared as previously described

(Willadt et al., 2014). Current injection was performed with a patch clamp electrode at the soma. Orange light delivery was used to

stimulate Halo. Laser light was focused into the back focal plane of a LUMPLAN 403 lens and exited as a parallel beam. The diameter

and total area of the illuminated area was 1 mm and 0.78 mm2, respectively. Light power density was 66 mW/cm2.

Optic cannula and electrode implantation
At 8 (Figures 6L and 6M), 10, or 16 weeks (Figures 6N and 6O) of age, mice were anaesthetized with isoflurane and fixed in a stereo-

taxic frame by experimenters whowere blind tomouse genotype. The height of bregma and lambdawere adjusted to be equal. Optic

cannulas (200-mm diameter, 5-mm length optic fiber plus zirconia connector, Thorlabs, Japan) were placed at AP �2.00 mm, ML ±

1.10mm, andDV�1.95mm (Figure S6). For DG LFP recordings, an unsheathed portion of platinumwire was attached to the tip of the

optic fiber. After optic cannula implantation, electrodes were placed as described above. Mice were habituated to being chronically

tethered in the recording chamber for 7-8 days until they exhibited a regular sleep-wake cycle. After completion of each experiment,

randomly chosen mice were subject to histological analysis to confirm the location of the optic cannulas in the brain.

EEG/EMG/LFP recording
Before behavioral experiments, mice underwent baseline EEG/EMG/LFP recording in their home cage equipped with a data acqui-

sition system (LabChart, AD Instruments, New Zealand for GCnestin mice; Vital recorder, KISSEI COMTEC, Japan for other mice).

EEG/EMG/LFP signals were recorded during BL and AS periods for each mouse. EEG/EMG/LFP data were collected at a sampling

rate of 100 Hz for GCnestin mice and 128 Hz for other mice. Coaxial electric and optic (Doric Lenses, Canada) slip rings allowedmice to

move and sleep naturally.

Sleep stage analysis
Real-time vigilance state analysis was conducted based on visual characteristics of EEG and EMGwaveforms with consistent timing

indicators on the display for wave frequency determination and video surveillance of mouse movement by experimenters blind to

mouse genotype. Wakefulness was defined by continuous mouse movement or de-synchronized low-amplitude EEG with tonic

EMG activity. NREM sleep was defined by dominant high-amplitude, low-frequency delta waves (1-4 Hz) accompanied by less

EMG activity than that observed during wakefulness. REM sleep was defined as dominant theta rhythm (6-9 Hz), and the absence

of tonic muscle activity. Based on sleep state judgement, the operator controlled the pulse generator, which was connected to the

laser controller (see Table S1 for verification of the timing of light delivery). 470-nm blue and 590-nm orange lasers (Shanghai Lasers,

China, 20 mW fiber output at the tip of the optic cannula) were used to stimulate ChR2 and Halo, respectively. The generators pro-

duced 0.05-Hz transistor-transistor logic pulses (10 s on/off cycles) for the orange laser and 20-Hz pulses (25-ms on/off cycles) for the

blue laser. Offline sleep architecture analysis and Fast Fourier Transform analysis were performed using Sleep Sign software (KISSEI

COMTEC) based on the above criteria. If a 10 s epoch contained more than one sleep state (NREM sleep, REM sleep, or wakeful-

ness), the most represented state was assigned for the epoch (Kumar et al., 2015).

Duration and timing of light delivery
The total duration of silencing, on average, was 11 min during REM sleep, 105 min during NREM sleep, and 21 min during wakeful-

ness. The sensitivity and accuracy of light delivery procedures were calculated by comparing online and offline judgements of sleep

state. Briefly, we first subdivided the 6-h time window of light intervention into 10 s epochs offline and classified each epoch into true
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positive (TP: the light was correctly on), false positive (FP: incorrectly on), false negative (FN: incorrectly off), or true negative (TN:

correctly off) categories (Table S1). Two measures were calculated as follows:

Sensitivity = TP=ðTP + FNÞ
Accuracy = ðTP + TNÞ=ðTP + FP + FN + TNÞ

Affected number of Ca2+ transients by silencing
The absolute number of Ca2+ transients observed during imaging cannot be compared to the extent of optogenetic silencing for two

reasons. First, the effective area differs between imaging and optogenetic intervention (Figure 3C); the lens for Ca2+ imaging has a

focal plane, but optogenetic intervention does not. Second, the imaging experiment only recordedCa2+ signals fromABN cell bodies.

