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SUMMARY
It is well established that sleep deprivation after learning impairs hippocampal memory processes and can
cause amnesia. It is unknown, however, whether sleep deprivation leads to the loss of information or merely
the suboptimal storage of information that is difficult to retrieve. Here, we show that hippocampal object-
location memories formed under sleep deprivation conditions can be successfully retrieved multiple days
following training, using optogenetic dentate gyrus (DG) memory engram activation or treatment with the
clinically approved phosphodiesterase 4 (PDE4) inhibitor roflumilast. Moreover, the combination of optoge-
netic DG memory engram activation and roflumilast treatment, 2 days following training and sleep depriva-
tion, made the memory more persistently accessible for retrieval even several days later (i.e., without further
optogenetic or pharmacological manipulation). Altogether, our studies in mice demonstrate that sleep depri-
vation does not necessarily cause memory loss but instead leads to the suboptimal storage of information
that cannot be retrieved without drug treatment or optogenetic stimulation. Furthermore, our findings sug-
gest that object-location memories, consolidated under sleep deprivation conditions and thought to be
lost, can be made accessible again several days after the learning and sleep deprivation episode, using
the clinically approved PDE4 inhibitor roflumilast.
INTRODUCTION

Sleep loss is a common hallmark ofmodern society, which affects

people of all ages1,2 and has a severe impact on body and brain

(e.g., Abel et al.,3 Areal et al.,4 Havekes and Aton,5 Holmer

et al.,6 Liew and Aung,7 Meerlo et al.,8 and Raven et al.9). Even

a brief period of sleep deprivation, following learning and process-

ing of new information, can result in cognitive deficits, particularly

in the case of hippocampus-dependent memories.3,10–13 Several

misregulated signalingmechanisms have been identified thatmay

contribute to these cognitive impairments.5,9–11,14–16 Specifically,

previous work by a number of different laboratories demonstrated

that sleep deprivation leads tomolecular aswell as cellular pertur-

bations in the hippocampus.5,17 For instance, a brief period of

sleep deprivation decreases the levels of cAMP and PKA, ham-

pers subsequent cAMP/PKA-dependent forms of LTP (e.g., Vec-

sey et al.18), and leads to structural alterations, resulting in an

overall net reduction in the number of dendritic spines in the

CA1 and dentate gyrus (DG).19–23 Furthermore, sleep deprivation
298 Current Biology 33, 298–308, January 23, 2023 ª 2022 The Auth
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attenuates mTORC1-dependent protein synthesis in the hippo-

campus.24 Altogether, thesemolecular and cellular alterations im-

pacting synaptic plasticity are suggested to be (at least partly)

responsible for the cognitive deficits observed after a brief period

of sleep deprivation.

Importantly, a crucial question that has not been addressed is

whether amnesia induced by sleep loss after learning reflects a

loss of information in the brain or, alternatively, reflects a subop-

timal storage of information resulting in a memory trace that is

difficult to access. The development of novel approaches to label

and activate neural ensembles forming a memory engram has

greatly advanced our understanding of the molecular basis of

memory.25–27 This allowed researchers to identify cognitive prob-

lems arising from suboptimally stored memories, which can be

retrieved by means of optogenetic engram activation. For

example, studies in retrograde amnesia models such as Alz-

heimer’s disease and infantile amnesia showed that the memory

can still be successfully recalled upon optogenetic stimulation

of the memory engram.26,28,29 Moreover, optogenetic engram
ors. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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stimulation also led to successful memory recall when the

memory consolidation process was disrupted by the systemic

treatment with a protein synthesis inhibitor.27 These findings are

reshaping the ideas about how brain disorders, aswell as societal

challenges, affect brain plasticity critical for cognitive processes.

In fact, these new insights led us to hypothesize that sleep depri-

vation during the consolidation of a memory does not lead to a

loss of information but instead leads to suboptimal storage of in-

formation difficult to retrieve. To test this hypothesis, we applied

optogenetic approaches and pharmacological strategies aimed

at reactivating spatial memory engrams to recover the informa-

tion that was stored under sleep deprivation conditions.

