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The hippocampus is essential for consolidating transient experien-
ces into long-lasting memories. Memory consolidation is facilitated
by postlearning sleep, although the underlying cellular mecha-
nisms are largely unknown. We took an unbiased approach to this
question by using a mouse model of hippocampally mediated,
sleep-dependent memory consolidation (contextual fear memory).
Because synaptic plasticity is associated with changes to both neu-
ronal cell membranes (e.g., receptors) and cytosol (e.g., cytoskele-
tal elements), we characterized how these cell compartments are
affected by learning and subsequent sleep or sleep deprivation
(SD). Translating ribosome affinity purification was used to profile
ribosome-associated RNAs in different subcellular compartments
(cytosol and membrane) and in different cell populations (whole
hippocampus, Camk2a+ neurons, or highly active neurons with
phosphorylated ribosomal subunit S6 [pS6+]). We examined how
transcript profiles change as a function of sleep versus SD and
prior learning (contextual fear conditioning; CFC). While sleep loss
altered many cytosolic ribosomal transcripts, CFC altered almost
none, and CFC-driven changes were occluded by subsequent SD. In
striking contrast, SD altered few transcripts on membrane-bound
(MB) ribosomes, while learning altered many more (including long
non-coding RNAs [IncRNAs]). The cellular pathways most affected
by CFC were involved in structural remodeling. Comparisons of
post-CFC MB transcript profiles between sleeping and SD mice
implicated changes in cellular metabolism in Camk2a+ neurons
and protein synthesis in highly active pS6+ (putative “engram”)
neurons as biological processes disrupted by SD. These findings
provide insights into how learning affects hippocampal neurons
and suggest that the effects of SD on memory consolidation are
cell type and subcellular compartment specific.
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he role of sleep in promoting synaptic plasticity and mem-

ory consolidation is an enduring mystery (1). For the past
two decades, transcriptomic (2-6) and proteomic (7-10) profil-
ing of the mammalian brain after sleep versus sleep deprivation
(SD) has provided insights regarding general functions of sleep
for the brain. Such work provided the initial basis for the synap-
tic homeostasis (SHY) hypothesis for sleep function (2), which
proposes that synapses are broadly “downscaled” during sleep.
However, the function of such a process in memory consolida-
tion, and its occurrence during postlearning sleep, remains a
matter of debate (1, 11). Observations from in vivo electrophys-
iology have led to the conclusion that specific patterns of activ-
ity present during learning experiences may be replayed during
subsequent sleep. Such a mechanism could be instructive with
regard to memory storage [i.e., by selectively reactivating
“engram neurons” engaged during prior learning (12) and pro-
moting synaptic plasticity in those neurons]. Indeed, recent
findings suggest that in structures such as sensory cortex,

PNAS 2021 Vol. 118 No. 48 2108534118

reactivation of engram neurons during the first few hours of
postlearning sleep plays a critical role in consolidating new
memories (12). However, while recent work has demonstrated
long-lasting transcriptional changes in engram neurons (13), it
remains unknown how sleep-associated reactivation of these
neurons (and other features of brain physiology associated with
sleep) would affect intracellular pathways involved in synaptic
plasticity (1, 14).

More recently, transcriptomic and proteomic profiling of syn-
aptic or axonal organelles has been used to better understand
the effects of learning (15) or of sleep versus wake (10) on syn-
aptic function. However, to date, there has been no experimental
work aimed at characterizing cellular changes during sleep-
dependent memory consolidation—that is, those occurring dur-
ing postlearning sleep. Here, we use a well-established mouse
model of sleep-dependent memory consolidation—contextual
fear memory (CFM) —to study this process. CFM can be
encoded in a single learning trial (contextual fear conditioning
[CEC]; placement in a novel environmental chamber followed
by a foot shock). Memory for this context-shock pairing is
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consolidated via hippocampus-dependent mechanisms over the
next few hours (16). Critically, CFM consolidation can be dis-
rupted by SD over the first 5 to 6 h following CFC (17-21). Over
this same post-CFC interval, disruption of either neuronal activ-
ity (16), transcription (22, 23), or translation (24-27) in the
dorsal hippocampus can likewise disrupt consolidation. This sug-
gests that an activity- and sleep-dependent mechanism, imping-
ing on biosynthetic pathways in the hippocampus, is essential for
consolidation.

To shed light on these mechanisms, we characterized changes
to ribosome-associated messenger RNA (mRNAs) from different
hippocampal cell populations [including all Camk2a+ excitatory
neurons and the subset of highly active hippocampal neurons
expressing Ser244/247 phosphorylated S6 (pS6+) (28, 29)] as a
function of both sleep versus SD and prior CFC. By quantifying
mRNA profiles on ribosomes differentially localized to the cyto-
sol and cellular membranes, we find that while the majority of
changes to transcripts on cytosolic ribosomes vary as a function
of sleep versus wake, the majority of transcript changes on
membrane-bound (MB) ribosomes vary as a function of learning.
Our findings reveal subcellular functions for postlearning sleep
and suggest cellular mechanisms by which sleep could selectively
promote memory storage.

Results

Translating Ribosome Affinity Purification Isolates Cytosolic and
MB Ribosomal Transcripts from Different Hippocampal Neuron
Subpopulations. To quantify the effects of sleep and learning on
hippocampal mRNA translation, we employed two translating
ribosome affinity purification (TRAP) techniques. First, to
quantify ribosome-associated mRNAs in excitatory neurons,
B6.Cg-Tg(Camk2a-cre)T29-1Stl/J mice were crossed to the
B6N.129-Rpl225-1Psamll mouse line (30, 31). Offspring from
this cross express hemagglutinin (HA)-tagged ribosomal pro-
tein 22 (HA-Rpl22) in excitatory (Camk2a+) neurons (Fig. 1 4,
Left). Second, to quantify mRNAs associated with ribosomes in
active hippocampal neurons, we used an antibody targeting the
terminal phosphorylation sites (Ser244/247) of ribosomal pro-
tein S6 (pS6) (28) (Fig. 1 A, Left). These sites are phosphory-
lated in neurons as the result of high neuronal activity, by ERK
(32), mTOR-dependent kinase S6K1/2 (33), and CK1 (34),
leading to translation initiation (34) and possibly translation of
select transcripts (33). This strategy allowed us to compare
mRNAs expressed in the whole hippocampus (Input) with
those associated with ribosomes in either Camk2a+ or highly
active (pS6+) neuronal populations from the same hippocam-
pal tissue. To further test how mRNA translation varies as a
function of ribosomes’ subcellular localization, we centrifuged
our homogenized hippocampal tissue and collected samples
from supernatant (presumptive cytosolic) and pellet (presump-
tive membrane-containing) fractions (35). From both fractions,
we compared whole-hippocampus (Input) transcripts with tran-
scripts isolated by TRAP from excitatory neurons (Camk2a+)
and more highly active (pS6+) neuron populations (Fig. 14).
We first validated cell type-specific transcript enrichment
from Camk2a+ and pS6+ cell populations, using qPCR. Con-
sistent with recent data (36), relative to Input mRNA,
Camk2a+ TRAP produced similar mRNA levels of Arc, Cfos,
Homerla, Glual, and Vglutl transcripts and reduced expression
of interneuron and glial cell markers. In light of hemizygosity
for HA-Rpl22, this is consistent with roughly twofold enrich-
ment of excitatory markers relative to Input. Highly active
pS6+ neurons’ mRNA profiles displayed greater enrichment of
activity-driven transcripts (Arc, Cfos, and Homerla) and
interneuron-specific transcripts (Pvalb and Sst) than Camk2a+
neurons and comparable levels of excitatory neuron-specific
mRNAs (Glual and Vglutl) (Fig. 1 A and B). These data