However, optogenetic intervention impacts not only cell bodies but also spines, dendrites, and axons. Notably, ABN axons form a

bundle-like structure (i.e., mossy fiber pathway) that takes an orthogonal path toward the CA3, passing through the illuminated re-

gion. Statistically speaking, the Ca2+ transients of ABNs during REM sleep are not randomly distributed, and the total REM duration

within the 6 h of optogenetic intervention extends to 22.2 min on average (Figure 3D). These factors were considered to estimate the

affected number of ABNs by optogenetic stimulation.

Calculating auto-correlation values
We subdivided all REM sleep episodes within 6 h after contextual fear conditioning into 10 s epochs from DG LFP recordings.

Epochs < 10 s were ignored. A total of 902 sets of time series (10 s epochs) were generated. For each time series, we calculated

the auto-correlation function as

CðtÞ = CxðtÞxðt + tÞD� CxðtÞD2
CxðtÞ2D� CxðtÞD2

where x(t) is the local field potential at time t, t is time lag (s), and <. > denotes the average over the entire length of the time series.

We obtained tmax values at which the auto-correlation was maximal (i.e., max corr. value) within the first and second negative peaks.

Spine analysis
Due to the necessity of visually identifying ABNs (by YFP signal) to inject the tracer dye for analyzing spines in control groups, we used

Halonestin mice with no light delivery and ChRnestin mice with orange light (590 nm) delivery, which does not activate ChR2 (Han et al.,

2009). Halonestin and ChRnestin mice underwent IS or DS conditioning at ZT = 2, after which orange light was delivered to ABNs in REM

sleep during a 6-h period (except for in the no light group) with experimenters blind to mouse genotype. At ZT = 8, mice were deeply

anesthetizedwith isoflurane and decapitated. Immediately after decapitation, the brain was removed from the skull and placed in ice-

cold oxygenated (95%O2, 5%CO2) artificial cerebrospinal fluid (ACSF) containing (inmM): 124NaCl, 5 KCl, 1.25 NaH2PO4, 2MgSO4,

2 CaCl2, 22 NaHCO3, and 10 D-glucose; pHwas 7.4. The hippocampus was dissected, and 200-mmslices transverse to the long axis

from the middle third of the hippocampus were cut using a vibratome (Leica). Hippocampal slices were transferred to an incubation

chamber containing ACSF held at 25�C for 2 h to allow slice recovery. Slices were then prefixed with 4% paraformaldehyde (PFA) at

4�C overnight. ABNs within slices were visualized by injection of Lucifer Yellow (Duan et al., 2002) (Thermo Fisher Scientific K.K.,

Japan) and an Olympus EX51WI microscope (Olympus, Japan) equipped with a STC-TB33USB-AS CCD camera (OMRON SEN-

TECH, Japan) and 60 3 water immersion lens (Olympus). Under the visual guidance of YFP signal, ABNs were selectively injected

with a glass electrodewith a tip filledwith 5%Lucifer Yellow for 15min using Axopatch 200A (Axon Instruments, USA). Neuronswithin

a 100-mm depth from the surface of a slice were injected.

Fear conditioning
As the experiments were conducted at two different facilities, we used two similar but slightly different fear conditioning contexts: one

(Kishimoto et al., 2015) for GCnestin mice and another (Purple et al., 2017) for other mice. For GCnestin mice, the conditioning chamber

consisted of clear acrylic walls and a stainless steel grid floor (width3 depth3 height, 3103 2503 280mm;O’Hara and Co., Japan).

