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Abstract:

Sleep loss profoundly disrupts consolidation of hippocampus-dependent memory. To
better characterize effects of learning and sleep loss on the hippocampal circuit, we
guantified activity-dependent phosphorylation of ribosomal subunit S6 (pS6) across the
dorsal hippocampus of mice. We find that pS6 in enhanced in the dentate gyrus (DG)
following single-trial contextual fear conditioning (CFC), but is reduced throughout the
hippocampus after brief sleep deprivation (SD) — a manipulation which disrupts contextual
fear memory (CFM) consolidation. To characterize cell populations with activity affected
by SD, we used translating ribosome affinity purification (TRAP)-seq to identify cell type-
specific transcripts on pS6 ribosomes after SD vs. sleep. Cell type-specific enrichment
analysis (CSEA) of these transcripts revealed that hippocampal somatostatin-expressing
(Sst+) interneurons, and cholinergic and orexinergic inputs to hippocampus, are
selectively activated after SD. We used TRAP targeted to hippocampal Sst+ interneurons
to identify cellular mechanisms mediating SD-driven Sst+ interneuron activation. We next
used pharmacogenetics to mimic the effects of SD, selectively activating hippocampal
Sst+ interneurons while mice slept in the hours following CFC. We find that activation of
Sst+ interneurons is sufficient to disrupt CFM consolidation, by gating activity in
surrounding pyramidal neurons. Pharmacogenetic inhibition of cholinergic input to
hippocampus from the medial septum (MS) promoted CFM consolidation and disinhibited
neurons in the DG, increasing pS6 expression. This suggests that state-dependent gating
of DG activity is mediated by cholinergic input during SD. Together these data provide
evidence for an inhibitory gate on hippocampal information processing, which is activated

by sleep loss.
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Introduction:

Hippocampal plasticity and memory storage are gated by vigilance states. In both human
subjects and animal models, sleep loss disrupts consolidation of multiple types of hippocampus-
dependent memories (Abel et al., 2013; Havekes and Abel, 2017). This effect has been
extensively studied in mice, where as little as a few hours of experimental sleep deprivation (SD)
can disrupt hippocampally-mediated consolidation of object-place memory (Havekes et al., 2016;
Prince et al., 2014; Vecsey et al., 2009) and contextual fear memory (CFM) (Graves et al., 2003;
Ognjanovski et al., 2018). Recent work has characterized biochemical pathways involved in
memory consolidation which are disrupted in the hippocampus by SD (Aton et al., 2009b;
Havekes et al., 2016; Tudor et al., 2016; Vecsey et al., 2009). However, much less is known about

how SD affects hippocampal microcircuit function.

SD disrupts patterns of hippocampal network activity which are associated with memory
consolidation. For example, SD interferes with network activity changes induced in hippocampal
area CA1 by prior learning (CFC), which predict successful CFM consolidation (Ognjanovski et
al., 2018; Ognjanovski et al., 2014). The reason for this SD-mediated disruption is unknown.
Recently, activity-dependent regulation of protein translation machinery within dorsal
hippocampus was found to be essential for sleep-dependent memory consolidation (Tudor et al.,
2016). SD interferes with biochemical pathways which drive increased protein synthesis following
learning (Tudor et al., 2016; Vecsey et al., 2012). This suggest a link between state-dependent
changes in network activity and biosynthetic events necessary for appropriate memory

consolidation.

To better characterize the link between neuronal activity and protein synthesis in the
hippocampus during CFM consolidation, we characterized effects of learning and subsequent
sleep or SD on activity-dependent phosphorylation of ribosomal subunit S6 (pS6). We find that
CFC increases pS6 phosphorylation at a terminal serine residue (pS6 Ser242-244), and that SD
reduces pS6 Ser242-244 throughout the dorsal hippocampus. To identify cell populations
differentially expressing pS6 after sleep vs. SD, we used a pSer242-244 as an affinity tag for
translating ribosome affinity purification (pS6-TRAP). We then identified modules of cell-type
specific transcripts with expression correlated to wake time in sleeping and SD mice, and verified
these findings with qPCR. These analyses indicate that SD selectively activates (i.e., leads to
increased pS6 expression in) hippocampal Sst+ interneurons, and orexinergic (lateral

hypothalamic) and cholinergic (MS) neurons which send input to the hippocampus. We used
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TRAP in Sst+ interneurons (Sst-TRAP) to verify that activity-dependent transcripts are increased
in these neurons with SD. To assess how increased activity in the hippocampus Sst+ interneuron
population during SD affects memory consolidation, we used pharmacogenetics to selectively
activate these neurons in the hours following CFC. We find the mimicking the effects of SD on
Sst+ interneuron activity is sufficient for disruption of CFM consolidation in freely-sleeping mice.
Lastly, we tested the hypothesis that state-dependent regulation of the dorsal hippocampal
network is mediated by changes in activity of MS cholinergic neurons. We find that
pharmacogenetic inhibition of cholinergic input to hippocampus following CFC promotes CFM
consolidation, and increases pS6 expression in dorsal hippocampus. Together, these data
provide evidence for a state-dependent gate on network activity in the hippocampus, regulated
by Sst+ interneurons and MS cholinergic input, which causes SD-induced disruption of memory

consolidation.

Results:

Learning increases and sleep loss decreases phosphorylation of S6 in the hippocampus

Since brief sleep deprivation (SD) of only a few hours is sufficient to disrupt many forms
of hippocampus-dependent memory consolidation in mice (Graves et al., 2003; Havekes et al.,
2016; Ognjanovski et al., 2018; Prince et al., 2014; Vecsey et al., 2009), we first characterized
the effects of 3-h SD on S6 phosphorylation. Following 5 days of habituation to handling,
beginning at lights on (ZT0), mice either had continuous SD by gentle handling or were allowed
ad lib sleep (Sleep) prior to sacrifice at ZT3 (Figure 1A). Because S6 is sequentially
phosphorylated at five serine residues, we first quantified phosphorylation using an antibody
recognizing the initial Ser235-236 phosphorylation sites (pS6 235-236). Consistent with previous
reports (Tudor et al., 2016), 3-h SD did not alter either the number of pS6(Ser235-236)+ neurons
in the dentate gyrus (DG) or the intensity of pS6 235-236 staining in the pyramidal cell body layers
of CAl or CA3 (Figure 1C). We then quantified phosphorylation at the terminal S6 sites (Ser244-
247; hereafter referred to simply as pS6). in SD mice, we observed a significant decrease in the
number of pS6+ neurons in the dentate gyrus, and reduced intensity of pS6+ staining in pyramidal
cell body layers of CA1 and CA3 (Figure 1B, C). In contrast, neocortical regions adjacent the
dorsal hippocampus (i.e., primary somatosensory cortex) showed increased numbers of pS6+
neurons at both sites after 3-h SD (Figure S2).
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We verified that S6 phosphorylation is neuronal activity-driven, consistent with previous
reports (Pirbhoy et al., 2016), by quantifying co-expression of the activity-regulated protein Arc in
pS6+ neurons. Consistent with our previous findings (Delorme et al., 2019), 3-h SD reduced
numbers of both Arc+ and pS6+ neurons in the DG. Arc and pS6 were co-localized to a similar
extent in DG of both Sleep and SD mice (Figure 1D), with 77 £ 3.2% of Arc+ DG neurons also
being pS6+, and 54 + 2.8% of pS6+ neurons also being Arc+ (mean + SEM from n = 10 mice).