20f 12 | PNAS
https://doi.org/10.1073/pnas.2108534118

Supernatant  Pelet

SekAL
9§79 T§
66

m Input

i Camk2a TRAP pS6 TRAP

@ Camk2a+ Supematant

B gomee G B
8 15 B pS6+ Pellet
sgt e
0
20-
8 10-
c
&
g o
2
w
= -10-
8]
o
-20-
-60 -30 0 30 60
PC1: 83% variance
Fig. 1. TRAP-based profiling of hippocampal cell populations and isola-

tion of subcellular fractions. (A, Left) Confocal images showing expression
of HA (Camk2a), phosphorylated S6 (pS6), and parvalbumin in area CA1 of
dorsal hippocampus. Highlighted neurons are parvalbumin, pS6, and HA.
(Scale bar, 100 pm.) (Right) Schematic of protocol for isolating mRNAs
from subcellular fractions and different cell populations using TRAP. (B)
Camk2a+ (cyan) and pS6+ (orange) TRAP mRNA enrichment values were
calculated (versus Input) for activity-dependent (Arc, Cfos, Homer1a), excit-
atory neuron (Glual, Vglut1), inhibitory neuron (Parv, Sst), and glial (Mbp,
Gfap) transcripts. *** indicates P < 0.001 for enrichment value differences
between Camk2a+ and pS6+ neuronal populations (t test, n = 7/group).
(C) Camk2a+ and pS6+ TRAP enrichment in supernatant (solid bars) and
pellet (hatched bars) fractions (versus Input) for transcripts encoding
secreted (Bdnf), transmembrane (Grin2a, Grin2b), ER (Hspa5), and cytosolic
(Cfos, Homer1a) proteins. (t test, n = 9/group, *, **, and *** indicate P <
0.05, P < 0.01, and P < 0.001, respectively). (D) PCA plot (variance stabiliz-
ing transformation [VST], Deseq2) for RNA-seq data from the three cell
populations (Input, Camk2a+ neurons, and pS6+ neurons) and two
fractions (supernatant and pellet). Data are shown for n = 30 biological
replicates (i.e., bilateral hippocampi) from 30 total mice across the four
treatment groups.

support the interpretation that pS6 is present in a subset of
highly active Camk2a+ neurons in the hippocampus, along with
select populations of interneurons (20).

We next used qPCR to initially characterize subcellular
enrichment of mRNAs differentially expressed in supernatant
and pellet fractions. Previous reports have found that isolating
pellet ribosomes selectively enriches for endoplasmic reticulum
(ER)- and dendrite-localized transcripts (35). To test whether
transcripts encoding ER and dendritic proteins are differen-
tially present in supernatant versus pellet, we first analyzed
Hspa5 (encoding the resident ER chaperone BIP). Hspa5 was
significantly more enriched in the pellet fractions than the
supernatant fractions of both Camk2a+ and pS6+ neurons
(Fig. 1C; Camk2a+: supernatant, 1.03 x Input; pellet, 7.38 x
Input; P < 0.001, ¢ test; pS6+: supernatant, 1.17 x Input; pellet,

Delorme et al.

Hippocampal neurons’ cytosolic and membrane-bound ribosomal transcript profiles are

differentially regulated by learning and subsequent sleep



10.33 x Input; P < 0.001). Similarly, Bdnf, Grin2a, and Grin2b
mRNAs (encoding the secreted growth factor and glutamater-
gic receptor subunits) were more enriched on ribosomes
isolated from the pellet fraction compared to the supernatant
fraction. In contrast, Homerla [encoding a truncated form of
synaptic scaffolding protein Homer1, whose transcript is initially
translated in the soma (37, 38)] was more abundant on superna-
tant ribosomes in both neuron populations, and the immediate
early gene transcript Cfos was equally abundant in both frac-
tions. These results support the idea that ribosome-associated
transcripts observed in pellet and supernatant fractions encode
proteins with predicted enrichment on cell membranes and in
cytosol, respectively. To further validate this interpretation, we
further characterized transcript profiles from different cell popu-
lations (Camk2a+, pS6+, Input) and subcellular fractions
(supernatant, pellet) using a nonbiased approach - RNA
sequencing (RNA-seq). The biological replicates used for this
analysis consisted of biological hippocampi from individual mice
(i.e., one mouse/sample; total n = 30 mice across 4 treatment
groups described below in the following Results subsection).
Principal component analysis (PCA) analysis revealed six dis-
crete clusters of RNA-seq-based mRNA expression profiles,
with PC1 accounting for 83% of the total expression variance
(PC2 contributed only 6%). These clusters segregated based on
the sample’s origin (Fig. 1D), with supernatant and pellet frac-
tions each forming a similar grouping of three distinct clusters.
Critically, three clusters were present in both the supernatant
and pellet fractions’ data; these two sets of three clusters showed
the same relationship in PC space relative to one another and
segregated based on cell type (Camk2a+, pS6+, or Input). No
obvious subclusters (i.e., representing the four treatment groups
of the mice; see the following subsection of Results, below) were
present within this PC space.

To characterize transcripts differentially localized to superna-
tant and pellet fractions, we next calculated the relative mRNA
abundance in the two fractions from Camk2a+ neurons, pS6+
neurons, and Input (i.e., whole hippocampus) (SI Appendix,
Figs. S1 A and B and S24) using Deseq2 (39). Again, for this
analysis, each mouse’s hippocampi (n = 30 samples, from 30
mice across the 4 behavioral conditions) constituted a biological
replicate. The 2,000 transcripts that were most differentially
expressed between the fractions (based on adjusted P value)
were then characterized using the database for annotation,
visualization and integrated discovery (DAVID)’s cellular com-
ponent annotation (40). Transcripts more abundant in the
supernatant fraction from both neuron populations (and Input)
encoded proteins with functions localized to the cytoplasm and
nucleus. Transcripts more abundant in the pellet fraction
encoded proteins with functions localized to the plasma mem-
brane, ER, Golgi apparatus, and synapses (SI Appendix, Figs.
S1 C and D and S2B). Thus, for subsequent analyses, we refer
to supernatant and pellet ribosomal fractions as cytosolic and
MB ribosomes, respectively. Signaling and metabolic pathways
with components highly represented among mRNAs more
abundant on cytosolic ribosomes were assessed using Ingenuity
Pathway Analysis (IPA) canonical pathways (SI Appendix, Fig.
S1 E and F). These included cytosol-localized cellular function
pathways such as ubiquitination, nucleotide excision repair,
hypoxia signaling, and sumoylation pathways. In contrast, tran-
scripts more abundant on MB ribosomes enriched for compo-
nents of signaling pathways involved in synaptic (GABAergic
receptor, glutamatergic receptor, and endocannabinoid signal-
ing) and ER (e.g., unfolded protein response) functions.

To further investigate subcellular localization of transcripts
representing cellular pathways critically involved in hippocam-
pal function, we examined signaling pathways represented by
transcripts selectively expressed in both cytosolic and MB frac-
tions. Because both learning and sleep affect synaptic structure
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and function (10, 41-43), we first focused on the synaptogenesis
signaling pathway. In Camk2a+ neurons, transcripts more
abundant on MB ribosomes encoded secreted proteins (e.g.,
Bdnf), transmembrane proteins including AMPA, NMDA, and
ephrin receptors (e.g., Grial, Gria2, Gria3, Grin2a, Grin2b,
Grin2c, Ephal, and Epha2), and membrane-associated enzymes
(Plcy) (SI Appendix, Fig. S1G). mRNAs more abundant on
cytosolic ribosomes encoded intracellular complexes including
adaptor proteins (Crk, Shc) and kinases (Cdk5, Lmkl1, Gsk3b,
Mapkl, Mapk2, and P70S6K) in the synaptogenesis pathway.
Components of the CREB signaling pathway (another pathway
regulated by both learning and sleep) (18, 44-47) were also
highly represented among transcripts, which differentially local-
ized to both cytosolic versus MB ribosomes, in both Camk2a+
and pS6+ neuronal populations (SI Appendix, Fig. S1 E and F).
mRNAs encoding enzymes which regulate CREB transcrip-
tional activity selectively localized to ribosomes in either com-
partment (e.g., Polr2c, encoding the RNA polymerase subunit,
in the cytosolic fraction; Adcyl, encoding adenylate cyclase, in
the MB fraction). mRNAs encoding G protein coupled recep-
tors and ion channels (metabotropic glutamate receptors, ER
IP; receptors, calcium channel subunits, AMPA and NMDA
receptor subunits) localized exclusively to the MB fraction,
while those encoding transcription factors and kinases localized
primarily to the cytosolic fraction (SI Appendix, Fig. S1H). In
contrast to Camk2a+ and pS6+ neuron populations, the CREB
signaling pathway was not represented among mRNAs differ-
entially localized to subcellular fractions of Input (i.e., whole
hippocampus; SI Appendix, Fig. S2), suggesting that differential
localization of mRNAs encoding CREB signaling components
are more pronounced in neurons than other hippocampal cell
types.