The grid floor had bars (2.0-mm diameter) spaced 6.0 mm apart allowing the delivery of electric shocks. A white acrylic drop pan

under the grid floor was cleaned with 75% ethanol, which also provided a background odor. The conditioning chamber was placed

inside an isolated behavioral chamber to keep the visual and sensory cues constant. A camerawas placed at the top of the behavioral

chamber and was remotely controlled so that mice could not see the experimenter during context exposure. The same context was

used for the DS and IS experiments. For other mice, a metal conditioning chamber contained a stainless steel grid floor (3103 2403

210 mm; MED Associates, USA). The grid floor consisted of bars (3.2-mm diameter) spaced 7.9 mm apart allowing the delivery of

electric shocks. A stainless steel drop pan under the grid floor was also cleaned with 75% ethanol. The front, top, and back of
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the chamber were made of clear acrylic, and the two sides were made of aluminum panels. The visual and sensory cues were kept

constant. A camerawas placed at the back of the chamber andwas remotely controlled so thatmice could not see the experimenters

during context exposure.

One day after the baseline recording session in the sleep chamber, mice underwent contextual fear conditioning around ZT = 1 or 4

for GCnestin mice or ZT = 2 for Halonestin and ChRnestin mice by experimenters blind to mouse genotype. Mice in both the DS and IS

groups received three electrical foot shocks (0.75 mA, 2 s) during a 360 s session. In the DS group, mice received a shock 148, 238,

and 328 s after being placed in the context and were returned to their home cages 30 s after the last shock. In the IS group, mice

received a shock 0, 4, and 8 s after being placed in the context and were returned to their home cages at the end of the 360 s session.

After conditioning, mice underwent Ca2+ imaging or light delivery sessions (except for in the no light group) in their sleep chamber

by experimenters blind to mouse genotype. At the same of the conditioning on the next day, mice were placed in the conditioning

context for 5 min. Freezing behavior was used as an index of contextual fear memory. Freezing behavior was measured using an

automated scoring system (Ohara system for GCnestin mice or Freezeframe (Med Associates) for other mice) and was defined as

a R 1 s continuous absence of movements except for breathing. Shock reactivity was calculated for each mouse by comparing

its movement during the 2 s of the first shock and 2 s immediately before the first shock (Figures 6G and 6H).

For auditory fear conditioning, micewere placed in the conditioning context (context A) for 360 s in total, and three tones (30 s each,

2800Hz, 85 dB) were played at 120, 210, and 300 s, with each tone co-terminating with a 2 s foot shock (0.75mA). During thememory

test, mice were placed in a non-conditioned context (context B) for 360 s in total, and the tone was played during the last 180 s of the

session. Context B was similar to the conditioning context except that the floor and sides of the chamber were covered with white

plastic sheets, a piece of cardboard with a blue and white rectangular pattern was affixed to the back wall, and ethanol was not used

for cleaning.

Confocal microscopy and morphological analysis
In vitro imaging analysis was performed from sequential z-series scans with a Leica TCS SP8+ confocal microscope (Leica, Ger-

many). For analysis of spines, 3D images were constructed from approximately 20 sequential z-series sections of neurons scanned

every 0.45 mm with a 63 3 oil immersion lens (Leica). Confocal images were deconvoluted using Hyvolution software (Leica). Spine

density, head diameter, and neck length were measured with Spiso-3D software (Mukai et al., 2011). Spine density was calculated

from the number of spines in the field of view, which contained a 40- to 55-mm portion of a dendrite. We focused on analyzing den-

drites within the outer molecular layer located 80-120 mm from the soma (Hojo et al., 2015). Within this portion of dendrites, granule

neurons mainly receive excitatory synaptic inputs from the lateral and medial entorhinal cortex through the perforant path (Dolorfo

and Amaral, 1998). Spines were defined as protrusions from the dendritic stalk with a rounded head region. Spine neck length

was determined using coordinates for centers of the spine head and dendrite. The overlap between NeuN and tdTomato signals

was confirmed in 1-mm optical sections of the DG upper blade in the dorsal hippocampus using a 40 3 oil lens.

