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Sleep loss disrupts consolidation of hippocampus-dependent mem-
ory. To characterize effects of learning and sleep loss, we quantified
activity-dependent phosphorylation of ribosomal protein S6 (pS6)
across the dorsal hippocampus of mice. We find that pS6 is en-
hanced in dentate gyrus (DG) following single-trial contextual fear
conditioning (CFC) but is reduced throughout the hippocampus after
brief sleep deprivation (SD; which disrupts contextual fear memory
[CFM] consolidation). To characterize neuronal populations affected
by SD, we used translating ribosome affinity purification se-
quencing to identify cell type–specific transcripts on pS6 ribosomes
(pS6-TRAP). Cell type–specific enrichment analysis revealed that SD
selectively activated hippocampal somatostatin-expressing (Sst+) in-
terneurons and cholinergic and orexinergic hippocampal inputs. To
understand the functional consequences of SD-elevated Sst+ inter-
neuron activity, we used pharmacogenetics to activate or inhibit
hippocampal Sst+ interneurons or cholinergic input from the me-
dial septum. The activation of either cell population was sufficient
to disrupt sleep-dependent CFM consolidation by gating activity in
granule cells. The inhibition of either cell population during sleep
promoted CFM consolidation and increased S6 phosphorylation among
DG granule cells, suggesting their disinhibition by these manipulations.
The inhibition of either population across post-CFC SD was insuf-
ficient to fully rescue CFM deficits, suggesting that additional fea-
tures of sleeping brain activity are required for consolidation. Together,
our data suggest that state-dependent gating of DG activity may be
mediated by cholinergic input and local Sst+ interneurons. This mech-
anism could act as a sleep loss–driven inhibitory gate on hippocampal
information processing.

consolidation | sleep deprivation | interneurons | acetylcholine |
bioinformatics

Hippocampal plasticity and memory storage are gated by vig-
ilance states. In both human subjects and animal models,

sleep loss disrupts consolidation of multiple types of hippocampus-
dependent memories (1, 2). This effect has been extensively
studied in mice in which as little as a few hours of experimental
sleep deprivation (SD) can disrupt hippocampally mediated con-
solidation of object–place memory (3–5) and contextual fear mem-
ory (CFM) (6, 7). Recent work has characterized biochemical
pathways involved in memory consolidation which are disrupted
in the hippocampus by SD (4, 5, 8, 9). 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 in-
terferes with network activity changes induced in hippocampal area
CA1 by prior learning (contextual fear conditioning, or CFC); these
post-CFC changes predict successful CFM consolidation, and
their loss predicts consolidation disruption (7, 10). The reason
for this SD-mediated disruption is unknown. Recently, activity-
dependent regulation of protein translation machinery within the

dorsal hippocampus was found to be essential for sleep-dependent
memory consolidation (9). SD interferes with biochemical pathways
which drive increased protein synthesis following learning (9, 11).
This suggests a link between state-dependent changes in network
activity and biosynthetic events occurring in the first few hours
following learning (12–15), which are necessary for appropriate CFM
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 protein S6
(pS6). S6 is phosphorylated in an activity-dependent manner by
ERK, PKA, and mTOR kinase pathways in neurons and thus is a
cellular marker of activated neurons (16). We find that CFC in-
creases S6 phosphorylation at a terminal serine residue (pS6 Ser244-
247) and that SD reduces pS6 Ser244-247 throughout the dorsal
hippocampus. To identify cell populations differentially expressing
pS6 after sleep versus SD, we used a pSer244-247 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

Significance

Sleep loss disrupts long-term storage of episodic and spatial
memories that require activity in the hippocampus. We find
that sleep deprivation in mice leads to selective disruption of
activity-dependent phosphorylation of ribosomal protein S6 in
the hippocampus, which is normally increased in the hippo-
campus after learning. We used an unbiased approach to pro-
file messenger RNAs associated with phosphorylated ribosomes
and found evidence that cholinergic hippocampal inputs and
somatostatin-containing hippocampal neurons are selectively
activated with sleep deprivation. We find functional evidence
supporting the idea that during sleep loss, activity in these
two cell populations may act as an inhibitory gate, reducing
the activity of dentate gyrus neurons. We find that this in-
hibitory gating mechanism is capable of disrupting memory
consolidation.

Author contributions: J.D. and S.J.A. designed research; J.D., L.W., F.R.K., V.K., J.D.M., F.R.,
B.A.T., V.B., A.V.M., S.J., and S.J.A. performed research; J.D., L.W., F.R.K., J.M., J.D.M.,
B.A.T., V.B., A.V.M., and S.J.A. analyzed data; and J.D. and S.J.A. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: saton@umich.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2019318118/-/DCSupplemental.

Published August 3, 2021.

PNAS 2021 Vol. 118 No. 32 e2019318118 https://doi.org/10.1073/pnas.2019318118 | 1 of 10

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

A
ug

us
t 3

, 2
02

1 

https://orcid.org/0000-0001-9292-841X
https://orcid.org/0000-0002-3477-9206
https://orcid.org/0000-0001-9811-7626
https://orcid.org/0000-0003-1046-6499
https://orcid.org/0000-0002-2921-0509
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2019318118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:saton@umich.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019318118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019318118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019318118
https://doi.org/10.1073/pnas.2019318118


findings with qPCR. These analyses indicate that SD selectively
activates (i.e., leads to increased S6 phosphorylation in) hippocampal
somatostatin-expressing (Sst+) interneurons and orexinergic (lateral
hypothalamic) and cholinergic (MS) neurons, which send input to the
hippocampus. We used TRAP in Sst+ interneurons (Sst-TRAP) to
verify that activity-dependent transcripts are increased in these neu-
rons with SD. To assess how increased activity in the hippocampus
Sst+ interneuron population during SD affects memory consolida-
tion, we used pharmacogenetics to selectively activate these neurons
in the hours following CFC. We find that mimicking the effects
of SD on Sst+ interneuron activity is sufficient for disruption of
CFM consolidation in freely sleeping mice and that inactivation
of Sst+ interneurons during post-CFC sleep augments CFM con-
solidation. 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 phar-
macogenetic activation of MS cholinergic inputs to the hippocam-
pus following CFC impairs sleep-dependent CFM consolidation. In
contrast, pharmacogenetic inhibition of these cholinergic inputs
during sleep promotes CFM consolidation and increases S6 phos-
phorylation in the dorsal hippocampus. Together, these data pro-
vide evidence for a state-dependent gate on network activity in the
hippocampus, regulated by Sst+ interneurons and MS cholinergic
input, which likely contributes to SD-induced disruption of memory
consolidation.