RESULTS

Optogenetic reactivation of object-location memories
consolidated under sleep deprivation conditions
We examined whether sleep deprivation following learning leads

to a loss of information or merely hampers the access/retrieval in

adult male mice exposed to an object-location memory (OLM)

task. This behavioral paradigm is based on the innate preference

for spatial novelty (i.e., the spatial relocation of an object), it relies

on the hippocampus,30 and it is susceptible to sleep deprivation

after the training trial.19,24,31–34 DG engram cells were success-

fully and specifically labeled when animals were taken off doxy-

cycline (dox)-containing food from 24 h before OLM training until

immediately after training (which corresponds with the start of

the 6-h sleep deprivation period) (Figures 1A–1C). Labeling did

not occur when animals were kept on dox (Figure 1C). We then

performed a control experiment to examine (1) whether mice in-

strumented for optogenetic manipulation would still have the ex-

pected preference for relocated objects in the OLM task and (2)

whether sleep deprivation would still lead to an impairment of

OLM. Mice were maintained on dox throughout the experiment

to prevent DG engram labeling. Shortly before the retrieval

test, the mice were moved to the empty arena and exposed to

laser stimulation (15 ms pulses of 20 Hz [473 nm] for 3 min at

the level of the DG) (Figure 1D). The non-sleep-deprived animals

indeed showed a strong preference for the relocated object (Fig-

ure 1E). In line with our previous work,19,30–34 mice subjected to

6 h of sleep deprivation directly following training explored both

objects to a similar extent, indicating that they failed to detect the

spatial novelty (i.e., relocation of one object) (Figures 1E; explo-

ration times, Figures S1A andS1B). It is important to note that the

5-min window provides a brief interval between optogenetic

stimulation and the testing trial, as laser stimulation directly dur-

ing the test session (instead of 5 min preceding the testing ses-

sion) resulted in a failure to detect spatial novelty regardless of

sleep deprivation (Figures S1G and S1H). For this reason, with

all subsequent studies, laser stimulation was applied 5 min prior

to the test session, which did result in successful detection of

spatial novelty (see below).

We subsequently replicated the control experiment, but now

took animals off dox 24 h preceding the training to allow for

DG engram labeling (Figure 1F). Optogenetic reactivation of

this engram directly preceding the retention test successfully

prevented the sleep deprivation-induced failure to detect spatial

novelty (Figures 1G; for exploration times, Figures S1C andS1D).

Next, we investigated whether the context pairing (i.e., training
context/empty arena) during optogenetic engram stimulation

was essential for the successful detection of spatial novelty after

sleep deprivation. Hence, we repeated the experiment but now

optogenetically stimulated the memory engram in the home

cage instead of the training context (Figure 1H). We found that

engram stimulation in the home cage, preceding the testing ses-

sion, also successfully prevented the sleep deprivation-induced

failure to detect spatial novelty (Figures 1I; for exploration times,

Figures S1E and S1F). Together, these findings suggest that

sleep deprivation during the consolidation window does not

lead to a loss of information, but it rather makes the OLM inac-

cessible without optogenetic stimulation.