We next tested whether hippocampal S6 phosphorylation was affected by learning a
hippocampus-dependent memory task. Mice underwent single-trial contextual fear conditioning
(CFC; in which exploration of a novel chamber is paired with a foot shock) or, for comparison,
were left in their home cage (HC) at lights on. After this, both CFC and HC mice were either
allowed ad lib sleep, or had SD by gentle handling in their home cage. In freely-sleeping mice,
CFC increased the number of pS6+ DG neurons at both 30 min and 3 h post-CFC, relative to HC
controls (two-way ANOVA: main effect of time, F = 50.63, p < 0.001; main effect of learning, F =
33.59, p < 0.001; time x learning interaction, F = 2.22, p = 0.16) (Figure S1). In contrast, CFC did
not alter pS6 expression CA1 or CA3 of freely-sleeping mice, relative to HC controls. Consistent
with greater pS6 expression in the hippocampus after periods rich in sleep, pS6+ neurons
increased between the two timepoints (ZTO vs. ZT3) in both HC + Sleep and CFC + Sleep mice
(Figure S1). 3-h SD disrupted pS6 expression in the hippocampus following CFC, with fewer
pS6+ neurons in the DG and reduced pS6+ expression in CAl (Figure 1C). Taken together, these

data suggest that learning increases and SD reduces S6 phosphorylation in the hippocampus.

Identification of hippocampal cell types with altered S6 phosphorylation during SD

We next used an unbiased RNA-seq approach to identify cells in which pS6 expression
differs between Sleep and SD. Using pS6 as an affinity tag to isolate ribosomes and associated
transcripts in active cells, we performed pS6 translating ribosome affinity purification (pS6-TRAP)
(Knight et al., 2012). Hippocampi were collected from CFC and HC mice after 3 h ad lib sleep or
SD. Ribosome-associated transcripts were then isolated by pS6-TRAP for RNA-seq. To identify
clusters of co-regulated transcripts in our RNA-seq data (such as might be expected for
genetically-defined cell types), we used weighted gene correlation network analysis (WGCNA)
(Langfelder and Horvath, 2008) on transcripts with a variance greater than 0.03 (n = 1662
transcripts). WCGNA yielded 10 clusters (modules) of highly correlated transcripts in our data,

and a separate (Gray) cluster representing unassigned (uncorrelated) transcripts (Figure 2A,
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Supplemental Table 1). To determine which modules’ expression varied as a function of Sleep
vs. SD, we correlated the level of expression of module eigengenes with the percent of time mice
spent awake over the 3 h prior to sacrifice (Sleep = 25.6 = 2.2%, SD = 100 = 0.0% [mean %
SEM]). Results from the analysis revealed two significantly correlated eigengene clusters (Brown,
Magenta) whose expression negatively correlated with sleep time (Figure 2A). Since these
represented sub-clusters of the same module, we combined them for further analysis
(Brown/Magenta cluster).

Since our data suggested that the population of pS6+ neurons in the hippocampus may
differ in freely-sleeping and SD mice (Figure 1), we used cell type-specific expression analysis
(CSEA) (Xu et al.,, 2014) to quantify cell type-specifying transcripts represented in the
Brown/Magenta cluster, which were significantly affected by SD. CSEA was used to generate a
Padj value for overlap between transcripts in Brown/Magenta cluster and known cell type-specific
enriched transcripts of a particular specificity index p value (pSl) (based on a multiple
comparisons-corrected Fisher's exact test). Using the most stringent CSEA (pSI < 0.0001), we
identified Brown/Magenta cluster transcripts as mRNAs expressed most selectively in cholinergic
(Chat+) neurons (padgj = 0.036), orexinergic (Hcrt+) neurons (pag = 0.047), and Pnoc+ and Cort+
interneurons (pag; = 0.045) (Figure 2B-C, Supplemental Table 1). This suggests that after SD,
pS6 is associated with more transcripts from hippocampal neurons similar to these neuron types,
despite the fact that overall pS6 expression is reduced after SD. The former likely reflects
transcripts present in orexinergic inputs to the hippocampus from lateral hypothalamus and
cholinergic input from the medial septum, respectively - both of which are more active during
active wake vs. sleep (Kiyashchenko et al., 2002; Teles-Grilo Ruivo et al., 2017). With respect to
the latter finding, overlap between the Brown/Magenta cluster and transcripts expressed
selectively in Cort+ and Pnoc+ interneurons (Doyle et al., 2008; Taniguchi et al., 2011) included
transcripts encoding interneuron-specific transcription factors (DIx1) and secreted neuropeptides

somatostatin (Sst), neuropeptide Y (Npy), and corticotrophin-releasing hormone (Crh).

Hippocampal somatostatin-expressing (Sst+) interneurons and cholinergic inputs show

increased activity during brief SD

Sst and Npy neuropeptides are co-expressed in dendritic-targeting interneurons in DG,
CA3, and CA1, and play a role in gating neighboring neuronal activity (Kosaka et al., 1998; Pelkey
et al., 2017; Stefanelli et al., 2016). To confirm enrichment of Sst, Npy, and other CSEA-identified
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transcripts in the pS6+ cell population after SD, we carried out a second experiment in which CFC
and HC mice either were allowed 5 h of ad lib sleep or underwent 5-h SD. pS6-TRAP was followed
by quantitative PCR (gPCR) to measure cell type-specific transcripts from the hippocampus. We
found that independent of prior training (CFC or HC), SD caused similar enrichment for transcripts
present in GABAergic neurons in pS6-TRAP. While Gad67 and Pvalb transcripts were only
moderately increased following 5-h SD, Sst and Npy showed large increases (Figure 3A). SD
also increased Cht expression in both CFC and HC mice. These data support our unbiased
CSEA-based finding of increased abundance of Sst-expressing (Sst+) interneuron and

cholinergic neuron markers in the SD pS6+ population.