Results
Learning Increases and Sleep Loss Decreases Phosphorylation of S6 in
the Hippocampus. Brief SD of only a few hours is sufficient to
disrupt many forms of hippocampus-dependent memory consoli-
dation in mice (3–7). We first confirmed disruptive effects of post-
CFC SD on CFM consolidation in wild-type mice. Beginning at
lights on (Zeitgeber time [ZT]0), mice underwent single-trial
CFC followed by either 24-h ad libitum sleep (Sleep) or 6 h of SD
by gentle handling (followed by recovery sleep). SD mice showed
significant reductions in context-specific freezing during CFM
testing (Fig. 1A).
We next characterized the effects of CFC and subsequent sleep

or SD on neuronal activity-driven S6 phosphorylation in the dorsal
hippocampus, a region critical for CFM consolidation (7, 12, 17).
Mice either underwent CFC or remained in their home cage (HC)
at ZT0 and then had either SD or Sleep until euthanasia at ZT3
(Fig. 1B). The behavioral observation of mice in the HC + Sleep
and CFC + Sleep groups indicated a high proportion of the 3-h ad
libitum sleep window (72 ± 3% and 71 ± 3%, respectively [mean ±
SEM]) was spent asleep (quiescent, in stereotyped sleep postures,
and within the nest). Because S6 is sequentially phosphorylated at
five serine residues, we first quantified phosphorylation using an
antibody recognizing the initial Ser235-236 phosphorylation sites.
Consistent with previous reports (9), 3-h SD did not alter either
the number of pS6(Ser235-236)+ neurons in the dentate gyrus
(DG) or the intensity of phosphorylation at Ser235-236 in the pyra-
midal cell body layers of CA1 or CA3 (Fig. 1D). We then quantified
phosphorylation at the terminal S6 phosphorylation sites (Ser244-
247). We observed significant SD-driven decreases in the number
of pS6(Ser244-247)+ neurons in DG and reduction in pS6(Ser244-
247)+ staining in CA1 and CA3 (Fig. 1 C and D). While CFC in-
creased S6 phosphorylation at Ser244-247 throughout the hip-
pocampus (relative to HC controls; Fig. 1 B and C), post-CFC SD
decreased pS6(Ser244-247)+ staining in DG and CA1 (Fig. 1 C
and D). In contrast to the effects of SD in the dorsal hippocampus,
adjacent neocortical regions (i.e., primary somatosensory cortex)
showed increased numbers of pS6+ neurons at both sites after 3-h
SD (SI Appendix, Fig. S2).
We verified that S6(Ser244-247) phosphorylation is neuronal

activity driven, consistent with previous reports (18), by quan-
tifying coexpression of the activity-regulated protein Arc in pS6+
neurons. Consistent with our previous findings (19), 3-h SD reduced

numbers of both Arc+ and pS6+ neurons in the DG. Arc and
pS6 were colocalized to a similar extent in DG of both Sleep and
SDmice (Fig. 1E), with 77 ± 3.2% of Arc+ DG neurons also being
pS6(Ser244-247)+ and 54 ± 2.8% of pS6(Ser244-247)+ neurons
also being Arc+ (mean ± SEM from n = 10 mice).

Fig. 1. Hippocampal S6 phosphorylation increases after learning and is re-
duced by SD. (A, Left) Experimental paradigm. Mice underwent single-trial CFC
at ZT0. One group of mice was allowed ad libitum sleep over the next 24 h
prior to testing at ZT0 (Sleep, n = 9). A second group was SD (n = 10) by gentle
handling for the first 6 h after CFC and was allowed recovery sleep until testing
the following day. (Right) CFM consolidation (measured as percent changes in
context-dependent freezing compared with pre-CFC baseline) was significantly
reduced after SD. **P < 0.01, Student’s t test. (B) Experimental paradigm. Mice
underwent single-trial CFC at ZT0 or were left in their HC. Over the next 3 h,
mice in CFC and HC groups were then permitted ad libitum sleep (Sleep) or
were SD by gentle handling. (C) Fluorescent images of pS6 (S244-247) staining
in the dorsal hippocampus of representative mice in the four treatment groups
(Scale bar, 500 μm). (D, Left) pS6+ neurons in DG were counted using anti-
bodies 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 (***P < 0.001, Tukey test). 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 × SD interaction, not significant [N.S.]).
(Right) pS6 in pyramidal cell layers CA1/CA3 was quantified as background
subtracted optical density. SD values were calculated as the fold change rel-
ative to the Sleep condition HC + Sleep or CFC + Sleep, respectively. pS6 (S244-
247) OD was reduced in both CA1 and CA3 (***P < 0.001, Tukey test) after SD
in HC mice. After CFC, SD reduced pS6 in CA1 neurons (***P < 0.001, Tukey
test) following SD. (E, Left) Representative image of pS6 and Arc colocalization
in DG. (Scale bar, 100 μm.) (Middle) Quantification of pS6 and Arc expression in
HC + Sleep and HC + SD mice (n = 5/group). A 3-h SD reduced both Arc+ and
pS6+ (*P < 0.05, Student’s t test) neurons in DG. (Right) ∼77% of Arc+ DG
neurons expressed pS6+; ∼54% of pS6+ neurons expressed Arc.
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We next tested whether hippocampal S6(Ser244-247) phos-
phorylation (hereafter referred to simply as S6 phosphorylation,
or pS6) was affected by learning a hippocampus-dependent mem-
ory task. Mice underwent single-trial CFC (in which exploration of
a novel chamber is paired with a foot shock) or, for comparison,
were left in their HC at lights on. After this, both CFC and HC
mice were either allowed ad libitum sleep or had SD by gentle
handling in their HC. 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 × learning interaction, F = 2.22, P = 0.16) (SI Appendix, Fig.
S1). In contrast, CFC did not alter S6 phosphorylation in CA1 or
CA3 pyramidal cell layers of freely sleeping mice relative to HC
controls. Consistent with greater S6 phosphorylation in the hip-
pocampus after periods rich in sleep, DG pS6+ neurons increased
between the two timepoints (ZT0 versus ZT3) in both naïve (HC+
Sleep) and CFC-trained (CFC + Sleep) mice (SI Appendix, Fig.
S1). Conversely, 3-h SD disrupted S6 phosphorylation in the
hippocampus following CFC, with fewer pS6+ neurons in the DG
and reduced pS6+ expression in CA1 (Fig. 1D). 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 sequencing (RNA-seq)
approach to identify cells in which S6 phosphorylation differs be-
tween Sleep and SD. As previously described (16), we used pS6 as
an affinity tag to isolate ribosomes and associated transcripts in
active cells, and we performed pS6 translating ribosome affinity
purification (pS6-TRAP) (16). Hippocampi were collected from
CFC and HC mice after 3-h ad libitum sleep or SD. Ribosome-
associated transcripts were then isolated by pS6-TRAP for RNA-
seq. To identify clusters of coregulated transcripts in our RNA-seq
data (such as might be expected for genetically defined cell types),
we used weighted gene correlation network analysis (WGCNA)
(20) on transcripts with a variance greater than 0.03 (n = 1662
transcripts; Materials and Methods). WCGNA yielded 10 clusters
(modules) of highly correlated transcripts in our data, and a