Based on these observations after 24 h, wewonderedwhether

engram reactivation several days following training with sleep

deprivation would still be able to restore memory retrieval and

subsequent detection of spatial novelty in the OLM task. We

therefore re-exposed the mice (of Figures 1D–1G) to two addi-

tional test sessions with and without laser stimulation at 5 and

8 days following training (Figure 2A). Mice once again success-

fully detected the relocated object only if the retention test was

preceded by laser stimulation (Figures 2B; for exploration times,

Figure S2A). We also determined whether the context pairing

during optogenetic stimulation was necessary for the successful

detection of the spatial novelty, 5 and 8 days after the learning

episode and sleep deprivation. The mice tested at 24 h

(Figures 1H and 1I) were therefore re-exposed to two additional

testing sessions in which the engram was again optogenetically

stimulated in the home cage (i.e., 5 and 8 days after the training

session) (Figure 2C). In line with the previous findings, we found

that optogenetic stimulation of the memory engram in the home

cage led to successful detection of the spatial novelty

(Figures 2D; for exploration times, Figure S2B). Lastly, to exclude

the possibility of carry-over effects due to the used within-sub-

ject design, we used a new batch of mice that was exposed to

a training trial followed by sleep deprivation and subsequently

tested 5 days after training only (Figure 2E). Engram reactivation

in the home cage, 5 days after training with sleep deprivation,

again led to the successful detection of spatial novelty

(Figures 2F; for exploration times, Figures S2C and S2D), con-

firming our previous results. The latter observation is in line

with previous work showing that optogenetic engram reactiva-

tion in itself is insufficient to permanently restore the retrievability

of memories in the absence of optogenetic activation (e.g., Ram-

irez et al.,25 Roy et al.,26 and Liu et al.35).

As a next step, we determined whether the successful opto-

genetic retrieval was mediated specifically by reactivation of

the OLM engram or whether activation of any sparse population

of neurons in the DG would lead to the same result. To label a

subset of granular cells in the DG unrelated to the OLM task,

we subjected a new batch of mice to an alternative context prior

to training in the OLM task (Figure 3A). Half of this group was

taken off dox during exposure to the alternative context,

whereas the other half was taken off dox during OLM training

(Figure 3A). Off-dox exposure to the alternative context and

OLM training resulted in a similar number of neurons labeled

in the DG (Figure 3C). Following training and sleep deprivation,

mice were subjected to the retention test 5 and 8 days thereafter

with or without laser stimulation (Figure 3A). Optogenetic activa-

tion of the neuronal population encoding the OLM resulted in a
Current Biology 33, 298–308, January 23, 2023 299
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Figure 1. Object-location memories consolidated under sleep deprivation can still be retrieved by optogenetically reactivating the memory

engram after 24 h

(A–C) Mice expressing c-fos-tTA were virally injected with AAV9-TRE-ChR2-mCherry and implanted with an optical fiber targeting the dentate gyrus (DG).

Expression of FOS drives the synthesis of ChR2 and mCherry only in the absence of doxycycline (dox).

(D) Mice were trained in the object-location memory (OLM) task and subjected to 6 h of sleep deprivation (SD) directly following training or left undisturbed (NSD).

All mice underwent laser treatment in the training context/empty arena, 5 min preceding the retention test. The experiment was replicated 2 days later with new

objects and new object locations in a cross-design fashion. SD, sleep deprivation group; NSD, non-sleep-deprived controls.

(E) Mice subjected to sleep deprivation failed to detect spatial novelty (i.e., showed no preference for the relocated object) 24 h after training, regardless of laser

stimulation (both groups, n = 29; paired-sample t test, t28 = 4.545; p < 0.001).

(F) Mice were taken off dox 1 day before OLM training to enable engram labeling, immediately put back on dox thereafter, subjected to 6 h of sleep deprivation,

and tested 24 h after training.

(G) Optogenetic engram reactivation in the empty arena 24 h after the training with sleep deprivation resulted in the successful detection of spatial novelty (laser

off, n = 16; laser on, n = 13; independent-sample t test, t27 = �3.096; p = 0.005).

(H) Similar procedure as in (F), but optogenetic reactivation of the engram was conducted in the home cage (HC) instead of the empty arena.

(I) Engram reactivation in the home cage instead of in the empty arena yielded similar results, i.e., the successful detection of spatial novelty (laser off, n = 9; laser

on, n = 10; independent-sample t test, t17 = �2.156; p = 0.046).

All data are mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; # indicates significantly different from zero (i.e., successful detection of spatial novelty).