Functional categories represented in the two subcellular frac-
tions in Input RNA followed a pattern largely similar to that
seen in Camk2a+ and pS6+ neuronal populations. However, in
contrast to profiles from neuronal populations, the signaling
pathway category that was most represented by differentially
localized mRNAs between the two Input fractions was the pro-
tein ubiquitination pathway (SI Appendix, Fig. S2). This finding
suggests more dramatic subcellular segregation of mRNAs
encoding ubiquitin pathway components in nonneuronal hippo-
campal cell types (i.e., glial cells).

Learning and Sleep Loss Have Divergent Effects on Cytosolic and
MB Ribosome-Associated mRNA Profiles. Because both learning
and sleep alter hippocampal activity, intracellular signaling, and
function (18, 19, 48, 49), we next tested how cytosolic and MB
ribosome-associated transcripts in different neuron types were
affected by prior training on a hippocampus-dependent mem-
ory task. Consistent with previous findings from our laboratory
and others’ (17-21), post-CFC SD disrupted CFM consolida-
tion in the transgenic mice used in this study (SI Appendix, Fig.
S3). We also tested how these transcript profiles were affected
by a brief (3-h) period of subsequent sleep or SD. This 3-h time
post-CFC window was selected to correspond to peak post-
CFC learning-induced changes in hippocampal network activity
(20, 49, 50), and the time course over protein synthesis is
required for CFM consolidation (26, 27). At lights on (Zeitge-
ber time [ZT] 0; i.e., the beginning of the rest phase), mice
were either left undisturbed in their home cage (HC) or under-
went single-trial CFC. Over the next 3 h, mice in CFC and HC
control groups were either permitted ad libitum sleep (Sleep)
or underwent SD in their HC by gentle handling (Fig. 24).
Freely sleeping HC + Sleep and CFC + Sleep mice spent 76 +
2% and 73 + 4%, respectively, of the 3-h time window prior to
euthanasia in a sleeping state. This is consistent with our prior
data showing that ~60 to 75% of the first 6 h following CFC
are spent in nonrapid eye movement (non-REM) sleep, and
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roughly 3 to 7% in REM sleep (19, 49, 50). These manipula-
tions were followed by RNA isolation and sequencing as
described above in the preceding Results subsection. Effects of
learning and sleep loss on mRNA abundance were quantified
for each cell population (Camk2a+, pS6+, or Input) and sub-
cellular fraction (cytosolic or MB; e.g., pS6+ MB) to preserve
gene-level inferences made by the Deseq2 model.

We first assessed the specific effects of SD alone (comparing
SD and Sleep conditions) by combining data sets from naive
(HC) and recently trained (CFC) mice (Fig. 24, yellow). Learn-
ing and novel sensory experiences during SD are often a caveat
for identification of brain biochemical which changes due to
wake per se (11). We thus pooled samples from the HC and
CFC groups for this specific portion of the Deseq2 analysis,
with the aim of more reliably identifying the most robust tran-
script changes driven by SD, while disregarding changes that
might occur primarily as a function of learning (11). We then
quantified the effects of learning (comparing CFC and HC con-
ditions) separately in sleeping and SD mice (Fig. 24, red [SD],
blue [Sleep]). Comparing the two latter sets of transcript
changes is useful for identifying those occurring during success-
ful CFM consolidation (in sleep) and those occurring in a con-
dition where consolidation fails (SD). Venn diagrams (shown in
Fig. 2B) illustrate the relative number of significant transcript
changes resulting from these comparisons. SD had a relatively
large effect on cytosolic ribosomal mRNAs (Camk2a+: 567
transcripts; pS6+: 913 transcripts; Input: 297 transcripts) com-
pared to the effect of learning, which had extremely modest
effects on cytosolic ribosomal transcripts. Conversely, MB ribo-
somal mRNAs were dramatically altered by learning in both
SD (CFC + SD: Camk2a+, 2,396 transcripts; pS6+, 1,908 tran-
scripts; Input, 840 transcripts) and Sleep groups (CFC + Sleep:
Camk2a+, 795 transcripts; pS6+, 2,211 transcripts; Input, 208
transcripts). In contrast, relatively few MB ribosomal mRNAs
were altered by SD (Camk2a+: 233 transcripts; pS6+: 164 tran-
scripts; Input: 95 transcripts). These results suggest that SD
and learning differentially affect ribosomal mRNA profiles
based on their subcellular localization. SD (versus Sleep)
appears to have more pronounced effects (i.e., significantly
affecting a larger number of transcripts) in the cytosol, and
learning appears to have more pronounced effects on MB ribo-
somes. Moreover, relatively few transcripts significantly affected
by sleep or learning overlapped between the different cell pop-
ulations, as shown in Fig. 2C. Together these data suggest that
effects of learning and sleep on ribosome-associated transcripts
are highly cell type and subcellular compartment specific.

SD Primarily Affects Cytosolic Ribosomal mRNAs Involved in
Transcription Regulation. Far more cytosolic ribosome-associated
mRNAs were significantly altered by SD (compared with rela-
tively few changes driven by CFC) in Camk2a+ neurons (SD:
567 transcripts, CFC: 20 transcripts), pS6+ neurons (SD: 913
transcripts, CFC: 43 transcripts), and to a lesser extent, Input
(whole hippocampus) mRNA (SD: 297 transcripts, CFC: 37
transcripts) (Fig. 3 and SI Appendix, Fig. S4). We characterized
the molecular and cellular pathways altered by SD-induced
changes to cytosolic ribosome transcripts. Molecular functions

included both HC and CFC animals. To quantify effects of CFC, CFC + Sleep
(blue), and CFC + SD (red), mice were analyzed separately. Following behav-
ioral manipulations, cytosolic and MB fractions for different cell populations
were isolated as described in Fig. 1. (B) Proportional Venn diagrams reflect
the number of significantly altered transcripts in each cell populations and
subcellular fractions (i.e., Camk2a+/MB), based on comparisons shown in A.
Complete transcript lists for each comparison are available in Datasets S4,
S5, and S6. (C) Transcripts altered by SD and CFC in different subcellular
fractions in Camk2a+, pS6+, and Input populations were used to construct
Venn diagrams. Full transcript lists are included in Dataset S7.
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mRNAs altered by SD on cytosolic ribosomes encode transcriptional regulators. (A) Proportional and overlapping Venn diagrams of transcripts sig-

nificantly altered by SD, CFC + Sleep, and CFC + SD in cytosolic fractions from Camk2a+ neurons, pS6+ neurons, and Input. (B, Top) The seven most-
enriched molecular and cellular function categories (ranked by P,q; value) for transcripts altered by SD alone in Camk2a+ neurons, pS6+ neurons, and
Input. (Bottom) The 10 most-enriched canonical pathways of SD-affected transcripts are listed in order P,q; value (indicated by circle diameter), with z-
scores reflecting direction of pathway regulation (indicated by hue). There were no significant canonical pathways present in the Input fraction. (C, Left)
The 10 transcripts most significantly affected in CFC + Sleep (blue) and CFC + SD (red) conditions for Camk2a+ (Top) and pS6+ (Bottom) neurons, ranked
by P,qj value. Transcripts that were also significantly altered as a function of SD alone are highlighted in yellow. (Right) Results of transcript-level analysis
(56) show transcripts for transcript isoforms altered in Camk2a+ (Top) and pS6+ (Bottom) neurons following CFC. Transcript isoforms that were signifi-
cantly altered as a function of SD are highlighted in yellow. Functional category analysis available in Dataset S8.

most affected by SD alone (based on adjusted P values <0.1 for
transcripts using IPA annotation) overwhelmingly favored tran-
scriptional regulation and RNA processing in both Camk2a+
and pS6+ neurons, as well as in Input (Fig. 3 B, Top). Previous
transcriptome analysis has shown that mRNAs encoding tran-
scription regulators are more abundant following brief SD in
the hippocampus (Fos, Elk1, Nr4al, Creb, and Creml) (4-6, 36)
and neocortex (Per2, Egrl, and Nrdal) (2, 36). Consistent with
those findings, SD increased the abundance of multiple
mRNAs encoding transcription factors and upstream regulators
in all cell populations, including E2f6, Elkl, Erf, Fosll, Fosl2,
Fos, Fosb, Lmo4, Tafl2, Xbpl, Atf7, Artnl2, Atoh8, Bhlhe40
(Decl), Crebl2, Crem, Egr2, Nfil3, and Ubpl. Transcripts signifi-
cantly affected in Camk2a+ and pS6+ neurons overlapped
partially with those reported in previous SD experiments,
including components of pathways for AMPK, PDGE ERK/
MAPK, IGF1, and ER stress signaling (Fig. 3 B, Bottom) (4-6,
24, 51). However, only a small fraction of mRNAs recently
reported to be altered by SD in whole hippocampus (5), hippo-
campal Camk2a+ neurons’ ribosome-associated profiles (6), or
whole forebrain (10) overlapped with SD-affected mRNAs in
cytosolic fractions of any cell population (SI Appendix, Fig. S5).
In pS6+ neurons only, mRNAs encoding components of the
PI3K/AKT and TGF-B signaling pathways were down-regulated
in the cytosolic fraction after SD (Fig. 3 B, Bottom), suggesting
that activity in these pathways may be higher during sleep.