WGA labeling
WGAcre fragment was synthesized from pAAV-EF1a-mCherry-IRES-WGACre (a gift from Dr. Karl Deisseroth, Stanford University)

and cloned into retrovirus by replacing the GFP-expressing cassette in the pCAG vector (#49054, Addgene, USA). The original

plasmid was used to create GFP-expressing virus for control experiments. The transgene was packaged into moloney murine leu-

kemia virus (MMLv) with a titer of approximately 2 3 109 transfection units/ml (GT3 Core Facility, Salk Institute), similar to previous

described procedures (Tiscornia et al., 2006) except that only gag-pol and env (VSV-G) helper plasmids were used. Hemizygous

tdTomato mice at 6-8 weeks of age were used for stereotaxic injection to target ABNs (AP �2.0 and �2.7, ML ± 1.55 and ± 2.0,

DV �2.0 and �2.25) with 1 ml MMLv at each site. Mice were perfused 2 or 4 weeks post-infection for analysis. Imaging and quanti-

fication of tdTomato-expressing neurons were performed using a microscope (Imager M2, Zeiss) with 10 3 and 20 3 lenses.

Immunohistochemistry
Mice were perfused transcardially with PBS (0.1 M) and 4% PFA. Brains were removed, fixed overnight in PFA, and transferred to

PBS. Coronal sections (40 mm) were cut using a vibratome (VT1200S, Leica). Sections were incubated overnight with mouse mono-

clonal anti-NeuN (1:1,000; Millipore), goat polyclonal anti-Dcx (1:200; Santa Cruz Biotechnology), and/or rabbit polyclonal anti-GFP

(1:8,000; Thermo Fisher) primary antibodies and for 60min at 20�Cwith Alexa Fluor- or biotin-conjugated secondary antibody (1:750;

Jackson Immunoresearch Laboratories, USA). An ABC kit (Vector, USA) and TSA reaction were used for signal amplification for Dcx

staining. Sections were mounted on slides with mounting medium containing DAPI (Merck).

Transcriptome analysis
After contextual fear conditioning and silencing of young ABNs during REM sleep (ZT = 2-8), brain samples were obtained at ZT = 8 (5

pm). Mice were sacrificed by cervical dislocation, and brains were immediately removed from the skull and frozen at �80�C in OCT

compound (Sakura Finetek USA). Five coronal sections (10 mm) around AP�2.00 mm containing the DG were prepared. After meth-

anol fixation, hematoxylin staining, and dehydration by ethanol, the upper blades of the DG were obtained by laser microdissection

(LMD-6000, Leica). For isolation of total RNA, 160 ml Trizol reagent (Thermo Fisher Scientific) was added to tissue pieces isolated by

LMD and processed according to the manufacturer’s instructions except that isolation was performed in 200-ml PCR tubes until
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phase separation. RNA yield and degradation status were monitored by a Bioanalyzer RNA Pico chip (Agilent Technologies). Total

RNA samples (484-3,484 pg) were directly used as input for library synthesis using the SMARTer Stranded Total RNASample Prep Kit

(Takara). Sequencing libraries were quantified by a DNA High-Sensitivity chip (Agilent Technologies). 2 3 36-base sequencing was

performed by Illumina NextSeq500 (Illumina) at Tsukuba i-Laboratory LLP.