Because these data suggest that despite reduced total activation of hippocampal neurons
during SD, Sst+ interneurons in the hippocampus are more activated, we next quantified
expression of activity markers in Sst+ interneurons directly. We used TRAP to isolate mMRNAs
associated with translating ribosomes in this cell population using SST-IRES-CRE transgenic
mice expressing hemagglutinin (HA)-tagged Rpl-22 (RiboTag) in a Cre-dependent manner (Sanz
et al., 2019). Ribosome-associated transcripts from the hippocampus of these mice, isolated
following a 3-h period of sleep or SD, were quantified with gPCR. We first verified enrichment of
cell type-specific (i.e., Sst+ interneuron-specific) mMRNAs, by comparing transcript levels from
TRAP vs. Input (whole hippocampus) mRNA. Sst-TRAP significantly de-enriched glial (Gfap,
Mbp) and excitatory neuron (Vlugtl, Vglut2) selective transcripts, and significantly enriched for
Sst+ interneuron-expressed transcripts Gadl, Vgat, Sst, Npy, and Crhbp (Figure 3B). We then
tested whether 3-h SD increased the expression of activity-regulated transcripts in Sst+
interneurons, and found that Cfos (but not Npas4 or Arc), was significantly elevated at Sst+
interneurons’ ribosomes after SD (Figure 3C). We also tested whether SD-driven increases in
Sst, Npy, and Crhbp in pS6-TRAP were due to increased expression levels within Sst+
interneurons. Using gPCR for these neuropeptide transcripts in mMRNA isolated using Sst-TRAP
pulldown, we found that following 3-h SD, Sst, Npy, and Crhbp transcripts were all less abundant,
rather than more abundant (Figure 3C). The same change was not present in Input (whole
hippocampus) mRNA, where expression of Sst, Npy, and Crhbp mRNAs were all unchanged by
SD (Figure S3). We also used gPCR to quantify expression of other cell type-specific transcripts
identified in pS6-TRAP by WCGNA/CSEA. Of the transcripts tested, we found that SD increased
expression of Kenfl, encoding the voltage-gated potassium channel subunit Kv2.1 in Sst+
interneurons (Figure 3C). Critically, greater expression of Kcnfl is correlated with reduced action

potential threshold and increased neuronal firing rate (Bomkamp et al., 2019). Taken together,
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these data support the conclusion that SD-induced increases in Sst, Npy, and Crhbp transcripts

in pS6-TRAP reflect increases in the activity, and thus pS6 expression, within Sst+ interneurons.

To further validate increases in Sst+ interneuron activity after SD, we examined SD-driven
changes in pS6 expression in Sst+ and parvalbumin-expressing (Pvalb+) interneurons in the
dorsal hippocampus using immunohistochemistry (Figure 4A). As observed previously (Figure
1), 3-h SD reduced the total number pS6+ neurons in the DG (Figure 4B). However, at the same
time, 3-h SD increased pS6 expression among Sst+ interneurons in the DG, and showed a strong
trend for increased expression in CA3 Sst+ interneurons (Figure 4C). Overall numbers of Sst+
interneurons were similar between Sleep and SD mice, and consistent with gPCR results from
Sst-TRAP, the intensity of Sst staining among Sst+ interneurons was decreased after SD (Figure
S4).

Mimicking SD-driven increases in Sst+ interneuron activity in the hippocampus disrupts

sleep-dependent memory consolidation

Because the SD-associated increase in Sst+ interneuron activity has the potential to
profoundly suppress surrounding hippocampal network activity (Raza et al., 2017; Stefanelli et
al., 2016), we next tested how this process affects sleep-dependent memory consolidation. To
test this, we transduced the dorsal hippocampus of SST-IRES-CRE mice with an AAV vector to
express either the activating DREADD hM3Dg-mCherry or mCherry alone in a Cre-dependent
manner (Figure 5A). To confirm effects of pharmacogenetic manipulation on Sst+ interneuron
and surrounding DG granule cells’ neuronal activity, hM3Dg- and mCherry-expressing (n =5 and
4, respectively) mice were injected with clozapine-N-oxide (CNO; 3 mg/kg) at lights on and
allowed 3 h ad lib sleep in their home cage prior to sacrifice. hM3Dg-mCherry-expressing DG
neurons showed a significantly higher level of cFos expression at this time point (hM3Dq: 68.0 £
15.9% vs. mCherry: 2.0 £ 1.4%; p < 0.01 Student’s t-test) (Figure 5A, Figure 5B). To assess
effects of CNO on Sst+ interneuron-mediated inhibition in the surrounding DG, we quantified cFos
expression in non-transduced neurons in the DG granule cell layer. hM3Dq expression
significantly reduced numbers of cFos+ neurons in the surrounding DG relative to mCherry-
expressing control mice (p < 0.05, Student’s t-test) (Figure 5C). To test how activation of Sst+
interneurons affects memory consolidation, hM3Dg-mCherry- and mCherry-expressing mice
underwent single-trial CFC at lights on, after which they were immediately injected with CNO, and

returned to their home cage for ad lib sleep. 24 h later, at lights on, mice were returned to the
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CFC context to assess CFM. Mice expressing hM3Dg showed significant decreases in context-
specific freezing compared to mCherry-expressing control mice (p < 0.001, Student's t-test).
(Figure 5D). Together, these data show that sleep-dependent consolidation of CFM can be
disrupted via activation of Sst+ interneurons, which provide strong inhibition to the surrounding

hippocampal network.