We next performed upstream regulator analysis to character-
ize transcript changes, which might be due to SD-associated
transcriptional regulation. Results of this analysis provide both
a P value for the significance of mRNAs’ regulation by a spe-
cific common upstream regulator and a z-score indicating the
direction of the regulated mRNAs’ fold change (i.e., transcrip-
tional activation or suppression). Taken together, these values
predict the activation state of specific gene regulator complexes
during SD (52). In line with prior meta-analysis of SD-induced
transcripts (53), Crebl was identified as the transcriptional reg-
ulator whose downstream target’s were most consistently
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affected across all cytosolic transcripts (S Appendix, Fig. S6A).
Crebl transcript itself was not increased following SD, although
Crebl2 and Crem mRNAs were both significantly increased, and
multiple Crebl transcriptional targets (e.g., Fos, Arc, Fosb,
Egr2, Nfil3, Nr4a2, Bag3, and Irs2) were up-regulated in the
cytosolic fraction of both Camk2a+ and pS6+ neuronal popula-
tions (SI Appendix, Figs. S6B and S7) following SD.

CFC-Induced Changes in Cytosolic Ribosome-Associated mRNAs Are
Occluded by Subsequent SD. Hippocampal fear memory consoli-
dation in the hours following CFC relies on both sleep (17-19)
and CREB-mediated transcription (13, 54). With Crebl activity
high during SD, we were curious what effect SD would have on
the abundance of ribosome-associated transcripts involved in
memory consolidation. As discussed in the preceding Results
subsection above, few cytosolic ribosome-associated mRNAs
were altered by CFC, regardless of subsequent sleep (Figs. 2
and 3). In Camk2a+ neurons, 19 cytosolic ribosome-associated
transcripts were altered (compared to HC + Sleep controls) in
CFC + Sleep mice, whereas only 2 transcripts were significantly
altered (compared to HC + SD controls) in CFC + SD mice.
Of those, most (13/19 from CFC + Sleep, 2/2 from CFC + SD)
were also significantly increased by SD alone (Fig. 3A4).
Ribosome-associated mRNAs whose abundance was signifi-
cantly affected by both SD and CFC in Camk2a+ neurons
included activity-dependent transcripts such as Fosb, Arh-
gap39(Vilse), and Erfil (Fig. 3C, yellow). For comparison, in
Input (i.e., whole hippocampus), slightly more cytosolic
ribosome-associated mRNAs were significantly altered after
CFC + SD (27 transcripts) versus CFC + Sleep (14 transcripts).
Of these, 6/27 and 9/14, respectively, were similarly significantly
affected by SD alone (Fig. 34).

These initial data suggested that changes in cytosolic
ribosome-associated transcripts following SD alone could
occlude some of the transcript changes triggered by CFC, that
is, making effects of CFC itself on transcript abundance unde-
tectable. To better characterize how this might affect the
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neurons that are most activated by CFC (which could represent
CFC “engram neurons”), we compared cytosolic transcripts
affected by CFC and SD in pS6+ neurons. While similar num-
bers of transcripts were altered by CFC followed by sleep or
SD (23 versus 22), only two transcripts (Fosb and Egr3) were
similarly affected in both CFC + Sleep and CFC + SD mice
(Fig. 3 4 and C). Of the transcripts altered on cytosolic ribo-
somes after CFC in pS6+ neurons, several (12/23 of those
affected in freely sleeping mice, 6/22 of those affected in SD
mice) were also regulated by SD alone (Fig. 34), including
Fosb, Egr3, Arghap39(Vilse), Gpr3, Ssh2, Inhba, Rnfl9a, and
Cdknla (Fig. 3C, yellow). Because SD alters a significant num-
ber of transcripts involved in RNA splicing/processing (Fig.
3B), and splice isoforms play critical roles in synaptic plasticity
and memory storage (55), we next assessed effects of SD and
CFC on differentially spliced mRNA isoforms using transcript-
level analysis (56) (Fig. 3C). On cytosolic ribosomes from pS6+
neurons, both the activity-dependent splice isoform of Homerl
scaffolding protein (Homerla) and the activity-dependent splice
isoform of Fosb, which encodes a highly stable protein (AFosb),
were significantly increased after CFC followed by ad libitum
sleep but were not significantly affected by CFC in SD mice (Fig.
3C). These isoforms were also increased as a function of SD
alone, suggesting another mechanism by which SD could occlude
changes to pS6+ neurons initiated by learning (Fig. 3C, yellow).

To validate and extend these findings, and to better charac-
terize the persistence of CFC-induced cellular changes, we har-
vested hippocampi from CFC and HC mice following 5 h of SD
or ad libitum sleep (i.e., a later time point with respect to learn-
ing). Using qPCR, we first quantified mRNA levels for splice
isoforms of Fosb and Homerl in the cytosolic fraction of whole
hippocampus (Input), Camk2a+ neurons, and pS6+ neurons.
Similar to what was observed after 3 h of SD, 5 h of SD
increased expression of both Fosb and its long-lasting splice iso-
form AFosb, regardless of prior CFC (SI Appendix, Fig. S8 A4,
Left). Compared with Input, Fosb and AFosb transcripts were
relatively de-enriched on cytosolic ribosomes from Camk2a+
neurons, but both were highly enriched on cytosolic ribosomes
pS6+ neurons (SI Appendix, Fig. S8 A, Right). This finding is
consistent with neural activity regulating both S6 phosphoryla-
tion (28) and Fosb and AFosb transcript abundance (57, 58). To
measure CFC-driven changes in these transcripts, we normal-
ized Fosb and AFosb transcripts in CFC + Sleep or CFC + SD
mice to that of the corresponding HC control group. In both
pS6+ neurons and Input, AFosb increased following CFC, rela-
tive to HC controls, regardless of subsequent sleep or SD. In
other words, CFC had an apparent effect on AFosb abundance,
even after the effects of SD alone on AFosb expression were
accounted for. However, on ribosomes taken from all Camk2a+
neurons, both Fosb and AFosb transcripts increased in CFC +
Sleep mice, but this increase was occluded by increases in the
transcripts caused by SD alone (36) in CFC + SD mice (SI
Appendix, Fig. S8 A, Bottom).

We also used qPCR to quantify the relative expression of
Homerl and its splice variant Homerla in cytosolic fractions
after CFC and 5 h subsequent sleep or SD. Homer! itself was
modestly affected by 5 h of SD, while its splice variant Homerla
was dramatically elevated, consistent with earlier findings (36,
59, 60) (SI Appendix, Fig. S8 B, Left). Homerl was de-enriched
in both Camk2a+ and pS6+ neurons relative to Input, while
Homerla was enriched only in pS6+ neurons (consistent with
regulation by neuronal activity) (SI Appendix, Fig. S8 B, Right).
Similar to AFosb, CFC increased Homerla across all cell popu-
lations in mice allowed ad libitum sleep, but this increase was
occluded in Camk2a+ neurons by SD (SI Appendix, Fig. S8 B,
Bottom).