Sequencing read FASTQ files were imported to CLC Genomics Workbench (v10.1.1, QIAGEN) and mapped to the mm10 mouse

genome. Total counts were obtained for 49,585 genes. Data were analyzed using Empirical Analysis in the DGE tool after removal of

genes with maximum counts < 30 across all samples (n = 8), which left 11,170 genes. Differentially expressed genes (n = 9) were

defined as having an FDR corrected p < 0.05 and |fold change| > 2. To visualize RNA sequencing reads, mapped tags were exported

fromCLCGenomicsWorkbench as BAMfiles, converted into bedgraph files using BedTools (v2.25.0), and visualized using theUSCS

Genome Browser. For promoter motif analysis, coordinates of 200-bp upstream and 100-bp downstream regions of transcription

start sites were created based on RefSeq database records and defined as promoter regions. Promoter regions for filtered up- or

downregulated genes were obtained and converted into nucleotide sequences as FASTA files. These sequences were analyzed us-

ing the DRMEME tool (http://meme-suite.org/), and results were used as input for TOMTOM to find enrichedmotif and corresponding

transcription factor candidates. Pathway analysis was performed using the Metascape webtool (https://metascape.org/gp/index.

html#/main/step1).

Granule neuron labeling, imaging, and manipulation
We used the same volume (180 nl) of AAV:CaMKII-Cre vector from only one preparation (i.e., single batch) and the same duration

between virus injection and imaging/optogenetic manipulation (26 days) across all AAV experiments.

AAV vector was prepared as previously described (Lazarus et al., 2011). Briefly, AAV was generated by tripartite calcium phos-

phate transfection (AAV-1 expression plasmid, Penn Vector Core), adenovirus helper plasmid (Agilent), and pAAV plasmid pEN-

N.AAV.CamKII 0.4.Cre.SV40 (#105558, Addgene, USA) into 293A cells. After 3 days in 5% CO2 at 37�C, 293A cells were re-sus-

pended in artificial cerebrospinal fluid, frozen and thawed four times, and treated with benzonase nuclease (Millipore, ref. #E1014)

to degrade all forms of DNA and RNA. Cell debris were removed by centrifugation, and the virus titer in the supernatant was deter-

mined using real-time polymerase chain reaction (> 1 3 1013 viral genome/ml).

Virus injection was performed as previously described (Lazarus et al., 2011). Briefly, adult mice (�8-week-old GC mice or �9-

week-old Halo mice) were anesthetized with isoflurane and fixed in a stereotaxic frame (Stoelting, USA). AAV solution was injected

into the dorsal hippocampus at AP 2.0mm,ML�1.5mm, andDV 1.5mm relative to bregma. Virus was injected using a picospritzer III

air pressure-based injection system (S48 Stumilator, Grass Technologies, USA) connected to a glass pipet injector. Injections were

performed slowly over 15 min. After microinjection, the injector needle was left in place for 5 min and then slowly withdrawn. Mice

were allowed to recover for 1 week before lens implantation (and then another 1 week after baseplate implantation) or 2 weeks

for the silencing experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism version 7.04 for Windows (GraphPad Software, USA) or Igor Pro version

8.01B01 (Wave Metrics, USA). Type I error was set at 0.05. Shapiro-Wilk tests were performed to assess the normality of data.

Brown-Forsythe tests were performed to assess homogeneity of variance. Other details of statistical analyses are described in

the figure legends and below.

Figure 1D. NREM versusWake: bootstrap with Bonferroni correction, p < 0.05 for 1 h, 2 h, 3 h, and 4 h. REM versus NREM: bootstrap

with Bonferroni correction, p < 0.05 for 1 h. Wake versus REM: bootstrap with Bonferroni correction, p < 0.05 for 1 h, 2 h, 3 h, and 4 h.

Figure 1F. DS (n = 14) versus IS (n = 17), t(25) = 6.0,Welch corrected, p < 0.0001.When testing onlymice used for imaging (n = 7 each),

t(12) = 2.8, p = 0.016. Two-tailed unpaired t test.

Figure 1G. n = 7 mice. REM, AS versus BL: bootstrap, p > 0.05.

Figure 1H. n = 7 mice. REM, AS versus BL: bootstrap, p < 0.05.