Reducing cholinergic input to hippocampus improves sleep-dependent memory

consolidation and increases hippocampal pS6 expression

Cholinergic input from MS selectively increases activity and structural plasticity in Sst+
interneurons, via muscarinic receptor activation (Gais and Born, 2004; Hajos et al., 1998; Lovett-
Barron et al., 2014; Rasch et al., 2006; Raza et al., 2017; Schmid et al., 2016). Because
acetylcholine release in the hippocampus is higher overall during wake vs. sleep (Teles-Grilo
Ruivo et al., 2017), a reasonable assumption is that this drives higher Sst+ interneuron activity
during SD. We tested whether altering medial septum (MS) cholinergic input to the hippocampus
following CFC affected CFM consolidation. To do this, we transduced the MS of Chat-CRE mice
with an AAV vector to express the inhibitory DREADD hM4Di in a Cre-dependent manner.
Immunohistochemistry confirmed hM4Di-mCherry labeling of Chat+ terminals in the DG (Figure
6A), consistent with previous reports (Raza et al., 2017). To characterize the effects of reduced
MS cholinergic input on network activity in the hippocampus, hM4Di-expressing mice were treated
with CNO or VEH at lights on, and allowed 3 h ad lib sleep. Inhibition of cholinergic MS neurons
in CNO-treated mice increased numbers of pS6+ neurons in DG relative to VEH-injected mice (n
= 5 mice/group, p < 0.05, Student’s t-test) (Figure 6B). Transduced mice underwent single-trial
CFC at lights on, after which they were immediately injected with either CNO or vehicle (VEH) (n
= 10 mice/group), and were returned to their home cages for ad lib sleep. 24 h later, at lights on,
mice were returned to the CFC context to assess CFM. Mice administered CNO showed
significant increases in context-specific freezing compared to vehicle-treated mice (p < 0.05,
Student’s t-test) (Figure 6C). These data suggest that MS cholinergic input to the hippocampus
may mediate the state-dependent gating of hippocampal network activity in the same way that

somatostatin does, thus acting a brake on memory consolidation mechanism.

Discussion
Here we present converging lines of evidence that indicate SD disrupts activity in the

dorsal hippocampus, and disrupts memory consolidation, via a Sst+ interneuron-mediated
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inhibitory gate. First, we find that, similar to Arc mRNA and Arc protein (Delorme et al., 2019),
activity-dependent expression of pS6 in dorsal hippocampus increases across a brief period of
sleep (Figure S1), but is reduced by a period of SD (Figure 1). This effect of SD is enhanced by
prior learning (Figure 1, Figure S1), and seems to occur selectively in the hippocampus - it is not
seen in the neocortex (Figure S2). We find that under SD conditions, pS6 expression in Sst+
interneurons (but not other cell types) is increased, rather than decreased (Figure 4). Using pS6
itself as an affinity tag, we took an unbiased TRAP-seq approach to characterize cell types active
in the hippocampus during sleep vs. SD. We found that transcripts upregulated on pS6+
ribosomes after SD included those with expression unique to specific interneuron subtypes (e.g.,
Sst, Npy, and Crhbp), and markers of cholinergic and orexinergic neurons (e.g., Cht) (Figure 2,
Figure 3). Hippocampal Sst+ interneurons are enriched in the same interneuron-specific markers
identified as increasing in abundance after SD with pS6 TRAP-seq (Figure 3B). SD-driven
changes in their expression appear to be caused by greater activity in these neurons as a function
of SD (Figure 3, Figure S3).

Previous reports have shown that Sst+ interneurons gate DG network activity during
memory acquisition, and that their activation likewise gates initial learning (Raza et al., 2017;
Stefanelli et al., 2016). Considering we observe fewer activated DG neurons expressing either
Arc or pS6 after SD (Figure 1), one possibility is that by driving higher firing activity in Sst+
interneurons, SD may disrupt memory consolidation by acting as an inhibitory gate — i.e., limiting
activity in the surrounding network. Within the hippocampus, Sst+ interneurons target both
neighboring pyramidal cells and other interneuron types (such as PV+ interneurons) for inhibition
(Bloss et al., 2016; Harris et al., 2018; Katona et al., 1999; Katona et al., 2014, Pelkey et al., 2017;
Somogyi et al., 2013). Our present data demonstrate that activation of Sst+ interneurons is
sufficient to disrupt activity-regulated gene expression in neighboring neurons, and CFM
consolidation (Figure 5). Because selective activation of Sst+ interneurons in the hippocampus
is characteristic of SD, we conclude that this mechanism may explain the sleep-dependence of
CFM consolidation (Graves et al., 2003; Ognjanovski et al., 2018; Vecsey et al., 2009). It may
also explain other effects of SD on the dorsal hippocampal network, including disruption of long-
term potentiation (LTP) (Havekes et al.,, 2016; Vecsey et al., 2009), reduction of plasticity-
associated gene expression (Delorme et al., 2019), and decreases in dendritic spine density on
pyramidal neurons (Havekes et al., 2016; Raven et al., 2019). CFM consolidation itself relies on
intact network activity in dorsal hippocampus (Daumas et al., 2005), and is associated with

increased network activity in structures such as CA1 (Ognjanovski et al., 2018; Ognjanovski et
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al., 2014), and regularization of spike-timing relationships during post-CFC sleep (Ognjanovski et
al., 2018; Ognjanovski et al.,, 2014; Ognjanovski et al., 2017). Thus disruption of network
activation via activation of an inhibitory circuit element during SD is likely to interfere with
consolidation mechanisms. Critically, Sst+ interneurons may act as a gate on the hippocampal
network, inhibiting sharp-wave ripple oscillations (Katona et al., 2014; Klausberger and Somogyi,
2008) and hippocampal-cortical communication (Abbas et al., 2018; Haam et al., 2018). Both of
these features correlate with sleep-dependent consolidation of CFM (Ognjanovski et al., 2017,
Xia et al., 2017).

Increased representation of cholinergic and orexinergic cell type-specific transcripts with
SD using pS6-TRAP (Figure 2) is consistent with increased activity in lateral hypothalamic
(orexinergic) and MS (cholinergic) inputs to dorsal hippocampus during wake (Kiyashchenko et
al., 2002; Teles-Grilo Ruivo et al., 2017). Does activation of cholinergic or orexinergic inputs to
the hippocampus likewise contribute to disruption of CFM consolidation? And do these

modulators drive selective activation of hippocampal Sst+ interneurons during SD?