We quantified additional cytosol-localized transcripts for
proteins with known functions in hippocampal plasticity and
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memory to test the effects of CFC and 5 h subsequent sleep or
SD (SI Appendix, Fig. S9). These included transcripts increased
in our Desq2 analysis following SD alone and either unaffected
by CFC (Cfos and Arc), altered only in CFC + SD mice (Atf3),
or altered only in CFC + Sleep mice (1700016P03Rik). We also
visualized Egr3, which was unaffected by SD but increased by
CFC in both CFC + SD and CFC + Sleep groups. All tran-
scripts except Egr3 were altered by 5 h SD in Camk2a+ and
pS6+ neuron populations. In pS6+ neurons, Cfos and the
long noncoding RNA (IncRNA) transcript 1700016P03Rik (61,
62) remained significantly elevated as a function of learning 5 h
following CFC; SD either fully or partially occluded these
learning-associated changes (SI Appendix, Fig. S9). No significant
CFC-induced changes in these transcripts were detectable on
cytosolic ribosomes from Camk2a+ neurons at 5 h post-CFC.
Taken together, these data support the hypothesis that CFC-
associated changes in activity-regulated transcripts at cytosolic
ribosomes are likely occluded by subsequent SD (Discussion).
This effect, which is most pronounced for highly active (puta-
tive engram) hippocampal neurons, constitutes a plausible
mechanism for memory consolidation disruption by SD.

SD Affects MB Ribosomal Transcripts Involved in Receptor-
Mediated Signaling, ER Function, and Protein Synthesis. Fewer
mRNAs were altered as a function of SD alone on MB ribo-
somes compared with cytosolic ribosomes—where most
observed changes were driven by SD rather than CFC (Figs. 2
and 44 and SI Appendix, Fig. S10). Changes in MB ribosomal
transcripts due to SD were also dwarfed by more numerous
changes to MB ribosome-associated transcripts following CFC.
These changes differed substantially between Camk2a+ neu-
rons, pS6+ neurons, and Input; thus, canonical pathways repre-
sented by transcripts altered in the three populations by SD
also differed. Critically, no canonical pathways were signifi-
cantly enriched by SD-induced transcript changes in either
Camk2a+ neurons or Input. On MB ribosomes from both
Input and Camk2a+ cell populations, SD-altered transcripts
included components of cellular pathways that were signifi-
cantly affected in SD-regulated transcripts on cytosolic ribo-
somes (Fig. 3B) and with transcripts affected by SD in prior
whole-hippocampus transcriptome studies (4-6, 24, 51). These
included components of the AMPK (Chrm5, Irs2, Pfkfb3,
Ppmlf, Prkab2, Prkag2, and Smarcd2), IGF1 (Elkl and Rasdl),
IL-3 (Crkl and Foxol), relaxin (Gnaz, Pde4b, Smpdl3a), and
neuregulin (Errfil) signaling pathways in Camk2+ neurons and
components of glucocorticoid receptor signaling (Elkl, Gtf2e2,
Prkab2, Prkag2, Rasdl, Smarcd2, Taf12, Fos, Krt77, Ptgs2, and
Tsc22d3), unfolded protein response (HspaS and Pdia6), and
ER stress (Calr and XbpI) pathways in both Camk2a+ neurons
and Input. Critically, however, only 30 (6%) of the 511 mRNAs
previously reported to be altered by SD in whole hippocampus
(4) overlapped with SD-affected mRNAs in the MB fraction of
whole hippocampus (i.e., Input; SI Appendix, Fig. S4). This sug-
gests that even within these commonly identified cellular path-
ways, individual transcripts altered by SD on MB ribosomes
may differ substantially from those reported previously.

In contrast to SD-driven changes in Camk2a+ neurons and
Input, SD-altered transcripts from pS6+ neurons’ MB ribo-
somes significantly enriched for several canonical pathways.
These included the neurotrophin/TRK (Atf4, Bdnf, Fos, Ngf,
Plcgl, and Spry2), corticotropin releasing hormone (Cri and
Vegfa), ERKS (Il6st and Rasdl), and EIF2 (Eif2b3, Hspas,
Ptbpl, and Rpl37a) signaling pathways and the human embry-
onic stem cell pluripotency pathway (Bmp2, Inhba, and Wnt2).
Thus, the major pathways affected by SD among MB
ribosome—-associated transcripts comprise receptor signaling
pathways, protein synthesis regulation, and ER function.
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Learning-Related Changes in MB Ribosomal Transcripts Diverge
Based on Subsequent Sleep or SD. In contrast to the sparsely
expressed CFC-driven transcript changes observed on cytosolic
ribosomes, the majority of transcript changes on MB ribosomes
were driven by CFC (Figs. 2 and 4A). Critically, learning-
induced changes in MB fraction transcripts diverged in all cell
populations, depending on whether CFC was followed by 3 h of
ad libitum sleep or 3 h of SD. In contrast to the high degree of
overlap between SD-driven and CFC-driven transcript changes
in the cytosol, on MB ribosomes, mRNAs affected by SD
showed significantly less proportional overlap (2 to 10%) with
CFC-induced changes (Fig. 44). These data suggest that trans-
lational profiles of MB ribosomes are most selectively affected
by prior learning but that the specific mRNAs associated with
MB ribosomes also vary dramatically as a function of postlearn-
ing sleep or SD.

We first characterized the cellular and molecular functions
of MB ribosomal mRNAs altered as a function of CFC and
subsequent sleep or SD. For Camk2a+ and pS6+ neurons, the
most enriched functional categories largely overlapped and rep-
resented similar molecular categories in CFC + Sleep and CFC
+ SD mice—including organization of cytoplasm, organization
of cytoskeleton, microtubule dynamics, cell-cell contact, and
formation of protrusions (Fig. 4B). In contrast, few of these cat-
egories were enriched in Input MB fractions. There, the most
enriched functional categories for transcripts altered by CFC +
Sleep included excretion of sodium and potassium, formation
of cilia, organization of cellular protrusions, desensitization of
phagocytes, and abnormal quantity of phospholipid. Alterations
in Input mRNAs following CFC + SD also enriched for func-
tional categories not represented in neuronal MB fractions,
including cell degeneration, metabolism of membrane lipid
derivative, metabolism of sphingolipid, and ER stress response.
Together, these data suggest that CFC may alter similar
membrane-associated cellular functions in Camk2a+ and pS6+
neuronal populations, regardless of subsequent sleep or SD. In
contrast, CFC may have distinct and pronounced effects on
membrane-associated functions in other hippocampal cell types
(e.g., glia), and these effects may diverge based on the animal’s
sleep state.

To further characterize changes in MB-associated ribosomal
transcripts following learning, we first compared significantly
altered mRNAs (based on adjusted P value) in Camk2a+ and

SDIHC & CFQ)
A Sleep(HC & CFC) B
Sleep(CFC) SDICFC)
SleeplHC) SDIHC)

Camk2a 8§

pS6+ neurons following CFC in sleeping and SD conditions
(Fig. 4C). At Camk2a+ neurons’ MB ribosomes, CFC + Sleep
led to increased abundance for mRNAs encoding transmem-
brane receptors (Chrm5 and Htrla) and dramatically decreased
abundance for multiple IncRNAs including Kcnglotl, Meg3,
Mir99ahg, and unannotated transcripts (e.g., Gm37899 and
Gm26917) (Fig. 4C). Many other IncRNAs showed reduced
abundance on MB ribosomes following CFC (including Neat1,
Malatl, Mirg, and Ftx). With the exception of Mirg and Ftx,
these IncRNAs were also significantly reduced following CFC
+ SD. CFC + SD led to the most significant transcript increases
on MB ribosomes for Lrrc8c (encoding an acid sensing, volume-
regulated anion channel) and antiadhesive extracellular molecules
(Sparcll/Hevin), adhesion molecules (F3/Contactinl), transmem-
brane receptors (Pagrs§), potassium modifiers (Kcng4), ER-tethered
lipid synthesis molecules (Hacd?), and actin regulators (Farml107a).

In highly active (pS6+) neurons, Dynclhl was the most signif-
icantly altered transcript following CFC and was dramatically
reduced in both freely sleeping and SD mice (Fig. 4C). Dynclhl
encodes the main retrograde motor protein in eukaryotic cells,
supporting retrograde transport in axons and dendrites (63). To
a lesser extent, its abundance was also significantly reduced on
MB ribosomes from Camk2a+ neurons. Dynclhl was not
reduced as a function of SD itself in either neuron population,
suggesting that decreases in Dynclhl are specific to the post-
learning condition.