separate (Gray) cluster representing unassigned (uncorrelated)
transcripts (Fig. 2A and Dataset S1). To determine which modules’
expression varied as a function of sleep versus SD, we correlated
the level of expression of module eigengene with the percent time
mice spent sleeping over the 3-h period prior to sacrifice (Sleep
groups = 74.4 ± 2.2%, SD groups = 0.0 ± 0.0% [mean ± SEM]).
The results from the analysis revealed two significantly correlated
eigengene clusters (Brown, Magenta) whose expression negatively
correlated with sleep time (Fig. 2A and SI Appendix, Fig. S3). Since
these represented subclusters 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
(Fig. 1), we used cell type–specific expression analysis (CSEA) (21,
22) to quantify cell type–specifying transcripts represented in the
Brown/Magenta cluster, which were significantly affected by SD
(Materials and Methods). CSEA was used to generate a padj value
for overlap between transcripts in the Brown/Magenta cluster and
known cell type–specific enriched transcripts of a particular spec-
ificity index P value (pSI) (based on a multiple comparisons–
corrected Fisher’s exact test). Using the most stringent CSEA (pSI <
0.0001), the analysis identified Brown/Magenta cluster transcripts
to be most enriched in cholinergic (Chat+) neurons (padj = 0.036)
and orexinergic (Hcrt+) neurons (padj = 0.047) as well as Pnoc+
and Cort+ interneurons (both padj = 0.045) (Fig. 2 B and C and SI
Appendix, Fig. S3 and Datasets S1 and S2). This suggests that
during extended SD, S6 phosphorylation increases in orexinergic/
cholinergic neurons and interneurons despite the fact that overall S6
phosphorylation in pyramidal and granule cell layers is reduced after
SD. The former likely reflects transcripts present in orexinergic in-
puts to the hippocampus from lateral hypothalamus and cholinergic
input from the medial septum, respectively—both of which are
more active during active wake versus sleep (23, 24). With re-
spect to the latter finding, overlap between the Brown/Magenta
cluster and transcripts expressed selectively in Cort+ and Pnoc+
interneurons (25, 26) included transcripts encoding interneuron-
specific transcription factors (Dlx1) and secreted neuropeptides
somatostatin (Sst), neuropeptide Y (Npy), and corticotrophin-
releasing hormone (Crh).

Fig. 2. Phosphorylated ribosome capture following SD selectively enriches transcripts specific to GABAergic, cholinergic, and orexinergic neurons. (A, Left)
WGCNA identified modules of similarly correlated pS6 transcripts. Each module is identified with a color name, and Gray represents transcripts not assigned to
a coexpression module. The color scale at bottom indicates the R values for the correlations at Right. (Right) Module-trait 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). n = 16 and 14 mice
for sleep and SD conditions, respectively, with CFC and HC mice combined for module correlations with sleep amount. (B) Transcripts in the Brown/Magenta
module with expression correlated to sleep time were used for CSEA. The Brown/Magenta transcripts showed significant overlap with mRNAs enriched most
selectively (pSI < 0.0001) in cholinergic (Epi.ChAT, padj = 0.036), orexinergic (Hyp.Hcrt, padj = 0.047), and GABAergic (Ctx.Pnoc, padj = 0.045; Ctx.Cort, padj =
0.045) neuron populations. (C) Deseq2 Log2FC (SD/Sleep) values from Brown/Magenta transcripts identified by CSEA. All genes are statistically significant
(padj < 0.1) unless otherwise indicated (# indicates padj > 0.1).
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Hippocampal Sst+ Interneurons and Cholinergic Inputs Show Increased
Activity during Brief SD. Sst and Npy neuropeptides are coexpressed
in dendritic-targeting interneurons in DG, CA3, and CA1 and play
a role in gating neighboring neuronal activity (27–29). To confirm
enrichment of Sst, Npy, and other CSEA-identified transcripts in
the pS6+ cell population after a longer period of SD [sufficient
to disrupt CFM consolidation (6)], we carried out a second exper-
iment in which CFC and HC mice either were allowed 5 h of ad
libitum sleep or underwent 5-h SD. For mice in the Sleep group,
total sleep time constituted 85.0 ± 1.7% (mean ± SEM) of the
5-h period prior to euthanasia. pS6-TRAP was followed by qPCR 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 neu-
rons in pS6-TRAP. While Gad67 and Pvalb transcripts were only
moderately increased (by roughly 30%) following 5-h SD, Sst and
Npy showed larger (two- to fourfold) increases (Fig. 3A and Dataset
S3). SD also increased Cht expression in both CFC and HC mice.
These data support our unbiased CSEA-based finding of increased
abundance of Sst+ interneuron and cholinergic neuron markers in
the SD pS6+ population.
These data suggest that despite reduced total activation of hip-