Figure 1J. To avoid losing statistical power due to multiple comparisons and bias due to arbitrarily chosen comparisons, we

compared pre-shock HC versus other time period data (six comparisons) and REM+ versus REM- data within each time period

(four comparisons), resulting in a total of 10 comparisons made by bootstrap with Bonferroni corrections. Within REM-, pre-shock

HC versus pre-shock A, p = 0.086; versus post-shock A, p = 0.59; versus test A, p = 0.74. Within REM+, pre-shock HC versus

pre-shock A, p = 0.17; versus post-shock A, p = 0.039; versus test A, p = 0.50). For REM- versus REM+, pre-shock HC, p = 0.36;

pre-shock A, p = 0.35; post-shock A, p = 0.0051; test A, p = 0.98. n = 59 and 36 neurons in REM- and REM+ groups, respectively,

from 7 mice.

Figure 1K. Post-shock A: inactive versus active, n = 60 and 36 neurons, respectively, from 7mice, bootstrap, p < 0.01; test A: inactive

versus active, bootstrap, n = 72 and 24 neurons, respectively, from 7 mice, p > 0.9.

Figure 2E. Two-tailed paired t test, t(5) = �11.7, p < 0.001.

Figure 2F. Two-tailed paired t test, t(4) = 15.4, p < 0.0001.

Figure 3D–3F. See Data S1 for details of statistical analysis.
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Figures 3G and 3H. HaloWT (G, n = 13), Halonestin (H, n = 12). Power during BL and ASperiods showed no obvious differences between

HaloWT and Halonestin mice as evaluated by their 95% CIs.

Figures 3J–3L. Peak auto-correlation values within the theta band: (J) HaloWT (n = 434 epochs from 3 mice) and Halonestin (n =

468 epochs from 3 mice) mice (Mann-Whitney test, W = 100.150, p = 0.72). (K) HaloWT mice (off, n = 205 and on, n = 229 epochs

from 3 mice; Mann-Whitney test, W = 24.240, p = 0.56). (L) Halonestin mice (off, n = 225 and on, n = 243 epochs from 3 mice;

Mann-Whitney test, W = 26.873, p = 0.75).

Figure 4. Please see Data S2 for the details.

Figure 5. As some groups did not show normal distributions or equal variance of spine data, we employed a bootstrap method to

estimate F-test statistic distribution based on

F =
Between group variance

Within group variance
:

We first normalized all data to obtain a mean of 0 by subtracting each value from the group mean. Next, we obtained a distribution of

empirical F-values by bootstrapping each value in the group. This was repeated 10,000 times. Finally, we examined whether the

calculated F-values fell above 95% of the empirical F-value distribution. For post hoc tests, we estimated the distribution of the

mean differences between two groups by resampling with random replacement of each data point. This was repeated 10,000 times

to obtain a 95% CI. For multiple comparisons, statistical significance was corrected using the Bonferroni method (total 15

comparisons).

Group #1: IS/-/Halo (Halonestin mice in the IS group without light delivery), 1,481 spines, n = 30 dendrites, 18 neurons, 3 mice

Group #2: DS/-/Halo (Halonestin mice in the DS group without light delivery), 2,402 spines, n = 39 dendrites, 18 neurons, 3 mice

Group #3: DS/+/ChR (ChRnestin mice in the DS groupwith orange light delivery), 2,529 spines, n = 40 dendrites, 15 neurons, 3mice

Group #4: DS/+/Halo (Halonestin mice in the DS groupwith orange light delivery), 2,215 spines, n = 36 dendrites, 16 neurons, 3mice

Figure S1D. Data from 2,435, 3,234, and 7,754 neurons, n = 4, 3, and 6 mice at 2, 4, and 10 weeks, respectively.

Figure 5C. One-way ANOVAwith bootstrapmethods, F(3, 141) = 3.0, p < 0.05; post hoc bootstrap andBonferroni correction, p < 0.05

for IS/-/Halo versus DS/-/Halo, IS/-/Halo versus DS/+/ChR, and IS/-/Halo versus DS/+/Halo.