We next constructed canonical pathway networks affected by
CFC + Sleep or CFC + SD to visualize the signaling and meta-
bolic pathways differently altered in the two conditions. Canon-
ical pathways are represented as hubs and connected through
common transcript components. Here, hub sizes were weighted
by their corresponding P value and shaded to indicate their z-
score (blue indicating a decrease in the pathway following
CFC, whereas red indicates an increase) (Fig. 5). Network com-
parisons of MB ribosome-associated transcript changes in
Camk2a+ neurons revealed overlapping hubs significant in
both CFC + Sleep (Fig. 54) and CFC + SD conditions (Fig.
5D). These hubs represented chondroitin sulfate degradation,
unfolded protein response, notch signaling, phagosome matura-
tion, sertoli cell junction signaling, and epithelial adherens sig-
naling canonical pathways. However, the significance values for
these pathway hubs—similar to the number of transcripts
altered in Camk2a+ neurons after CFC—were markedly higher
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Fig. 4. Transcripts altered by CFC on MB ribosomes encode regulators of neuronal morphology, intracellular trafficking, and IncRNAs. (A) Proportional
and overlapping Venn diagrams of transcripts significantly altered by SD, CFC + Sleep, and CFC + SD in MB fractions from Camk2a+ neurons, pS6+ neu-
rons, and Input. (B) The seven most-significant molecular functions (ranked by P,qy; value) for transcripts altered by CFC + Sleep (Top) and CFC + SD (Bot-
tom) in Camk2a+ neurons, pS6+ neurons, and Input. (C) The 10 transcripts most significantly affected in CFC + Sleep (blue) and CFC + SD (red) conditions
for Camk2a+ and pS6+ neurons, ranked by P,q; value. Transcripts that were also significantly altered as a function of SD alone are highlighted in yellow.

Functional category analysis available in Dataset S10.
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in SD mice relative to sleeping mice. For example, the overlap
and centrality of sertoli cell junction signaling, phagosome mat-
uration, and epithelial adherens junction signaling pathways
suggest common transcripts altered in both freely sleeping and
SD mice after CFC. Upon closer inspection, while some tubulin
transcripts were decreased following CFC in both Sleep and
SD groups (Tubala and Tubalb), a large number of tubulin-
encoding mRNAs were decreased only after SD (Tuba4a,
Tubb2a, Tubb3, Tubb4a, Tubb4b, and Tubgl) (Dataset S10).
Similarly, while unfolded protein response-related transcripts
were moderately elevated following CFC + Sleep (Calr, Mbtps1,
P4hb, Selll, and Syvnl), substantially more mRNAs associated
with the unfolded protein response were increased after CFC +
SD (Amfr, Calr, Canx, Cd82, Cebpz, Dnajc3, Edeml, Eif2ak3,
Hsp90b1, Hspa5, MapkS, Mbtpsl, Nfe2l2, Os9, P4hb, Selll,
Syvnl, Ubxn4, and Xbp1I).
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In Camk2a+ neurons, CFC + SD also altered the expression
of MB ribosome-associated mRNAs linked to metabolic path-
ways that were unaffected in the CFC + Sleep group (Fig. 5 4
and B). For example, CFC + SD increased abundance of tran-
scripts related to lipid (triacylglycerol, phosphatidylglycerol,
cdp-diacylglycerol) biosynthesis, including mRNAs encoding 1-
acylglycerol-3-phosphate O-acyltransferases (Agpat2, Agpat3,
and Agpat4), ELOVL fatty acid elongases (Elvoll, ElovI2, and
Elovi6), and phospholipid phosphatases (Plpp3). CFC + SD
also decreased the abundance of transcripts related to glucose
metabolic pathways (glycolysis, gluconeogenesis, and TCA
Cycle), including Aldoa, Adloc, Enol, Eno2, Gapdh, Gpil, Pfkl,
and Pkm (Dataset S10). Taken together with results shown in
Fig. 4, these data indicate that Sleep and SD lead to divergent
changes in the bioenergetic genes present at MB Camk2a+
ribosomes following learning.
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Fig. 5. MB ribosomal transcript networks affected by CFC vary as a function of subsequent sleep or SD. Canonical pathway network analysis of transcripts
altered on MB ribosomes from Camk2a+ (A and B) or pS6+ (C and D) neurons following CFC + Sleep (A, C) or CFC + SD (B, D). Hub size and color denote
Padj value and z-score, respectively, in each condition, while connecting lines indicate commonly expressed genes between hubs. Canonical pathways are
available in Dataset 510.
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We performed a similar canonical pathway network analysis
on transcripts altered on MB ribosomes from pS6+ neurons
following CFC (Fig. 5 C and D). Many of the same pathways
altered by CFC in Camk2a+ neurons (in both Sleep and SD
conditions) were also observed in pS6+ neurons—including
sertoli cell junction signaling, epithelial adherens signaling, and
phagosome maturation—suggesting some overlap. Pathways
affected in the CFC + SD condition in Camk2a+ neurons
included lipid and carbohydrate pathways affected in pS6+
neurons. Interestingly, in the CFC + Sleep condition (where
CFM is being consolidated), there was an increased abundance
of MB ribosome-associated transcripts representing protein
translation regulatory pathways (eIF2, regulation of eIF4 and
p70S6K, and mTOR signaling pathways). This change, criti-
cally, was not present in CFC + SD mice. In both sleeping and
SD mice, MB ribosomal transcripts, which decreased in abun-
dance after CFC, included eukaryotic initiation factors (Eif3a,
Eif3c, Eif3l, Eiffal, Eif4gl, Eif4g3), mTOR, and Tsc1. However,
in mice allowed post-CFC sleep, transcripts related to the small
ribosomal subunit were elevated in pS6+ neurons, including
Rpsi2, Rpsi4, Rpsl7, Rpsl9, Rps20, Rps21, Rps23, Rps24,
Rps26, Rps28, Rps29, and Rps6. This suggests that following
CFC, sleep may promote an increase in overall protein synthe-
sis capacity, which occurs in the most active hippocampal
neurons. The fact that these changes occur selectively on MB
ribosomes suggest that this increased synthetic capacity may be
cell compartment specific.

Discussion

Our present results demonstrate not only that ribosome-
associated transcripts are altered in the hippocampus as a func-
tion of 1) learning and/or 2) sleep versus sleep loss but also as a
function of 3) the cell population being profiled and 4) the sub-
cellular location of the ribosomes. We find that the latter aspect
(i.e., location of ribosomes within the cell) is a major contribu-
tor to the observed effects of learning and subsequent sleep or
SD on hippocampal ribosome transcript profiles. Neuronal
ribosomes have long been known to segregate by cell compart-
ment, present either as “free-floating” (i.e., cytosolic) or MB
complexes, which are easily separated by centrifugation (64).
These populations are known to engage in compartmentalized
translation of mRNAs. The advent of TRAP has yielded
insights into the specialized functions of ribosomes in different
cellular compartments. Cytosolic ribosomes are known to pro-
cess mRNAs encoding proteins with functions in the cytosolic
compartment, including transcription factors and kinases. MB
ribosomes typically associate with the rough ER and translate
mRNAs encoding secreted or integral membrane proteins.
Available data, from nonneural cell types, suggest that the two
translational environments are biochemically distinct and can
be differentially regulated—for example, by cellular stress (65).
Where ribosomes have been isolated from subcellular compart-
ments in neurons (e.g., in Purkinje neurons) (35), MB ribo-
some fractions have been shown to enrich for ER-associated
ribosomes and for ribosomes in the dendritic compartment
engaged in local translation. Our present findings reflect this,
demonstrating that the transcript profiles of MB and cytosolic
ribosomes among hippocampal neurons are highly distinctive
(Fig. 1 and SI Appendix, Figs. S1 and S2).