pocampal neurons during SD (Fig. 1), Sst+ interneurons in the
hippocampus are selectively more activated in SD versus sleep. To
confirm SD-driven activation, we next quantified the expression of
activity markers in Sst+ interneurons directly. We used TRAP to
isolate messenger RNAs (mRNAs) 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 (30). Ribosome-associated transcripts
from the hippocampus of these mice, isolated following a 3-h
period of sleep or SD, were quantified with qPCR. Mice in the

Sleep group (n = 5) spent 70.8 ± 4.6% (mean ± SEM) of the 3-h
period prior to euthanasia in sleep. We first verified the enrich-
ment of cell type–specific (i.e., Sst+ interneuron–specific) mRNAs
by comparing transcript levels from TRAP versus Input (whole
hippocampus) mRNA. Sst-TRAP significantly de-enriched glial
(Gfap, Mbp) and excitatory neuron (Vlugt1, Vglut2) cell markers
and significantly enriched for Sst+ interneuron–expressed tran-
scripts Gad1, Vgat, Sst, Npy, and Crhbp (Fig. 3B). We then tested
whether 3-h SD increased the expression of activity-regulated tran-
scripts in Sst+ interneurons and found that Cfos (but not Npas4 or
Arc) was significantly elevated at Sst+ interneurons’ ribosomes after
SD (Fig. 3C and Dataset S3). 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 qPCR for these
neuropeptide transcripts in mRNA isolated using Sst-TRAP pull-
down, we found that following 3-h SD, Sst, Npy, and Crhbp tran-
scripts were all less abundant rather than more abundant (Fig. 3C).
The same change was not present in the Input fraction (whole
hippocampus) mRNA, in which expression of Sst, Npy, and Crhbp
mRNAs were all unchanged by SD (SI Appendix, Fig. S4 and
Dataset S3). We also used qPCR 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 ex-
pression of Kcnf1 (encoding the voltage-gated potassium channel
subunit Kv5.1) in Sst+ interneurons (Fig. 3C). Kv5.1 acts as a
physiological modifier of Kv2 family channel subunits (31, 32).
While little is known about its function in neurons, available patch-
seq data suggest that greater expression of Kcnf1 correlates with a
reduced action potential threshold and increased neuronal firing rate
(33). Taken together, these data support the conclusion that SD-
induced increases in Sst, Npy, and Crhbp transcripts in pS6-TRAP

Fig. 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 libitum sleep or SD (two-way ANOVA: main effect of SD, P < 0.001; main effect of CFC, N.S.; CFC × SD interaction, N.S.). (B) Expression of cell
type–specific markers in mRNA from Sst-TRAP versus Input. Sst-TRAP 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 libitum
sleep or SD. Sleep versus SD, ***P < 0.001, **P < 0.01, and *P < 0.05, Student’s t test.
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reflect increases in the activity, and thus activity-driven S6 phos-
phorylation, within Sst+ interneurons.
To further validate increases in Sst+ interneuron activity after

SD, we examined SD-driven changes in S6 phosphorylation in Sst+
and parvalbumin-expressing (Pvalb+) interneurons in the dorsal
hippocampus using immunohistochemistry (Fig. 4A). As observed
previously (Fig. 1), 3-h SD reduced the total number of pS6+
neurons in the DG (Fig. 4B). However, at the same time, 3-h SD
increased S6 phosphorylation in Sst+ interneurons in the DG and
showed a strong trend for increased expression in CA3 Sst+ in-
terneurons (Fig. 4C). Overall numbers of Sst+ interneurons were
similar between Sleep and SD mice, and, consistent with qPCR
results from Sst-TRAP, the intensity of Sst staining among Sst+
interneurons was decreased after SD (SI Appendix, Fig. S5).

Mimicking SD-Driven Increases in Sst+ Interneuron Activity in the
Hippocampus Suppresses Granule Cell Activity and Disrupts Sleep-
Dependent Memory Consolidation. Because the SD-associated in-
crease in Sst+ interneuron activity has the potential to profoundly
suppress surrounding hippocampal network activity (27, 34), 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 hM3Dq-mCherry or mCherry alone in a Cre-
dependent manner (Fig. 5A and SI Appendix, Fig. S6). To confirm
the effects of pharmacogenetic manipulation on Sst+ interneuron
and surrounding DG granule cells’ neuronal activity, hM3Dq- and
mCherry-expressing (n = 5 and 4, respectively) mice were in-
jected with clozapine-N-oxide (CNO; 3 mg/kg) at lights on and
allowed 3-h ad libitum sleep in their HC prior to euthanasia.
hM3Dq-mCherry–transduced DG neurons showed significantly
higher levels of cFos expression at this time point compared to
mCherry-expressing control mice (hM3Dq: 68.0 ± 15.9% versus
mCherry: 2.0 ± 1.4%; P < 0.01 Student’s t test) (Fig. 5 A and B).
To assess the effects of CNO on Sst+ interneuron–mediated
inhibition in the surrounding DG, we quantified cFos expression
in nontransduced neurons in the DG granule cell layer. hM3Dq
expression significantly reduced the number of cFos+ neurons in
the surrounding DG relative to mCherry-expressing control mice
(P < 0.05, Student’s t test) (Fig. 5C). To test how the activation
of Sst+ interneurons affected memory consolidation, hM3Dq-
mCherry– (n = 6) and mCherry-expressing (n = 5) mice under-
went single-trial CFC at lights on, after which they were imme-
diately injected with CNO and returned to their HC for ad libitum
sleep. After 24 h, at lights on, mice were returned to the CFC

context to assess CFM. Mice expressing hM3Dq showed signifi-
cant decreases in context-specific freezing compared to mCherry-
expressing control mice (P < 0.001, Student’s t test) (Fig. 5D).
While these mice did not undergo polysomnographic recording,
there was no observed change in locomotor activity or apparent
sleep behavior between mCherry and hM3Dq-expressing mice in
the first hour following CNO administration. 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.