See also Figure S1 for more information.
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successful detection of spatial novelty (Figures 3B; for explora-

tion times, Figures S3A and S3B). By contrast, activation of the

neural ensemble encoding the alternative context resulted in a

failure to discriminate between the relocated and non-relocated

object. These data indicate that activation of the neural

ensemble encoding the OLM, rather than a non-specific sub-

population of DG cells, is required to overcome the sleep depri-

vation-induced failure to detect spatial novelty. Altogether, our

findings suggest that the behavioral deficit, as a result of sleep

deprivation during the consolidation window, is not caused by

a loss of object-location information but is rather due to the inac-

cessibility of this information in the absence of optogenetic

engram stimulation.
300 Current Biology 33, 298–308, January 23, 2023
Treatment with a PDE4 inhibitor is sufficient to
overcome the inability to retrieve the memory
consolidated under sleep deprivation conditions
To increase the translationalpotential of our findings,we turned to-

ward a non-invasive approach to overcome the inability to retrieve

suboptimally stored memories as a consequence of sleep depri-

vation. Previous work indicated that boosting cAMP signaling

either systemically or locally in hippocampal excitatory neurons

during sleep deprivation was sufficient to make memory pro-

cesses resilient to the negative impact of sleep loss.18,31,36 There-

fore, in the current study, we determined whether boosting cAMP

during the retention test, instead of during the sleep deprivation

procedure as we did in our earlier studies,31,36 would lead to
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Figure 2. Object-locationmemories consoli-

dated under sleep deprivation can still be

retrieved by optogenetically reactivating the

memory engram after 5 and 8 days

(A) After the 24-h test session (Figures 1F and 1G),

mice received a second and third retention test at 5

and 8 days, respectively, after training with sleep

deprivation. Of note, during the consecutive test

trials at 5 and 8 days, the objects remained at the

same locations as during the test trial given at 24 h

(Figures 1F–1I).

(B) Engram reactivation in the empty arena 5 and

8 days after trainingwith sleep deprivation led to the

successful detection of spatial novelty. n = 10;

repeated-measures ANOVA using ‘‘laser’’ (on

versus off) as within-subject factor and ‘‘order’’ (day

5 versus day 8) as between-subject factor. No

significant ‘‘laser*order’’ effect was found (F1,8 =

0.779; NS). Subsequent analysis showed a main

effect for laser (F1,8 = 25.250; p = 0.001).

(C) Next, we repeated the experiment, but this time

optogenetic reactivation of the engram was con-

ducted in the home cage (HC) rather than the empty

test arena.

(D) Optogenetic engram reactivation in the home

cage instead of the empty arena 5 and 8 days after

training with sleep deprivation also led to the suc-

cessful detection of spatial novelty. n = 18;

repeated-measures ANOVA using laser (on versus

off) as within-subject factor and order (day 5 versus

day 8) as between-subject factor. No significant

laser*order effect was found (F1,16 = 0.829; NS).

Subsequent analysis showed amain effect for laser

(F1,16 = 29.966; p = 0.000051).

(E) To exclude the possibility of carry-over effects

due to the within-subject design being responsible

for these outcomes, we used optogenetic re-

activation of OLM engram in the home cage after

5 days, without a prior testing session at 24 h.

(F) Similar to previous experiments, engram re-

activation in the home cage 5 days after training with

sleep deprivation (SD) led to the successful detection

of spatial novelty (laser off, n = 9; laser on, n = 12;

independent-sample t test, t19 = 2.331; p = 0.031).

All data are mean ± SEM. *p < 0.05, **p < 0.01, and

***p < 0.001; # indicates significantly different from

zero (i.e., successful detection of spatial novelty).