Behavioral data from both human subjects (Gais and Born, 2004; Rasch et al., 2006) and
animal models (Inayat et al., 2020) demonstrate that reduced acetylcholine signaling is essential
for the benefits of sleep for memory consolidation (Gais and Born, 2004; Rasch et al., 2006;
Schmid et al., 2016). Our present data (Figure 6) are consistent with reductions in MS cholinergic
input to the hippocampus being vital for sleep-dependent CFM consolidation. Available data
suggest that these effects could be mediated by cholinergic regulation of Sst+ interneurons. Our
present data demonstrate that pS6 expression in the hippocampus is augmented when MS
cholinergic input is reduced (Figure 6), consistent with disinhibition. Others have found that
stimulation of septohippocampal cholinergic neurons causes GABAergic inhibition of DG granule
cells, mediated by cholinergic receptors on hilar (Sst- and Npy-expressing) interneurons (Pabst
et al., 2016). In contrast, while less is known about the role of orexinergic signaling in memory
consolidation, available data suggests that orexin can promote, rather than inhibit, consolidation
(Mavanji et al., 2017). Moreover, orexinergic input to the hippocampus appears to activate

glutamatergic neurons to a greater extent that GABAergic neurons (Stanley and Fadel, 2011).

An outstanding question is whether SD-associated, selective activation of Sst+
interneurons is driven mainly by network interactions (e.g., input from MS cholinergic

interneurons) or cell-autonomous mechanisms (e.g. cell-type specific changes in expression of
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proteins that alter intrinsic excitability and neuronal firing). Our present data do not discriminate
between these two mechanisms, but provide circumstantial evidence of both (Figure 3 and
Figure 6, respectively). A second outstanding question is whether these mechanisms are unique
to the hippocampus, or whether similar selective activation of Sst+ interneurons is associated with
SD in other structures, such as the neocortex. Recent findings from calcium imaging studies of
mouse neocortex have demonstrated higher activity of Sst+ interneurons in superficial cortical
layers during wake vs. NREM sleep (Niethard et al., 2017; Niethard et al., 2016). This effect (which
would lead to reductions in dendrite-targeted inhibition during sleep) may be related to the recent
finding of dendritic calcium spikes in these cortical layers during NREM oscillations (Seibt et al.,
2017). Critically, activation of Sst+ interneurons in neocortex during active wake is driven by
cholinergic signaling (Munoz et al., 2017). While this mechanism subserves effective circuit-level
information processing during brief periods of arousal, one possibility is that extended wake may
act as a gate, preventing information processing altogether - as we see evidence for here.
Together, these findings suggest that a similar mechanism may underlie SD-induced disruption
of memory consolidation mechanisms outside of the hippocampus (Puentes-Mestril and Aton,
2017), as well. Prior work has identified a humber of intracellular pathways as being critical targets
for SD-mediated disruption of memory in the hippocampus (Havekes et al., 2016; Tudor et al.,
2016; Vecsey et al., 2009) and neocortex (Aton et al., 2009a; Dumoulin et al., 2015; Seibt et al.,
2012). Our present data indicate that microcircuit regulation of brain activity is another SD-driven

mechanism underlying the disruption of memory consolidation by sleep loss.

Methods

Mouse husbandry, handling, and behavioral procedures

All animal husbandry and experimental procedures were approved by the University of
Michigan Institutional Animal Care and Use Committee (PHS Animal Welfare Assurance number
D16-00072 [A3114-01]). Mice were maintained on a 12 h:12 h light:dark cycle with ad lib access
to food and water. For behavioral experiments, 3-4 month old C57BI6/J mice (Jackson) or
transgenic mice on a C57BI6/J background (see below) were individually housed with beneficial
enrichment one week prior to experimental procedures, and were habituated to experimenter
handling (5 min/day) for five days prior to experimental procedures. At lights on (ZT0), animals
were either left in their home cage (HC) or underwent single-trial contextual fear conditioning
(CFC). During CFC, mice were place in a novel conditioning chamber (Med Assaociates), and were

allowed to explore the chamber freely for 2.5 min, after which they received a 2-s, 0.75 mA foot
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shock through the chamber’'s grid floor. Mice remained in their conditioning chamber for an
additional 28 s, after which they were then returned to their home cage. Mice were then either
were permitted ad lib sleep (Sleep) or were sleep-deprived (SD) by gentle handling (Durkin et al.,
2017; Ognjanovski et al., 2018) over the next 3-5 h.

Translating Ribosome Affinity Purification (TRAP)

For pS6 RNA-sequencing (TRAP-seq) experiments, 3-4 month old C57BI/6J mice were
randomly assigned to one of four groups: HC + Sleep (n =8), HC + SD (n=7), CFC + Sleep (n
= 8), CFC + SD (n = 8). Beginning at ZT3, animals were euthanized with an i.p injection of
pentobarbital (Euthasol) and hippocampi were dissected in cold dissection buffer (1x HBSS, 2.5
mM HEPES [pH 7.4], 4 mM NaHCOs3;, 35 mM glucose, 100pg/ml cycloheximide). Hippocampal
tissue was then transferred to a glass dounce homogenizer containing homogenization buffer (10
mM HEPES [pH 7.4], 150 mM KCI, 10 mM MgCl,, 2 mM DTT, cOmplete™ Protease Inhibitor
Cocktail [Sigma-Aldrich, 11836170001], 100 U/mL RNasin® Ribonuclease Inhibitors [Promega,
N2111], and 100 pg/mL cycloheximide) and manually homogenized on ice. Homogenate was
transferred to 1.5 ml LoBind tubes (Eppendorf) and centrifuged at 4°C at 1000 g for 10 min. The
resulting supernatant was transferred to a new tube, and 10% NP40 was added to the samples
(90pL), and incubated 5 min on ice. Samples were centrifuged at 4°C at maximum speed for 10
min, 500uL supernatant transferred to a new LoBind tube, and incubated with anti-pS6 244-247
(ThermoFisher 44-923G; Knight et al., 2012). Antibody binding of the homogenate-antibody
solution occurred over 1.5 h at 4°C with constant rotation. For affinity purification, 200 ul of Protein
G Dynabeads (ThermoFisher, 10009D) were washed 3 times in 0.15M KCI IP buffer (10 mM
HEPES [pH 7.4], 150 mM KCI, 10 mM MgCl,, 1% NP-40) and incubated in supplemented
homogenization buffer (+10% NP-40). Following this step, supplemented buffer was removed,
homogenate-antibody solution was added directly to the Dynabeads, and the solution was
incubated for 1 h at 4°C with constant rotation. After incubation, the RNA-bound beads were
washed four times in 900uL of 0.35M KCI (10mM HEPES [pH 7.4], 350 mM KCI, 10 mM MgCl,,
1% NP40, 2 mM DTT, 100 U/mL RNasin® Ribonuclease Inhibitors [Promega, N2111], and 100
Mg/mL cycloheximide). During the final wash, beads were placed onto the magnet and moved to
room temperature. After removing the supernatant, RNA was eluted by vortexing the beads

vigorously in 350 pl RLT (Qiagen, 79216). Eluted RNA was purified using RNeasy Micro kit
(Qiagen).
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Sst::RiboTag mice were generated by crossing SST-IRES-CRE (B6N.Cg-Sstim2-1(SST-cre)zjh
Jackson) mice to the RiboTag"" (B6N.129-Rpl22tm1-1Psam/ 3. Jackson) mouse line to generate mice
expressing HA-tagged Rpl22 protein in Sst+ interneurons. For Sst-TRAP, ribosomes and
associated transcripts were affinity purified by incubating homogenate with 1/40 (10 pl) anti-HA
antibody (Abcam, ab9110) (Shigeoka et al., 2018).