Suppressing Hippocampal Sst+ Interneuron Activity Augments Post-CFC
Granule Cell Activity and Sleep-Dependent Memory Consolidation.
Since SD was associated with elevated Sst+ interneuron activ-
ity, we next tested whether reducing activity in Sst+ interneurons
was sufficient to augment consolidation of CFM. We transduced
the hippocampus of SST-IRES-CRE mice with an AAV vector to
express either the inhibitory DREADD hM4Di-mCitrine or YFP
in a Cre-dependent manner. To confirm the effects of pharmacoge-
netic manipulation on the DG network, hM4Di- and YFP-expressing
mice (n = 5/group) underwent single-trial CFC at lights on, followed
by injection with CNO, and were allowed 3 h ad libitum sleep in their
HC prior to euthanasia (Fig. 6A). cFos expression in the DG granule
cell layer was again quantified as a measure of network activa-
tion. Pharmacogenetic inhibition of Sst+ interneurons after CFC
led to increased expression of cFos in DG granule cells (P < 0.05,
Mann–Whitney U rank sum test), consistent with a role for this
interneuron population in gating DG network activity (27).
To test how the suppression of Sst+ interneuron activity af-

fects memory consolidation during sleep, hM4Di-mCitrine– and
YFP-expressing mice underwent single-trial CFC at lights on, after
which they were immediately injected with CNO and returned to
their HC for ad libitum sleep. After 24 h, at lights on, mice were
returned to the CFC context to assess CFM. Mice expressing hM4Di
showed significant enhancement in context-specific freezing com-
pared to YFP-expressing control mice (P < 0.001, Student’s t test)
(Fig. 6B). This memory-enhancing effect appeared to be specific to
freely sleeping mice. Pharmacogenetic suppression of Sst+ inter-
neuron activity in the context of post-CFC SD led to a modest, but
not statistically significant, increase in context-specific freezing
24 h after CFC (P = 0.27, Student’s t test) (SI Appendix, Fig. S7A).
While the inactivation of Sst+ interneurons was insufficient to
rescue CFM from SD-induced disruption, our data show that sleep-
dependent consolidation of CFM can be augmented by inactivating

Fig. 4. DG Sst+ interneurons show increased S6 phosphorylation following SD. (A) Representative images showing expression of Sst, Pvalb, and pS6 in DG.
(Scale bar, 100 μm.) (B) DG pS6+ neurons decreased following 3-h SD (P < 0.01, Student’s t test, n = 5 mice/group). (C) pS6 colocalization in Sst+ and Pvalb+ DG
interneurons was compared for HC mice after 3-h SD or ad libitum sleep. SD-elevated S6 phosphorylation in Sst+ interneurons in the DG hilus (P < 0.05,
Student’s t test) and trended in CA3 (P < 0.1). S6 phosphorylation in Pvalb+ interneurons was unaffected by SD. Sleep versus SD, **P < 0.01, *P < 0.05, and #P <
0.1, Student’s t test.
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Sst+ interneurons, releasing inhibition to the surrounding hippocampal
network.

Increasing Cholinergic Input to Hippocampus Reduces S6 Phosphorylation
in Granule Cells and Disrupts Sleep-Dependent Memory Consolidation.
Cholinergic input from MS selectively increases activity, func-
tional plasticity, and structural plasticity in Sst+ interneurons;
these effects have been attributed to both nicotinic and musca-
rinic receptors expressed by Sst+ interneurons (34–41). Acetyl-
choline release in the hippocampus is significantly higher during
active wake versus non-rapid eye movement (NREM) sleep (23,
42), which is the predominant state in the hours following CFC
(7, 10, 17). Thus, one possibility is that cholinergic input drives
higher Sst+ interneuron activity during SD. To test whether in-
creased MS cholinergic input to the hippocampus is sufficient to
disrupt the sleep-dependent consolidation of CFM, we transduced
the MS of Chat-CRE mice with an AAV vector to express either
hM3Dq or mCherry in a Cre-dependent manner (Fig. 7). To con-
firm the effects of pharmacogenetic manipulation on the DG
network, hM3Dq- and mCherry-expressing mice (n = 5/group)
underwent single-trial CFC at lights on, followed by injection
with CNO, and were allowed 3 h ad libitum sleep in their HC
prior to euthanasia (Fig. 7A). S6 phosphorylation in the DG granule
cell layer was quantified as a measure of network activation. Phar-
macogenetic activation of MS cholinergic neurons after CFC led to
reduced numbers of pS6+ DG granule cells (P < 0.001, Stu-
dent’s t test), consistent with a role for cholinergic input in gating
DG network activity. To determine how this manipulation affected
sleep-dependent memory consolidation, a second cohort of hM3Dq-
or mCherry-expressing Chat-CRE mice (n = 9/group) underwent
single-trial CFC followed by CNO administration and ad libitum
sleep. CFM (assessed 24 h later) was reduced in hM3Dq-expressing
mice relative to mCherry-transduced controls (P < 0.05, Student’s
t test) (Fig. 7B).