Figure 5D. One-way ANOVA, F(3, 141) = 3.4, p < 0.05; Sidak’s multiple comparison tests, IS/-/Halo versus DS/-/Halo, p < 0.05, IS/-/

Halo versus DS/+/ChR, p = 0.055, IS/-/Halo versus DS/+/Halo, p < 0.05.

Figure 5E. One-way ANOVA, F(3, 141) = 6.0, p < 0.001; Sidak’s multiple comparison tests, p < 0.05 for IS/-/Halo versus DS/+/Halo,

DS/+/ChR versus DS/+/Halo, and DS/-/Halo versus DS/+/Halo.

Figure 6B. HaloWT (n = 12) versus Halonestin (n = 12): two-tailed unpaired t test, t(22) = 0.72, p = 0.48.

Figure 6D. HaloWT (n = 13) versus Halonestin (n = 12): two-tailed unpaired t test, t(23) = 2.2, p = 0.041.

Figure 6F. HaloWT (n = 9) versus Halonestin (n = 9), two-tailed unpaired t test, t(16) = 0.020, p = 0.98.

Figure 6H. Mouse movement 2 s before shock versus 2 s during first shock. HaloWT (n = 13) versus Halonestin (n = 12), two-way

ANOVA, group 3 time, F(1, 23) = 1.1, p = 0.31; time: F(1, 23) = 173, p < 0.0001; group, F(1, 23) = 0.41, p = 0.53.

Figure 6I. HaloWT (n = 11) versus Halonestin (n = 14): two-tailed unpaired t test, t(23) = 1.1, p = 0.29.

Figure 6J. HaloWT (n = 14) versus Halonestin (n = 12): two-tailed unpaired t test, t(24) = 0.35, p = 0.73.

Figure 6M. HaloWT (n = 13) versus Halonestin (n = 16), two-tailed unpaired t test, t(27) = 0.84, p = 0.41.

Figure 6O. HaloWT (n = 17) versus Halonestin (n = 18), two-tailed unpaired t test, t(33) = 1.8, p = 0.084.

Figure 6S. HaloWT (n = 9) versus Halonestin (n = 9), two-way ANOVA, group 3 time, F(5, 105) = 0.67, p = 0.65; time: F(5, 105) = 29,

p < 0.0001; group, F(1,21) = 0.0028, p = 0.96.

Figure 6V. ChRWT (n = 12) versus ChRnestin (n = 14), two-tailed unpaired t test, t(24) = 2.1, p = 0.046.

Figure S1E. Data from 775, 415, and 951 neurons, n = 3, 3, and 3 mice at 2, 4, and 10 weeks, respectively, two-tailed Pearson’s cor-

relation, r(7) = 0.85, p < 0.004.

Figure S1G. Data from 596 tdTomato+ neurons, n = 3 mice.

Figure S2I. GFP 4-week versus WGA 2-week versus WGA 4-week: Kruskal-Wallis H test, H = 1.3, p = 0.55.

Figure S4K. Wake, NREM, REM: BL versus AS, bootstrap, p > 0.05

Figure S4L. Two-way ANOVA, sleep stage3 time: F(2, 24) = 0.27, p = 0.77; sleep stage: F(2, 24) = 45, p < 0.0001; time: F(1,12) = 0.47,

p = 0.50.

Figure S4M. Two-way ANOVA, sleep stage3 time: F(2, 24) = 1.3, p = 0.29; sleep stage: F(2, 24) = 12, p = 0.0003; time: F(1,12) = 3.1,

p = 0.10.

Figure S4N. Two-way ANOVA, sleep stage3 time: F(2, 24) = 1.6, p = 0.23; sleep stage: F(2, 24) = 69, p < 0.0001; time: F(1,12) = 1.6,

p = 0.23.