RNA sequencing and data analysis

RNA-Seq was carried out at the University of Michigan’s DNA sequencing core. cDNA
libraries were prepared by the core using Takara’s SMART-seq v4 Ultra Low Input RNA Kit
(Takara 634888) and sequenced on lllumina’s NovaSeq 6000 platform. Sequencing reads (50
bp, paired end) were mapped to Mus musculus using Star v2.6.1a and quality checked with
Multigc(v1.6a0). Reads mapped to unique transcripts were counted with featureCounts (Liao et
al., 2014). For weighted gene co-expression network analysis (WGCNA) analysis, raw counts for
pS6 data was filtered to keep genes with at least 30 total reads across the 30 samples. The filtered
reads were normalized using the DESeq?2 variance stabilizing transformation (vst) function (Love
et al., 2014) and filtered to keep genes with a variance larger than 0.03 among the 30 samples.
The 1662 genes were retained and used for the network analysis in WGCNA (Langfelder and
Horvath, 2008).

For cell type-specific expression analysis (CSEA), genes from the Brown and Magenta
clusters were combined and uploaded into the CSEA Tool (http://genetics.wustl.edu/jdlab/csea-
tool-2/), selecting Candidate Gene List from: Mice (Xu et al., 2014). Results for cell-types enriched
in our pS6 clusters were analyzed at the most stringent specificity index (pSl < 0.0001). Observing
significant values in cholinergic (+Chat), orexinergic (Hcrt+), and GABAergic (Pnoc+, Cort+)
neurons, we plotted genes from the highest and second highest specificity index. To analyze how
SD promotes pS6 enrichment of these cell type-specific transcripts, we calculated the Log.FC
values of combined CFC and HC mice and assessed the effect of SD over sleep control mice
(Love et al., 2014).

Quantitative PCR (qPCR)

RNA from TRAP experiments was quantified by spectrophotometry (Nanodrop Lite,
ThermoFisher). 50ng of RNA was reverse transcribed using iScript cDNA Synthesis (Bio-Rad,
Catalog: 1708890) or SuperScript IV Vilo Master Mix (Invitrogen, Catalog: 11756060). gPCR was
performed on diluted cDNA that employed either Power SYBR Green PCR Mix (Invitrogen
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4367659) or TagMan Fast Advanced Master Mix (Invitrogen, Catalog: 4444557). Primers were
designed using Primer3(v. 0.4.0) and confirmed with NCBI primer Basic Local Alignment Search
Tool (BLAST). gPCR reactions were measured using a CFX96 Real-Time System, in 96-well
reaction plates (Bio-Rad). For pS6- and Sst-TRAP experiments, housekeeping genes for data
normalization were determined by assessing the stability values prior to analysis (Andersen et al.,
2004). Analyses compared Pgkl, Gapdh, Actgl, Tubada, Tbp, and Hprt. Results from both
analyses independently found Gapdh and Pgkl to be the most stable and least altered
housekeeping transcripts following SD or CFC. Therefore expression was normalized to the
geometric mean of Gapdh and Pgkl. To assess differences in transcript abundance between
groups, values were expressed as fold changes normalized to the mean values for mice in the
HC + Sleep group. To measure relative enrichment of mRNA in pS6-TRAP or Sst-TRAP
experiments, each sample was normalized to the geometric mean of Pgkl and Gapdh
housekeeping transcripts and then normalized to the corresponding Input sample (TRAP

Enrichment = 2*(ACt_target - ACt_housekeeping).

Immunohistochemistry and protein expression analysis

Mice were injected with euthasol and perfused with cold 1xPBS followed by 4%
paraformaldehyde. Brains were extracted and submerged in ice-cold fixative for 24hrs and
transferred to 30% sucrose solubilized in 1xPBS. 50um-thick coronal sections were cut on a
cryostat. Tissue was blocked for 2-hours in 1% NGS and 0.3% Triton X-100 followed by 2-3 days
of 4C° incubation in 1xPBS (5% NGS, 0.3% Triton X-100) with primary antibody(ies): pS6 S235-
236 (Cell Signaling, Catalog: 4858, 1:500), pS6 S244-247(ThermoFisher, Catalog: 44-923G,
1:500), Sst (Millipore, MAB354, 1:200), Pvalb (Synaptic Systems, Catalog: 195004, 1:500), cFos
(Abcam, Catalog: 190289, 1:500), Arc (Synaptic Systems, 156004, 1:500) by constant rotation.
Sections were then washed 3x in 1XxPBS (1% NGS, 0.2% Triton X-100) and incubated for 1hr in
1XPBS (5% NGS, 0.3% TX-100) and secondary antibody: Fluorescein (FITC) AffiniPure Goat
Anti-Rabbit IgG (Jackson, Catalog: 111-095-003, 1:200), Donkey anti-Rat IgG Alexa Fluor 488
(ThermoFisher, A-21208), Goat Anti-Guinea Pig 1gG Alexa Fluor 555 (Abcam, Catalog:
ab150186, 1:200), Goat anti-Rabbit IgG Alexa Fluor 633 (ThermoFisher, Catalog: A-21070,
1:200). Tissue was then washed 3x in 1xPBS (1% NGS, 0.2% Triton X-100), 3x in 1xPBS, and
then mounted on coverslips and embedded in ProLong Gold Antifade Mountant (ThermoFisher,
Catalog: P10144).
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For optical density (OD) calculations, 4 fluorescent microscope images were taken from
each brain and analyzed in Fiji. A scorer blind to experimental condition collected optical density
values from CA1 and CA3 pyramidal cell layers as well as background. For analysis, equally sized
regions of interest (ROIs) were obtained for each image. OD values were background subtracted
and normalized to HC + Sleep control groups. For DG cell counts, pS6 co-localization, and Sst
and Pvalb quantification, images were captured using a 20x objective lens on a Leica SP5 laser
scanning confocal microscope. Z-projected images were analyzed in MIPAR image analysis
software in their raw grayscale format (Sosa et al., 2014) For DG cell counts, a non-local means
filter was used to reduce image noise and an adaptive threshold applied to identify cell counts
whose mean intensity values were 200% its surroundings. Colocalization and mean fluorescence
intensity were determined by adaptive thresholding of fluorescent signals, quantifying percentage
overlap of ROI obtained from both signals and mean fluorescent intensity values of underlying

fluorescent signals.