Reducing Cholinergic Input to Hippocampus Improves Sleep-Dependent
Memory Consolidation and Increases Hippocampal S6 Phosphorylation.
We next tested whether reducing MS cholinergic input to the
hippocampus following CFC enhances CFM consolidation. To
do this, we transduced theMS ofChat-CREmice with an AAV vector
to express the inhibitory DREADD hM4Di in a Cre-dependent
manner. To characterize the effects of reduced MS cholinergic
input on network activity in the hippocampus, hM4Di-expressing
mice were treated with CNO or vehicle (VEH) at lights on and
allowed 3 h ad libitum sleep. The inhibition of cholinergic MS
neurons in CNO-treated mice increased numbers of pS6+ neu-
rons in DG relative to VEH-injected mice (n = 5 mice/group,
P < 0.05, Student’s t test) (Fig. 8A). Transduced mice underwent
single-trial CFC at lights on, after which they were immediately
injected with either CNO or VEH (n = 10 mice/group) and were
returned to their HCs for ad libitum sleep. After 24 h, 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 VEH-treated mice (P < 0.05, Stu-
dent’s t test) (Fig. 8B). However, as was true for Sst+ interneuron
inhibition, the memory-enhancing effect of pharmacogenetic inhi-
bition was specific to post-CFC sleep. Pharmacogenetic suppression

Fig. 5. Mimicking SD effects on activity in Sst+ interneurons reduces DG
granule cell activity and disrupts sleep-dependent memory consolidation.
(A, Top) Experimental design: SST-IRES-CRE mice expressing either mCherry
(n = 4) or hM3Dq-mCherry (n = 5) in the dorsal hippocampus were injected
with CNO (3 mg/kg, i.p.) at lights on and allowed 3 h ad libitum 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+ inter-
neurons was significantly higher in the hilus of hM3Dq-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
hM3Dq-expressing mice (*P < 0.05, Student’s t test). (D, Top) Experimental
design: SST-IRES-CRE mice expressing mCherry (n = 5) or hM3Dq-mCherry
(n = 6) in the dorsal hippocampus underwent single-trial CFC at lights on
and then were immediately administered CNO (3 mg/kg, i.p.) and allowed ad
libitum sleep in their HC. After 24 h, all mice were returned to the CFC
context for assessment of CFM. (Bottom) hM3Dq-expressing mice showed
significantly reduced CFM consolidation after 24 h with ad libitum sleep
compared with mCherry control mice. ***P < 0.001, Student’s t test.
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of MS cholinergic neurons’ activity during post-CFC SD failed to
fully rescue the consolidation of CFM (P = 0.21, Student’s t test)
(SI Appendix, Fig. S7B). Together, these data suggest that MS
cholinergic input to the hippocampus mediates gating of hippo-
campal network activity in the same way that Sst+ interneuron ac-
tivity does, by acting a brake on memory consolidation. They also
suggest that lifting this inhibitory gate on the hippocampal net-
work (which is activated during SD) can promote memory con-
solidation but is insufficient to rescue consolidation from SD-
driven disruption.

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 inhibitory gate
(summarized in Fig. 9). First, we find that, similar to Arc mRNA
and Arc protein (19), activity-dependent expression of pS6 in dorsal
hippocampus increases across a brief period of sleep (SI Appendix,
Fig. S1) but is reduced by a period of SD (Fig. 1). This effect of SD
is enhanced by prior learning (Fig. 1 and SI Appendix, Fig. S1) and
seems to occur selectively in the hippocampus—it is not seen in the
neocortex (SI Appendix, Fig. S2). We find that under SD conditions,
S6 phosphorylation in Sst+ interneurons (but not other cell types)
is increased rather than decreased (Fig. 4). Using pS6 itself as an
affinity tag, we took an unbiased TRAP-seq approach to char-
acterize cell types active in the hippocampus during sleep versus
SD. We found that transcripts up-regulated on pS6+ ribosomes
after SD included those with expression unique to specific in-
terneuron subtypes (e.g., Sst, Npy, and Crhbp) and markers of
cholinergic and orexinergic neurons (e.g., Cht) (Figs. 2 and 3). Hip-
pocampal Sst+ interneurons are enriched in the same interneuron-
specific markers identified as increasing in abundance after SD with
pS6 TRAP-seq (Fig. 3B). SD-driven changes in their expression

appear to be caused by greater activity in these neurons as a
function of SD (Fig. 3 and SI Appendix, Fig. S4).
Previous reports have shown that Sst+ interneurons gate DG

network activity during memory acquisition and that their acti-
vation likewise gates initial learning (27, 34). Considering we
observe fewer activated DG neurons expressing either Arc or
pS6 after SD (Fig. 1) (19), 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+ in-
terneurons target both neighboring pyramidal cells and other in-
terneuron types (such as Pvalb+ interneurons) for inhibition (28,
43–47). Our present data demonstrate that activation of Sst+
interneurons is sufficient to disrupt activity-regulated gene ex-
pression in neighboring neurons and CFM consolidation (Fig. 5).
Because selective activation of Sst+ interneurons in the hippo-
campus appears to be characteristic of SD, we conclude that this
mechanism may explain the sleep dependence of CFM consoli-
dation (4, 6, 7). It may also contribute to other effects of SD on
the dorsal hippocampal network, including disruption of long-
term potentiation (4, 5), reduction of plasticity-associated gene
expression (19), and decreases in dendritic spine density on py-
ramidal neurons (5, 48). CFM consolidation itself relies on intact
network activity in the dorsal hippocampus (12) and is associated
with increased network activity and amplified sleep-associated
oscillations in structures such as CA1 (7, 10, 17, 49) and regu-
larization of spike-timing relationships during post-CFC sleep (7,
10, 17). For example, in the hours following CFC, both fast-
spiking (putative Pvalb+) interneurons and pyramidal neurons
in CA1 show increases in firing rate (10), NREM sharp wave–ripple
oscillations are more frequent and higher in amplitude, and delta
and theta oscillations are enhanced during NREM and rapid eye
movement (REM) sleep (7, 17). CA1 circuit manipulations that
interfere with these events also disrupt CFM consolidation (7, 17).
Thus, the disruption of network activity patterns via activation of an