Many forms of hippocampus-dependent memory are disrupted
(in human subjects and animal models) by either pre- or post-
learning sleep loss (1, 66-68). Indeed, sleep loss seems to disrupt
plasticity mechanisms within the hippocampus more dramatically
than in other brain areas (41, 69). The underlying mechanisms by
which sleep loss leads to these changes, and disrupts memory
mechanisms, have remained elusive. Transcriptome profiling of
the effects of sleep loss alone on the hippocampus has indicated
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that SD increases expression of genes involved in transcriptional
activation and down-regulates expression of genes involved in
transcriptional repression, ubiquitination, and translation (4-6).
While we found that the same cellular pathways are affected in
the cytosolic fraction as in prior studies (Fig. 3B), specific tran-
scripts affected by SD in neither the cytosolic nor the MB
ribosomal transcripts showed a large degree of overlap with tran-
scripts affected by SD in those studies (SI Appendix, Fig. SS5).
Our present data add to this by demonstrating that in the whole
hippocampus, Camk2a+ neurons, or pS6+ neurons, the majority
of purely SD-driven changes to transcripts are present in the
cytosolic fraction and on cytosolic ribosomes (Figs. 2B and 3).
While SD-driven mRNA changes also occur on MB ribosomes,
these changes are relatively few in number (Figs. 2B and 4). Path-
ways affected by SD—across neuronal populations and across
both subcellular compartments—were those linked to regulation
of transcription, consistent with prior findings (4-6, 36) and the
AMPK, IL-3, IGF1, and PDGF signaling pathways. Critically,
AMPK (70) and IGF1 signaling (71) have been implicated in
homeostatic sleep responses—that is, changes in sleep architec-
ture of brain oscillations—following SD. Thus, it is tempting to
speculate that sleep loss could lead to subsequent changes in
sleep brain dynamics through changes in intracellular signaling in
neurons.

However, two unanswered questions are 1) which SD-
associated changes in specific transcripts’ synthesis or transla-
tion provide a plausible mechanism to disrupt hippocampal
memory consolidation, and 2) what cell types within the hippo-
campus are critically affected by SD following learning. This
study aimed to address this in the context of a form of
hippocampus-dependent memory consolidation (CFM), which
is critically dependent on postlearning sleep. Work from our
laboratory and others has shown that disruption of sleep
within the first few hours following CFC is sufficient to disrupt
CFM consolidation (17, 19, 20). While some of systems-level
mechanisms occurring during post-CFC sleep have been impli-
cated in the consolidation process (19, 20, 49, 50, 72, 73),
almost nothing is known about the cellular mechanisms medi-
ating sleep (or SD) effects on CFM consolidation.

We were surprised that very few transcript changes were
induced on cytosolic ribosomes by CFC, in comparison with the
large number of cytosolic ribosomal mRNAs affected by SD
alone. However, of those cytosolic transcripts altered by CFC,
almost all 1) were similarly affected in either CFC + Sleep or
CFC + SD conditions, and 2) were similarly altered by SD itself
(Fig. 3C). This makes sense in light of the fact that many
mRNAs altered on cytosolic ribosomes after CFC are known to
be transcribed or translated in an activity-dependent manner.
For example, Crebl-regulated cytosolic transcripts were
up-regulated by SD; this effect was evident across hippocampal
Input, the Camk2a+ neuronal population, and the highly active
pS6+ neuron population. Importantly, post-CFC SD fully
occluded learning-induced changes in activity-regulated tran-
scripts present on cytosolic ribosomes in Camk2a+ neurons
and partially occluded analogous changes in Input and pS6+
neurons. In other words, changes in these transcripts attribut-
able to CFC (in comparison with HC controls) were no longer
detectable if mice subsequently underwent SD, due to similar
changes being evoked by SD alone. The transcript changes
which show SD-mediated occlusion include increases in Fosb
(and its isoform Afosb, which encodes a highly stable protein)
and Homerl (and its short isoform Homerla) (SI Appendix,
Figs. S8 and S9). These transcript isoforms encode proteins
that are critically linked to synaptic plasticity and memory,
including CFM (74, 75). Because here we examined transcript
levels across neuron populations, rather than in single neurons,
there are at least two plausible explanations for the SD-driven
occlusion we observe. First, SD and CFC may evoke similar
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intracellular events within individual neurons. This scenario is
analogous to the way that cellular changes driven by LTP and
some forms of learning occlude one another in the hippocam-
pus (76). Such a mechanism could cause occlusion like we
observe here due to saturation of an intracellular mechanism
(e.g., reaching the limit of a transcriptional response) by the
combination of learning and SD. Alternatively, the type of occlu-
sion we see after SD could also be consistent with a neuron
population-based effect—that is, while CFC induces transcript
changes in a subset of learning-activated neurons, additional
(nonengram) neurons undergo these same changes during SD.
This seems plausible, in light of the fact that overall levels of
these transcripts increase more as a function of SD alone versus
learning alone. Regardless of the precise mechanism, the timing
with which SD occludes changes in these transcripts’ abundance
(3 to 5 h following CFC) coincides a critical window for post-
CFC sleep, essential for CFM consolidation (17, 19). Thus, this
change to cytosolic ribosomes’ transcripts could represent a
plausible mechanism for memory disruption by sleep loss.

This occlusion-based interpretation of how sleep loss disrupts
information storage is consistent with the central idea behind
the SHY hypothesis of sleep function —namely, that sleep is
essential for reducing signal-to-noise in brain circuits (11, 77,
78). SHY proposes that this reduction is effected, ultimately,
through brain-wide reductions in synaptic strength. The hypoth-
esis is supported by both biochemical and physiological data but
is not without controversy (1, 11). Critically, the transcriptomic
data, which provided support for the hypothesis—comprising
transcripts that would correspond to the cytosolic ribosomal
fraction—are consistent with our present analysis of SD’s impact
on transcripts on cytosolic ribosomes. While it is unclear
whether synaptic strength changes are being effected by SD, it is
clear that activity-driven transcriptional machinery does change
during SD, in a manner that could interfere with newly encoded
information in the hippocampus. However, we find that
SD-driven changes to cytosolic ribosomal transcripts represent
only a small fraction of the neuronal biology that is dynamically
changing as a function of learning and subsequent sleep.

In contrast to the relative paucity of transcripts altered on
cytosolic ribosomes by prior learning, CFC affected a surprisingly
large number of mRNAs on MB ribosomes (Figs. 2B and 44). In
general, CFC induced changes in MB ribosome—-associated tran-
scripts encoding proteins associated with neuronal structural
remodeling—from cellular pathways involved in cytoskeletal
remodeling, intracellular transport, and cell—ell interactions
(Fig. 4B). Some changes were also highly surprising and unexpec-
ted—for example, the significant reduction in ribosome-
associated IncRNAs on MB ribosomes in the Camk2a+ neuron
population after CFC (Fig. 4C). Critically, the precise transcripts
and—in some cases—the cellular pathways altered after CFC
diverged dramatically based on whether learning was followed by
sleep or SD (Figs. 4 and 5). These differences provide a wealth
of information regarding potential mechanisms for SD-related
disruption of CFM. For example, our present findings suggest
that in nonneuronal cell types in the hippocampus, CFC induces
a unique set of transcript changes—which are present in the MB
fraction of Input but are absent from MB fractions of neuronal
ribosomes. Increased abundance of transcripts related to energy
metabolism, particularly those encoding mitochondrial proteins,
glucose transporters, and proteins related to glycogen metabo-
lism, are commonly observed following SD (2-4). Unlike previ-
ous reports, our data suggest that in Camk2a+ neurons, cellular
metabolic/energetic pathways may be selectively disrupted when
CFC is followed by SD but not when CFC is followed by sleep
(Figs. 4 and 5). Thus, it may be that SD disrupts CFM consolida-
tion by increasing the metabolic demands on the hippocampus.