See also Figure S2 for more information.
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proper retrieval of OLM. To increase cAMP levels, we applied

the clinically approvedphosphodiesterase4 (PDE4) inhibitor roflu-

milast.36–39 To this end, 24 h after OLM training and sleep depriva-

tion, mice were injected intraperitoneally (i.p.) with roflumilast

(0.03mg.kg�1) or vehicle solution30minpreceding the test (Figure

4A). Roflumilast treatment resulted in a proper detection of spatial

novelty, not different from that of non-sleep-deprived mice

(Figures 4B; for exploration times, Figures S4A and S4B). Subse-

quently,weshowed in anewbatchofmice thatwecould success-

fully overcome the sleep deprivation-induced retrieval deficit with

roflumilast even 5 days after training (Figures 4C and 4D; for
Current
exploration times, Figures S4C and S4D).

The roflumilast treatment also resulted in a

proper detection of spatial novelty 24 h
and 5 days after the training trial followed by sleep deprivation

whenmicewere not exposed to the training context 5min preced-

ing the testing session (Figures 4E–4H; for exploration times,

Figures S4E–S4H). Together, these data show that the clinically

approved drug roflumilast can successfully be used to retrieve in-

formation previously stored under sleep deprivation conditions.

Restoring the access of memories consolidated under
sleep deprivation conditions
Optogenetic activation of hippocampal DG memory engrams

only provides temporary access to information stored under
Biology 33, 298–308, January 23, 2023 301
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Figure 3. Reactivation of the OLM engram,

but not the alternative context engram, re-

sulted in the successful detection of spatial

novelty

(A) To induce engram labeling, animals were taken

of dox either during training in the OLM task or

exposure to the alternative context (Alt Ctx). Engram

reactivation was elicited 5 and 8 days thereafter.

(B) Reactivation of the OLM engram, but not Alt Ctx

engram, resulted in the successful detection of

spatial novelty. All groups, n = 12; repeated-mea-

sures ANOVA using laser (on versus off) as within-

subject factor and context (OLM versus Alt Ctx) and

order (laser ‘‘on-then-off’’ versus ‘‘off-then-on’’) as

between-subject factors. No three-way interaction

(F1,20 = 0.256; p = 0.618) or a laser*order interaction

(F1,20 = 0.000; p = 0.992) was found, indicating that

the order of laser stimulation had no effect. A sig-

nificant ‘‘laser*context’’ interaction was detected

(F1,20 = 5.733; p = 0.027). Pairwise comparisons

using Dunnett’s test with ‘‘OLM laser ON’’ as a

reference against (1) OLM laser OFF, p = 0.005; (2)

Alt Ctx laser ON, p = 0.002; and (3) Alt Ctx laser off,

p = 0.002.

(C) Quantification of the ChR2-mCherry-positive

cells in the dentate gyrus neuronal ensemble of

the object-location engram and alternative context

engram (3–4 hippocampal slices per animal)

showed a similar number of tagged cells (OLM,

n = 8; Alt Ctx, n = 9; independent-sample t test,

t15 = 0.108; p = 0.915).

All data are mean ± SEM. **p < 0.01; # indicates

significantly different from zero (i.e., successful

detection of spatial novelty).

See also Figure S3 for more information.
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suboptimal conditions and by itself does not lead to lasting

memory restoration (e.g., Roy et al.,26 Ryan et al.,27 and Pigna-

telli et al.40). For example, the day after the optogenetic stimula-

tion, mice failed to express the proper behavioral response (e.g.,

a freezing response in the training context in the case of fear

memories), suggesting that they cannot access/retrieve informa-

tion stored under suboptimal conditions despite the optogenetic

stimulation the day before. Transient short-term memories

in rodents can be converted into more robust memories through

systemic treatment with PDE4 inhibitors 3–5.5 h following

training37,41,42 (i.e., during the consolidation window). We there-

fore combined optogenetic stimulation of the OLM engram

formed under sleep deprivation conditions with application of

the PDE4 inhibitor roflumilast to test if we could more perma-

nently restore access to theOLMs, resulting in successful natural

retrieval even days later (i.e., without the need for further optoge-

netic or pharmacological stimulation). Specifically, we trained a

new batch of mice in the OLM task (and labeled DG neurons acti-

vated by learning as described; Figures 1A–1C) and subjected
302 Current Biology 33, 298–308, January 23, 2023
them to sleep deprivation for 6 h (Fig-