Fig. 6. Suppression of Sst+ interneuron activity increases DG granule cell
activity and improves sleep-dependent memory consolidation. (A, Top) Ex-
perimental design: SST-IRES-CRE mice expressing either YFP or hM4Di-
mCitrine (n = 5/group) in the dorsal hippocampus underwent single-trial
CFC at lights on, were injected with CNO (3 mg/kg, i.p.), and allowed 3 h
ad libitum sleep prior to sacrifice for immunohistochemistry. (Bottom) Ex-
pression of cFos in surrounding DG neurons (in the DG granule cell layer) was
reduced in hM4Di-expressing mice (*P < 0.05, Mann–Whitney U rank sum
test). (B, Top) Experimental design: SST-IRES-CRE mice expressing YFP (n = 6)
or hM4Di-mCitrine (n = 8) in the dorsal hippocampus underwent single-trial
CFC at lights on and then were immediately administered CNO (3 mg/kg, i.p.)
and allowed ad libitum sleep in their HC. After 24 h, all mice were returned
to the CFC context for assessment of CFM. (Bottom) hM4Di-expressing mice
showed significantly greater CFM consolidation (measured as percent time
freezing) after 24 h with ad libitum sleep compared with YFP control mice.
***P < 0.001, Student’s t test.

Fig. 7. Activation of MS cholinergic input to the hippocampus decreases DG
network activity and disrupts sleep-dependent memory consolidation.
(A, Top) Experimental design: Chat-CRE mice expressing either hM3Dq-
mCherry or mCherry alone in MS (n = 5/group) underwent single-trial CFC
at lights on, after which they were immediately administered CNO (3 mg/kg,
i.p.) and allowed 3 h ad libitum sleep prior to sacrifice for immunohisto-
chemistry. (Bottom) The number of pS6+ neurons in the DG granule cell
layer was reduced in hM3Dq-expressing mice (***P < 0.001, Student’s t test).
(B, Top) Experimental design: Chat-CRE mice expressing hM3Dq or mCherry
in MS (n = 9/group) underwent single-trial CFC at lights on, after which they
were immediately administered CNO (3 mg/kg, i.p.) and allowed ad libitum
sleep in their HC. After 24 h, mice were returned to the CFC context for a
CFM test. (Bottom) CFM 24 h post-CFC was reduced in hM3Dq-expressing
mice relative to mCherry controls (*P < 0.05, Student’s t test).
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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 (46, 50) and hippocampal–cortical communication

(51, 52)—features which correlate with the sleep-dependent
consolidation of CFM (17, 49). Thus, activation of Sst+ interneu-
rons may interfere with consolidation by either disrupting post-
learning “reactivation” of memory-encoding neurons (27, 53), by
disrupting sleep-associated hippocampal oscillations (54), or both.
The latter mechanism, in which sleep-specific oscillations are a
necessary element of consolidation, may explain why pharmacoge-
netic inhibition of Sst+ interneurons augments CFM consolidation
in freely sleeping mice but does not fully rescue CFM consolidation
in SD mice.
Increased representation of cholinergic and orexinergic cell

type–specific transcripts with SD using pS6-TRAP (Fig. 2) is
consistent with increased activity in lateral hypothalamic (orex-
inergic) and MS (cholinergic) inputs to the dorsal hippocampus
during wake (23, 24) (Fig. 9). Does activation of cholinergic or
orexinergic inputs to the hippocampus likewise contribute to dis-
ruption of CFM consolidation? And do these modulators drive
selective activation of hippocampal Sst+ interneurons during SD?
Behavioral data from both human subjects (38, 39) and animal

models (55) demonstrate that reduced acetylcholine signaling is
essential for the benefits of sleep for memory consolidation
(37–39). MS cholinergic neurons send the majority of their output
to the hippocampus, although a smaller subset provide cholinergic
input to neocortical sites, including entorhinal and primary sen-
sory cortices (56, 57). Our present data (Fig. 7) are consistent with
reductions in MS cholinergic input to the hippocampus being vital
for sleep-dependent CFM consolidation, although modulation of
neocortical areas may also play an important role. While cholin-
ergic input to the hippocampus is relatively high during both REM
sleep and wake (58), MS cholinergic neurons release significantly
less acetylcholine during NREM sleep (42). Like Sst+ inter-
neurons, MS cholinergic inputs suppress sharp wave–ripple os-
cillations (58), which are prominent in the dorsal hippocampus
during post-CFC NREM sleep (17, 49). The relative contribu-
tions of REM (with higher acetylcholine release) versus NREM
(with lower acetylcholine release) to specific aspects of memory
storage are still poorly defined. NREM sleep is the predominant
state in the hours following CFC (comprising 60 to 70% of re-
cording time over the first 6 h compared with ∼5% of time spent

Fig. 8. Reduced MS 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 VEH (n = 5/group) at ZT0
and were allowed 3 h ad libitum sleep prior to euthanasia. (Bottom) Inhi-
bition of cholinergic inputs to hippocampus increased numbers of pS6+
neurons in the DG granule cell layer after 3 h of ad libitum sleep (P < 0.05,
Student’s t test). (B, Top) 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 VEH (n =
10/group) and allowed ad libitum sleep in their HC. After 24 h, mice were
returned to the CFC context for a CFM test. (Bottom) CFM performance 24 h
post-CFC was improved in CNO-treated mice relative to VEH-treated controls
(*P < 0.05, Student’s t test).