In the most active (pS6+) neurons, CFC + Sleep leads to reg-
ulation of numerous pathways linked to protein synthesis

10 of 12 | PNAS
https://doi.org/10.1073/pnas.2108534118

regulation, including a widespread increase in MB ribosomal
mRNAs encoding the translational machinery itself. This
change is not seen when sleep is followed by SD. The pS6+ neu-
ron population is likely mixed—containing a subset of the most
highly active Camk2a+ neurons (i.e., those activated by experi-
ence) and some interneurons as well (20, 79). Indeed, S6
phosphorylation may even occur selectively in specific neuronal
synapses activated by learning (29). Nonetheless, the fact that
learning- and sleep-dependent changes in transcripts differs
between the pS6+ population and either the whole hippocam-
pus (Input) or the whole Camk2a+ population suggests that
ribosomal function differs markedly as a function of state- and
experience-dependent neuronal (or synaptic) activation. Thus, it
is tempting to speculate that in the neurons and synapses most
active following memory encoding (putative “engram neurons”),
long-lasting changes to protein synthesis on cell membranes
may play a critical role in subsequent memory consolidation.
Neuropharmacological and biochemical studies have suggested
that disruption of both hippocampal cAMP signaling and pro-
tein synthesis by SD may prevent memory consolidation (18, 24,
26, 27, 45). Our present data suggest that CFC may initiate
changes to these pathways in specific subpopulations of hippo-
campal neurons and that these changes are subsequently facili-
tated by post-CFC sleep.

Recently, TRAP has been used to characterize compartment-
specific ribosomal transcripts of amygdala-projecting cortical
axons during cued fear memory consolidation (15). However, the
methods used in this study (as is true for most transcriptome and
TRAP studies) likely primarily report transcript changes associ-
ated with cytosolic rather than MB ribosomes. Here, we show that
the vast majority of changes due to learning itself are expressed
at MB ribosomes (Figs. 2B and 4)—with surprisingly few CFC-
induced changes to cytosolic ribosome—associated mRNAs (Fig.
3). Recent comparisons of hippocampal ribosome-associated and
total mRNA abundance suggests that cytosolic and MB
ribosome—-associated mRNAs are distinctly regulated with regard
to translation efficiency (80). Thus, understanding the effects of
both learning and subsequent sleep on structures like the hippo-
campus will require further investigation into their effects on
translation happening at the membrane.

An important caveat in considering our present findings is
that they represent a specific 3-h post-CFC time point. This time
point is likely to be highly informative for understanding CFM
consolidation mechanisms, as it represents the time of peak
post-CFC learning-induced changes in hippocampal network
activity (20, 49, 50) and a window during which protein synthesis
is required for CFM consolidation (26, 27). However, it is plausi-
ble that the time course of ribosome-associated transcript
changes in the cytosolic and membrane compartments differs
following CFC. If this were the case, it is possible that learning-
induced changes to ribosome-associated transcripts are present
in the cytosolic compartment at either earlier or later time
points. It is also plausible that sleep loss may alter transcripts on
membrane-associated ribosomes at earlier or later time points.
Thus, significant future study will be needed to determine the
relative timing of CFC- and sleep-induced transcript changes on
ribosomes in these two cellular compartments.

How universal are the sleep-dependent mechanisms for mem-
ory consolidation that our present data suggest? For example, are
the same neural mechanisms present in other brain regions in the
context of sleep-dependent information storage? It seems likely
that very basic neurobiological mechanisms—such as activity-
driven transcript regulation and segregation of specific transcripts
between cytosolic and MB ribosomes—would be similar through-
out the brain. Moreover, recent data from our laboratory have
shown that certain features of postlearning sleep, such as coordi-
nated network oscillations (14, 81), are required for new informa-
tion storage in both hippocampus (19, 50) and neocortex (12, 82).
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However, our data have also shown that many cell type—specific
effects of SD differ between hippocampus and neocortex (20, 36,
69). Future studies are needed to determine how consistent these
differential subcellular responses to learning and subsequent
sleep are, across different cell types and brain regions. However,
consolidation of various types of memory, across species, share
common cellular substrates (1, 14, 83), with postlearning mRNA
translation being a vital element. Changes in the activity patterns
of neurons and the activation of particular intracellular pathways
during postlearning sleep share common features, across brain
structures and species (1, 14). Our present findings have illus-
trated several sleep-dependent postlearning cellular processes,
which affect pathways vital for learning and memory. Future
studies will determine whether these processes underlie sleep-
dependent memory consolidation events in the other brain cir-
cuits, following diverse forms of learning.

Materials and Methods

All animal husbandry and experimental procedures were approved by the
University of Michigan Institutional Animal Care and Use Committee (Public
Health Service Animal Welfare Assurance no. D16-00072 [A3114-01]). All mice
were maintained on a 12:12 h light/dark cycle (lights on at 8 AM) with food
and water provided ad libitum. B6.Cg-Tg(Camk2a-cre)T29-1Stl/J mice (Jackson)
were crossed to B6N.129-Rpl22t™"-1Psam/j mice (Jackson) to express HA-tagged
Rpl22 protein in Camk2a+ neurons. Double-transgenic mice were individually
housed with beneficial enrichment for 1 wk prior to experiments and were
habituated to daily handling (5 min/day) for 5 d prior to experiments. For
RNA-seq experiments, mice were randomly assigned to one of four groups:
HC + Sleep (n = 8), HC + SD (n = 7), CFC + Sleep (n = 8), or CFC + SD (n = 7).
Each mouse’s bilateral hippocampi comprised one biological replicate for
sequencing, and no samples were pooled between mice. Beginning at lights
on (8 AM), half of the mice underwent single-trial CFC as described previously
(19, 49, 50). Briefly, at lights on (ZT 0) mice were placed in a novel conditioning
chamber (Med Associates) and were allowed 2.5 min of free exploration time
prior to delivery of a 2-s, 0.75 mA foot shock through the chamber’s grid floor.
After 3 min total in the chamber, mice were returned to their original HC. As a
control for the effects of learning, HC controls remained in their HC during
this time. HC + SD or CFC + SD mice were then kept awake continuously by
gentle handling (SD; consisting of cage tapping, nest disturbance, and if
necessary, stroking with a cotton-tipped applicator) over the next 3 h for all
RNA-seq studies or 5 h for all gPCR experiments. HC + Sleep and CFC + Sleep
mice were permitted ad libitum sleep in their HC for the same time interval.
RiboTag TRAP was performed as previously described (31) by indirect con-
jugation (84), separating MB and free-floating ribosomes (35). Following
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homogenization and centrifugation, the resulting supernatant (cytosolic frac-
tion) was transferred to a new tube while the pellet (MB fraction) was resus-
pended in homogenization buffer. Both MB and cytosolic fractions were
separated into Input, Camk2a+, and pS6+ fractions. For isolating ribosomes
from Camk2a+ populations, fractions were incubated with 1:40 anti-HA anti-
body (Abcam, ab9110) (85). To isolate ribosomes from highly active (pS6+)
neurons, fractions were incubated with 1:25 anti-pS6 244-247 (ThermoFisher
44-923G) (28). Homogenate-antibody solution was added directly to Protein G
Dynabeads (ThermoFisher, 10009D) for incubation. After washing conjugated
beads and removing the supernatant, RNA was eluted by vortexing the beads
vigorously in 350 puL RLT (Qiagen, 79216). Eluted RNA was purified using
RNeasy Micro kit (Qiagen).

RNA-seq was carried out at the University of Michigan's DNA Sequencing
Core. Amplified complementary DNA libraries were prepared using Takara's
SMART-seq v4 Ultra Low Input RNA Kit (Takara 634888) and sequenced on lllu-
mina’s NovaSEqg. 6000 platform. Reads mapped to unique transcripts were
counted with featureCounts (86). Differential expression analyses were run
with Deseq2 on all 30 hippocampal samples, with bilateral hippocampi from
each mouse constituting a biological replicate (39). To characterize the differ-
ences between the effects of SD and CFC, significantly altered transcripts were
analyzed using IPA. Gene ontology (GO) analyses were performed in IPA and
DAVID's Functional Annotation tool. For subcellular fraction comparisons,
2,000 of the top cytosolic (Log2 Fold Change [Log2FC] > 0) and MB (Log2FC <
0) differentially expressed transcripts (ranked by adjusted P values) were run
through IPA's Canonical Pathways analysis. To characterize differences in com-
mon metabolic pathways between cytosolic and MB fractions, hierarchical
clustering was used to visualize the most differentially expressed transcripts.
Since signaling pathways were less overlapping between the MB and cytosolic
fraction, they were ranked by enrichment P values. Those transcripts were
then run through DAVID’s Functional Annotation tool, selecting for cellular
composition to describe the cellular compartment the corresponding protein
relates to. Data were plotted in Fragments Per Million and their correlation
value (R) calculated in the ViDger R package (87).

Complete materials and methods are in SI Appendix, SI Materials and
Methods.
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