ure 5A). Also, 3 days later, animals were

re-exposed to the empty arena for 3 min

and subjected to (1) laser stimulation to

activate the engram, (2) roflumilast treat-

ment (0.03 mg.kg�1 i.p.; 3 h following

arena exposure), or (3) a combination of
laser stimulation and roflumilast treatment (3 h after optogenetic

engram reactivation). The 3-h time point was specifically chosen

as previous work indicated that boosting cAMP signaling (by

means of PDE4 inhibition) facilitates memory consolidation

when administered 3–5.5 h after learning.42 In our studies, the

‘‘learning episode’’ is replaced by optogenetic reactivation of

the engram, which is then ‘‘reconsolidated’’ in the presence of

boosted cAMP signaling. Mice subjected to engram activation

or drug treatment alone failed to detect the spatial novelty during

the retrieval test 2 days later, i.e., 5 days after the original training

(Figures 5A and 5B; for exploration times, Figures S5A and S5B).

However, when optogenetic engram reactivation was combined

with roflumilast treatment, animals were able to successfully

detect the spatial novelty 2 days after treatment (Figures 5B;

for exploration times, Figures S5A and S5B). We also examined

whether the pairing of the memory context (i.e., empty arena)

was necessary in order to successfully detect the spatial

novelty 2 days after the combined engram stimulation and roflu-

milast treatment. Hence, we repeated the experiment but
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Figure 4. Treatment with roflumilast preceding the testing trial rescues the memory deficits caused by sleep deprivation following training

(A) Following training in the OLM task, wild-type C57BL/6 mice were subjected to 6 h of sleep deprivation (SD) or left undisturbed (NSD). Animals received an

intraperitoneal (i.p.) injection with the PDE4 inhibitor roflumilast (rof; 0.03 mg.kg�1) or vehicle solution 30 min before being exposed to the empty arena for 3 min,

followed by 5 min home cage, and subsequently the retention test 24 h after training.

(B) Roflumilast treatment preceding the retention test prevents memory retrieval deficits caused by sleep deprivation (SD) following training. All four groups, n =

15, repeated-measures ANOVA of one factor containing four levels (F3,42 = 10.364; p < 0.001), followed by pairwise comparisons using Dunnett’s post hoc test

using ‘‘vehicle SD’’ group as a reference against the other three groups, vehicle SD versus Veh NSD (p < 0.001) versus rof NSD (p < 0.001) versus rof SD

(p < 0.001).

(C) Following training in the OLM task, C57BL/6mice were subjected to 6 h of sleep deprivation (SD). Subsequently, 5 days later, animals received an i.p. injection

with roflumilast (rof; 0.03 mg.kg�1) or vehicle solution 30 min before being exposed to the empty arena for 3 min, followed by 5 min home cage.

(D) Roflumilast treatment in combination with exposure to the empty arena preceding the retention test resulted in the proper detection of spatial novelty, 5 days

after the training and sleep deprivation (both groups, n = 16; independent-sample t test, t30 = 2.206; p = 0.035).

(E) Following training in the OLM task, wild-type C57BL/6 mice were subjected to 6 h of sleep deprivation (SD) or left undisturbed (NSD). Animals received an

intraperitoneal (i.p.) injection with the PDE inhibitor roflumilast (rof; 0.03 mg.kg�g) or vehicle solution 30 min before the retention test (24 h after training), without

exposure to the empty arena.

(F) Roflumilast treatment preceding the retention test prevents memory retrieval deficits caused by sleep deprivation following training. All four groups, n = 16,

repeated-measures ANOVA of one factor containing four levels (F3,45 = 3.928; p = 0.014), followed by pairwise comparisons using Dunnett’s post hoc test using

vehicle SD group as a reference against which the other three groups are compared, vehicle SD versus Veh NSD (p = 0.012) versus rof NSD (p = 0.03) versus rof

SD (p = 0.004).