AAYV virus injections, pharmacogenetic manipulations, and CFM testing

At age 3-4 months, male SST-IRES-CRE (B6N.Cg-Sstm21(SST-ce)zih) or Chat-CRE
(B6.FVB(Cg)-Tg(Chat-cre)GM53Gsat/Mmucd, MMRRC) mice underwent bilateral dorsal
hippocampus or MS viral transduction. SST-IRES-CRE mice were transduced with either hM3dg-
mCherry (pAAV-hSyn-DIO-hM3D(Gq)-mCherry, University of Pennsylvania Vector Core, Lot:
V55836) or (as a control) an mCherry reporter (EF1A-DIO-mCherry, University of Pennsylvania
Vector Core, Lot: PBK273-9). For both vectors, 1 ul of virus was injected using a 33-gauge
beveled syringe needle into the dorsal hippocampus each hemisphere at a rate of 4 nL/s (2.1 mm
posterior, 1.6 mm lateral, 2.1 mm ventral to Bregma). Chat-CRE mice were injected with hM4Di-
mCitrine (AAV8 hSyn-DIO-HA-hM4D(Gi)-P2a-Citrine, University of Pennsylvania Vector Core,
Lot: PBK399-9). 1 pl of virus was injected into the medial septum (0.75 mm anterior, 0.0 mm

lateral, 4.0 mm ventral to Bregma).

After 2-4 weeks of postoperative recovery and daily handling as described above, mice
underwent single-trial CFC at ZTO. Immediately after CFC, mice were injected i.p. with either 3
mg/kg clozapine N-oxide (CNO; Tocris, Catalog: 4936, Lot: 13D/233085) in 0.5% DMSO and
saline, or 0.5% DMSO vehicle (VEH). All mice were then returned to their home cage for ad lib
sleep, and were returned to the CFC context for CFM testing. Mice were video monitored and
context-specific freezing behavior was quantified by a scorer blinded to experimental conditions

as described previously (Ognjanovski et al., 2018; Ognjanovski et al., 2014; Ognjanovski et al.,
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2017). To verify effects of pharmacogenetic manipulations on the hippocampal network, 2 weeks
following CFM tests, mice were administered CNO (or VEH) at lights on, and were allowed 3 h ad
lib sleep prior to perfusion for immunohistochemical analysis of activity-dependent cFos or pS6

expression.
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Figure Legends

Figure 1. Hippocampal S6 phosphorylation increases after learning and is reduced by
sleep deprivation (SD). A) Experimental paradigm. Mice underwent single-trial contextual fear
conditioning (CFC) at ZTO, or were left in their home cage (HC). Over the next 3 h, mice in CFC
and HC groups were then permitted ad lib sleep (Sleep) or were sleep-deprived (SD) by gentle
handling. B) Fluorescent images of pS6 (S244-247) staining in the dorsal hippocampus of
representative mice in the four treatment groups. Scale bar = 500 um. C) Left: pS6+ neurons in
DG were counted using antibodies detecting S6 phosphorylation at either S235-236 or S244-247
sites. SD selectively reduced S244-247 pS6+ neurons in both HC (n = 5/group) and CFC (n =
5/group) mice. CFC increased the number of pS6+ neurons (two-way ANOVA: main effect of
CFC, F =87.09, p <0.001; main effect of SD, F = 38.94, p < 0.001; CFC x SD interaction, N.S.).
Right: pS6 expression in pyramidal cell layers CA1/CA3 was quantified as background subtracted
optical density. SD values were calculated as the fold change relative to the Sleep condition HC
+ Sleep or CFC + Sleep, respectively. pS6 (S244-247) OD was reduced in both CA1 (p < 0.001,
Student’s t-test) and CA3 (p < 0.001) after SD in HC mice. After CFC, SD reduced pS6 expression
in CAl1 neurons (p < 0.001) following SD. D) Left: Representative image of pS6 and Arc
colocalization in DG. Scale bar = 500 um. Middle: Quantification of pS6 and Arc expression in
HC + Sleep and HC + SD mice (n = 5/group). 3-h SD reduced both Arc+ (p < 0.05, Student’s t-
test) and pS6+ (p < 0.05) neurons in DG. Right: ~77% of Arc+ DG neurons expressed pS6+;

~54% of pS6+ neurons expressed Arc.

Figure 2. Phosphorylated ribosome capture following SD selectively enriches transcripts
specific to GABAergic, cholinergic, and orexinergic neurons. A) Left: Weighted gene co-
expression analysis (WGCNA) identified modules of similarly correlated pS6 transcripts. Each
module is identified with a color name, Grey represents transcripts not assigned to a co-
expression module. Right: Correlation between eigengene expression in each module and total
sleep time prior to sacrifice (R- and p-values for Pearson correlation in parentheses for each
module). B) Transcripts in the Brown/Magenta module with expression correlated to sleep time
were used for cell type-specific expression analysis (CSEA). The Brown/Magenta transcripts
showed significant overlap with mRNAs enriched most selectively (pSI < 0.0001) in cholinergic
(Epi.ChAT, padgj = 0.036), orexinergic (Hyp.Hcrt, pagy = 0.047), and GABAergic (Ctx.Pnoc, padgj =
0.045; Ctx.Cort, padgj = 0.045) neuron populations. C) Deseg2 Log.FC (SD/Sleep) values from
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Brown/Magenta transcripts identified by CSEA. All genes are statistically significant (pag < 0.1)

unless otherwise indicated (# indicates paq; > 0.1).