Figure S4O. REM: BL versus AS (n = 31, 14 events, respectively), bootstrap, p < 0.0005

Figure S4P. Two-way ANOVA, sleep stage 3 time: F(2, 12) = 2.1, p = 0.17; sleep stage: F(2, 12) = 40, p < 0.0001; time: F(1,6) = 1.3,

p = 0.29.
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Figure S4Q. Two-way ANOVA, sleep stage 3 time: F(2, 12) = 2.2, p = 0.16; sleep stage: F(2, 12) = 17, p = 0.0003; time: F(1,6) = 1.8,

p = 0.23.

Figure S4R. Two-way ANOVA, sleep stage3 time: F(2, 12) = 0.80, p = 0.47; sleep stage: F(2, 12) = 79, p < 0.0001; time: F(1,6) = 1.0,

p = 0.35.

Figure S4S. Test A, no-shock, n = 10 mice; test A DS, n = 7 mice; test C, DS, n = 7 mice. One-way ANOVA, F(2, 21) = 8.3, p < 0.05;

Dunn’s multiple comparison tests, test A no shock versus test A DS, p < 0.05, test A DS versus test C DS, p < 0.05.

Figure S4T. P(post-shock AX test A) / (P(post-shock A)3 P(test A)): REM+ versus REM-, n = 59 and 36 neurons, respectively, from 7

mice, bootstrap, p > 0.05.

Figure S4U. REM- versus REM+: pre-shock HC, n = 13 and 11 events, p = 0.47, bootstrap; pre-shock A, n = 22 and 17 events, p =

0.50, bootstrap; post-shock A, n = 16 and 20 events, p = 0.87, bootstrap; test A, n = 15 and 9 events, bootstrap, p = 0.12.

Figure S5C. BL, n = 548 neurons; AS, n = 361 neurons from 6 mice; REM: AS versus BL, bootstrap, p > 0.05.

Figure S5H. n = 7 neurons from 2 mice, two-tailed paired t test, t(5) = 29.9, p < 0.0001.

Figure S5I. n = 7 neurons from 2 mice, two-tailed Wilcoxon matched-pairs signed rank test, p < 0.05.

Figures S5K–S5M. DS/-/Halo (AAV:pCaMKII-Cre:Halo mice in the DS group without light delivery), 1704 spines, n = 32 dendrites, 14

neurons, 3 mice. DS/+/Halo (AAV:pCaMKII-Cre:Halo mice in the DS group with orange light delivery), 1783 spines, n = 34 dendrites,

18 neurons, 4 mice. (K) Two-tailed unpaired t test, t(64) = 0.000084, p = 1.0. (L) Two-tailed unpaired t test, t(64) = 0.73, p = 0.47. (M)

Two-tailed unpaired t test, t(64) = 0.37, p = 0.71.

Figure S5O. n = 13 mice/group, Kruskal-Wallis test, p = 0.16

Inventory of Supplemental Information
Figure S1 shows evidence of successful transgene induction in ABNs from pNestinCreERT2 mice, related to Figures 1, 2, 3, 4, 5,

and 6.

Figure S2 shows that �4 week-old ABNs made connections with medial temporal neuronal circuitry, related to Figures 1, 2, 3, 4, 5,

and 6.

Figure S3 explains how we defined Ca2+ transients from video recordings, estimated their rate using bootstrap methods, and longi-

tudinally tracked the same neurons, related to Figure 1

Figure S4 shows detailed data from Ca2+ imaging experiments, related to Figure 1.

Figure S5 provides control data from granular neurons, related to Figures 1, 2, 5, and 6.

Figure S6 shows placement of optic cannulas, related to Figures 1, 3, 4, 5, and 6.

Video S1 is an example Ca2+ recording video, related to Figure 1.

Video S2 is an example EEG and EMG recording video, related to Figures 1, 3, 4, 5, and 6.

Table S1 shows evidence of successful light delivery in each vigilance stage, related to Figures 1, 3, 4, 5, and 6.

Data S1 provides detailed results of statistical analyses, related to Figures 3D–3F.

Data S2 provides detailed results of transcriptome analysis, related to Figure 4.
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