Fig. 9. Schematic model summarizing SD effects on the hippocampal network, which lead to memory consolidation deficits. SD leads to increased activity
among cholinergic and orexinergic inputs to hippocampus, which in turn activate Sst+ interneurons (direction of neuronal activity change indicated by red
arrows). GABAergic signaling from Sst+ interneurons reduces activity in surrounding glutamatergic granule cells/pyramidal neurons (blue arrow), gating
hippocampal network activity.
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in REM), and features of NREM sleep appear to be essential for
CFM consolidation (7, 10). However, REM sleep, and the net-
work oscillations prominent in the hippocampus during REM,
also appear to play a vital role in memory storage (7, 17, 59). It
remains to be determined how state-specific changes in acetylcho-
line release promote memory storage, but our present data suggest
that these effects could be mediated, at least in part, by cholinergic
regulation of Sst+ interneurons’ activity. For example, we find that
that S6 phosphorylation in the hippocampus is augmented when
MS cholinergic input is reduced (Fig. 7), consistent with disinhibi-
tion. Others have found that stimulation of septohippocampal cho-
linergic neurons causes GABAergic inhibition of DG granule cells,
mediated by cholinergic receptors on hilar (Sst- and Npy-expressing)
interneurons (60). In contrast, while less is known about the role of
orexinergic signaling in memory consolidation, available data sug-
gests that orexin can promote, rather than inhibit, consolidation (61).
Moreover, orexinergic input to the hippocampus appears to activate
glutamatergic neurons to a greater extent than GABAergic neurons
(62). Thus, while we cannot rule out a role for orexinergic input in
SD-driven activation of Sst+ interneurons (Fig. 9), based on our
present data, it is plausible that cholinergic input is both necessary
and sufficient for interneuron activation.
An outstanding question is whether SD-associated, selective

activation of Sst+ interneurons is driven mainly by network inter-
actions (e.g., input from MS cholinergic interneurons) or cell-
autonomous mechanisms (e.g., cell type–specific changes in theex-
pression of proteins that alter intrinsic excitability and neuronal
firing). Our present data do not discriminate between these two
mechanisms but provide some circumstantial evidence of both.
For example, data from pharmacogenetic manipulations (Figs. 7
and 8) suggest that alterations in MS cholinergic neuron activity
affect activity in the granule cell layer of DG. At the same time, our
TRAP data (Fig. 3) suggest that Sst+ interneurons undergo SD-
driven increases in expression of Kcnf1, which may lead to increased
spontaneous firing rates (33), regardless of neuromodulatory input.
A second outstanding question is why post-CFC suppression

of Sst+ interneurons or cholinergic input to the hippocampus is
insufficient to fully rescue CFM consolidation in the context of
SD. As described above, CFM consolidation is associated with post-
learning changes in a number of sleep-associated oscillations during
both NREM and REM sleep (7, 10, 17, 49). One likely possibility is
that during SD, these oscillations are suppressed despite the phar-
macogenetic inhibition of these cell populations. In other words, it is
plausible that hippocampal network activity remains “wake-like” to
some extent. In this scenario, sleep-associated decreases in the activity
of these populations would be a permissive precondition that is,
on its own, insufficient for memory consolidation. Future studies
will be needed to determine how the suppression of Sst+ interneu-
ron and MS cholinergic neuron activities affects neuronal and net-
work activity (during post-CFC sleep and SD), in order to address
this possibility. Another plausible explanation is that (particularly
in the case of Sst+ interneurons in the hippocampal formation),
transduction of the cell population with inhibitory DREADDs is
incomplete. Thus, it is another possibility that incomplete rescue is
related to incomplete manipulation of the population.
A third, and final, outstanding question is whether these mech-

anisms are unique to the hippocampus or whether similar selective
activation of Sst+ interneurons occurs during SD in other struc-
tures, such as the neocortex. Our present data suggest that neuronal
activity-driven S6 phosphorylation is higher after SD in at least
some neocortical regions (SI Appendix, Fig. S2). This is in contrast
to what is seen in the dorsal hippocampus, where S6 phosphory-
lation is markedly lower after SD. This finding is consistent with our

recent work, showing that expression of the immediate early gene
Arc is increased after SD in the somatosensory cortex while si-
multaneously being suppressed in hippocampal DG (19). More
recently, we have found that while SD drives higher expression of
a number of activity-regulated genes in both pyramidal cells and
PV+ interneurons in the neocortex, expression of the same genes in
the hippocampus is refractory to SD (63). Together, these findings
might suggest that SD-driven activation of Sst+ interneurons, leading
to general network inhibition, could be unique to the hippocampal
network. On the other hand, recent calcium imaging studies of the
mouse neocortex have demonstrated higher activity of Sst+ inter-
neurons in superficial cortical layers during wake versus NREM sleep
(64, 65). This effect (which would lead to reductions in dendrite-
targeted inhibition during sleep) may be related to the recent find-
ing of dendritic calcium spikes in these cortical layers during NREM
oscillations (66). Critically, the activation of neocortical Sst+ inter-
neurons during active wakefulness is driven by cholinergic signaling
(67). While this mechanism is necessary for effective circuit-level
information processing during brief periods of arousal, one possi-
bility is that extended wake may act as an inhibitory gate, preventing
information processing altogether—as we see evidence for in the
hippocampus. Indeed, recent data suggest that overactivation of
Sst+ neocortical neurons disrupts both appropriately timed acti-
vation of neighboring pyramidal neurons in the context of learning
and storage of newly learned information (68). Together, these
findings suggest that a similar mechanism could plausibly underlie
some SD-induced disruption of memory consolidation mechanisms
outside of the hippocampus (69) as well.
Prior work has identified a number of intracellular pathways as

being critical targets for SD-mediated disruption of memory in
the hippocampus (4, 5, 9) and neocortex (70–72). Our present
data indicate that microcircuit-level regulation of brain activity is
another SD-driven mechanism underlying the disruption of
memory consolidation by sleep loss.

Materials and 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. For behavioral experiments, 3-
to 4-mo-old C57Bl6/J mice (Jackson) or transgenic mice on a C57Bl6 back-
ground were habituated to experimenter handling (5 min/day) for 5 d prior
to experimental procedures. At lights on (ZT0), animals were either left in
their HC or underwent single-trial CFC. Mice were then either were per-
mitted Sleep or were SD by gentle handling (7, 73) over the next 3 to 5 h for
immunohistochemical or biochemical studies. For behavioral analysis of CFM
(with or without pharmacogenetic manipulations), mice of the appropriate
genotypes from the same litter were randomly assigned to experimental
and control groups. All mice underwent single-trial CFC as described above
followed by either ad libitum sleep or 6-h SD [a length of time sufficient for
the disruption of CFM (4, 6, 7)] and subsequent recovery sleep. CFM was
assessed behaviorally 24 h after CFC. Complete materials and methods are in
SI Appendix, Materials and Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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