Figure 3. SD increases activity in Sst+ interneurons. A) qPCR data for pS6-associated
transcripts from CFC (n = 6/group) or HC (n = 5/group) mice with 5 h subsequent ad lib sleep or
SD (two-way ANOVA: main effect of SD, p < 0.001; main effect of CFC, N.S.; CFC x SD
interaction, N.S.). B) Expression of cell type-specific markers in mRNA from Sst-TRAP vs. Input.
SST de-enriched transcripts expressed in glial cells, and preferentially enriched transcripts
expressed in Sst+ (GABAergic) interneurons. These enrichment values did not differ between
HC+ Sleep (n = 5) and HC + SD (n = 4) mice. C) Changes in expression of activity-regulated,
interneuron-specific, and CSEA-predicted transcripts associated with Sst+ interneuron ribosomes
following 3-h of ad lib sleep or SD. Sleep vs. SD, ***, ** and * indicate p < 0.001, p <0.01, and p
< 0.05, respectively, Student’s t-test.

Figure 4. DG Sst+ interneurons show increased pS6 expression following SD. A)
Representative images showing expression of Sst, Pvalb, and pS6 in DG (scale bar = 100 um).
B) DG pS6+ neurons decreased following 3-h SD (p < 0.01, Student’s t-test, n = 5 mice/group)
C) pS6 colocalization in Ssy+ and Pvalb+ DG interneurons was compared for HC mice after 3-h
SD or ad lib sleep. SD elevated pS6 expression in Sst+ interneurons in the DG hilus (p < 0.05,
Student’s t-test) and trended in CA3 (p < 0.1). pS6 expression in Pvalb+ interneurons was
unaffected by SD. Sleep vs SD, ***, ** * "and # indicated p < 0.001, p <0.01, p<0.05,and p <
0.1 respectively, Student’s t-test.

Figure 5. Mimicking SD effects on activity in Sst+ interneurons impairs sleep-dependent
memory consolidation. A) Top: Experimental design: SST-IRES-CRE mice expressing either
mCherry (n = 4) or hM3Dg-mCherry (n = 5) in dorsal hippocampus were injected with CNO (3
mg/kg, i.p.) at lights on and allowed 3 h ad lib sleep prior to sacrifice for immunohistochemistry.
Bottom: Confocal images of mCherry and cFos expression in the DG granule cell layer (white
outlines) and hilar Sst+ interneurons. B) Expression of cFos in virally-transduced Sst+
interneurons was significantly higher in the hilus of hM3Dg-expressing mice than in mCherry
control mice (p < 0.01, Student’s t-test).C) Expression of cFos in surrounding DG neurons (in the
DG granule cell layer) was reduced in hM3Dg-expressing mice (p < 0.05, Student’s t-test). D)
Top: Experimental design: SST-IRES-CRE mice expressing mCherry (n = 4) or hM3Dg-mCherry

(n =5) in dorsal hippocampus underwent single-trial CFC at lights on, and then were immediately
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administered CNO (3 mg/kg, i.p.) and allowed ad lib sleep in their home cage. 24 h later, all mice
were returned to the CFC context for assessment of contextual fear memory (CFM). Bottom:
hM3Dg-expressing mice showed significant reductions in CFM consolidation (measured as %

time freezing), compared with mCherry control mice (p < 0.001, Student’s t-test).

Figure 6. Reduced cholinergic input to the hippocampus increases DG network activity
and improves sleep-associated memory consolidation. A) Top: Experimental design: Chat-
CRE mice expressing hM4Di in the medial septum were administered CNO (3 mg/kg, i.p.) or
vehicle (VEH) (n = 5/group) at ZTO, and were allowed 3 h ad lib sleep prior to sacrifice. Bottom:
Representative images of reporter transgene expressing cholinergic terminals in DG and pS6+
expression in the DG granule cell layer (white lines) and hilus. B) Inhibition of cholinergic inputs
to hippocampus increased numbers of pS6+ neurons in the DG granule cell layer. C) Right:
Experimental design: Chat-CRE mice expressing hM4Di in the medial septum underwent single-
trial CFC at lights on, after which they were immediately administered CNO (3 mg/kg, i.p.) or
vehicle (VEH) (n = 10/group), and allowed ad lib sleep in their home cage. 24 h later, mice were
returned to the CFC context for a CFM test.CNO-treated mice had higher numbers of pS6+ DG
neurons after 3 h of ad lib sleep (p-value < 0.05, Student’s t-test). Left: CFM performance 24 h
post-CFC was better in CNO-treated, relative to VEH-treated mice (p-value < 0.05, Student’s t-
test).
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Supplemental Information

Figure S1. CFC-driven increases in hippocampal pS6 expression. Top: CFC (at ZTO0)
increased the number of pS6+ (S244-247) DG neurons at ZT0.5 h (p < 0.05, Holm-Sidak post
hoc test) and ZT3 (p < 0.001, Holm-Sidak post hoc test). Both HC and CFC mice had greater
numbers of pS6+ neurons at ZT3 (two-way ANOVA: main effect of time, F = 50.63, p < 0.001;
main effect of CFC, F = 33.59, p < 0.001; time x CFC interaction, N.S.), likely reflecting the effect
of sleep time between the time points. Bottom: pS6 expression was unchanged by CFC in CAl

and CA3 pyramidal regions.

Figure S2. SD increases S6 phosphorylation in the neocortex. pS6 (S235-236 and S244-247)
expression in neocortical regions dorsal hippocampus (i.e., primary somatosensory cortex). SD
increased the numbers of pS6+ neurons using antibodies targeting pS6 S235-236 (p < 0.0001,
Student’s t-test) and S244-247 (p < 0.01).

Supplemental Figure S3. Whole hippocampus gene expression following 3 h SD or ad lib
sleep. qPCR data for activity-dependent, GABAergic, and CSEA-predicted transcripts in whole
hippocampus (Input) following 3h of SD (n = 4; red triangles) or Sleep (n = 5; blue circles). Sleep
vs SD, *** ** and * indicated p < 0.001, p < 0.01, and p < 0.05, respectively, Student’s t-test.

Figure S4. Mean Sst and Pvalb fluorescence intensity values in DG after sleep vs. SD. Mean
fluorescence intensity values for Sst+ and Pvalb+ interneurons (numeric values indicate mean
numbers of neurons quantified per animal) in DG following 3 h of ad lib sleep (n =5 mice) or SD

(n =5 mice). 3-h SD reduced Sst staining intensity in DG neurons (Student’s t-test, p < 0.01).

Supplemental Table 1 — WGCNA cluster genes and CSEA analysis
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