(G) Wild-type C57BL/6 mice were subjected to 6 h of sleep deprivation following training in the OLM task. Animals received an i.p. injection with roflumilast (rof;

0.03mg.kg�1) or vehicle solution 30min prior to the retention test, 5 days after training. Important to note is that the animals were not exposed to the empty arena

5 min prior to the testing trial.

(H) Roflumilast treatment preceding the retention test without exposure to the empty arena resulted in a proper detection of spatial novelty, 5 days after the

training followed by sleep deprivation (both groups, n = 12; independent-sample t test, t22 = 2.347; p = 0.028).

All data are mean ± SEM. *p < 0.05, and ***p < 0.001; # indicates significantly different from zero (i.e., successful detection of spatial novelty).

See also Figure S4 for more information.
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optogenetically stimulated the engram cells in the home cage

and delivered roflumilast 3 h later (Figure 5C). We found that

even without contextual exposure the mice subjected to the

combination of optogenetic engram reactivation and roflumilast

treatment were able to detect the spatial novelty 2 days later (i.e.,
5 days after the initial training trial followed by sleep deprivation)

(Figures 5D; for exploration times, Figures S5C and S5D). Thus,

both optogenetic engram stimulation or drug treatment, when

induced immediately before the retention trial, can provide a

short-lasting ability to recall the information stored during sleep
Current Biology 33, 298–308, January 23, 2023 303
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Figure 5. Reversing the access of object-

location memories consolidated under

sleep deprivation conditions

(A) Mice expressing c-fos-tTA were virally injected

with AAV9-TRE-ChR2-mCherry and implanted

with an optical fiber targeting the dentate gyrus.

Mice were taken off dox 1 day before OLM training

to enable engram labeling and immediately put on

dox after training and subjected to 6 h of sleep

deprivation (SD). 3 days thereafter, mice were

subjected to (1) optogenetic engram reactivation,

(2) treatment with roflumilast (rof; 3 h after opto-

genetic engram reactivation), or (3) optogenetic

engram reactivation in combination with ro-

flumilast treatment. Mice were subjected to the

retention test 2 days later (corresponding to 5 days

after the training with sleep deprivation).

(B) Combining engram reactivation with roflumilast

treatment resulted in the successful detection of

spatial novelty, indicative of restored access to

object-location memories consolidated under

sleep deprivation conditions. Mice subjected to

either drug treatment or engram reactivation failed

to detect the spatial novelty (laser off + rof, n = 11;

laser on + veh, n = 10; laser on + rof, n = 12). One-

way ANOVA, F2,30 = 4.748; p = 0.016; Dunnett’s

post hoc, laser on + rof versus laser off + rof

(p = 0.017), and laser on + veh (p = 0.032).

(C) Similar procedure as in (A), with the exception

that the optogenetic engram reactivation, treat-

ment with roflumilast (rof; 3 h after optogenetic

engram reactivation), or the combination of both

treatments was conducted in the home cage

instead of the empty arena.

(D) Combining engram reactivation with roflumilast

treatment without exposure to the empty arena

resulted in the successful detection of spatial

novelty, indicative of restored access to object-

location memories consolidated under sleep

deprivation conditions.Mice subjected to either drug treatment or engram reactivation only failed to detect the spatial novelty (laser off + rof, n = 11; laser on + veh,

n = 9; laser on + rof, n = 11). One-way ANOVA, F2,28 = 4.893; p = 0.015; Dunnett’s post hoc, laser on + rof versus laser off + rof (p = 0.037), and laser on + veh

(p = 0.015).

All data are mean ± SEM. *p < 0.05; # indicates significantly different from zero (i.e., successful detection of spatial novelty).

See also Figure S5 for more information.
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deprivation (i.e., Figures 1, 2, 3, and 4), whereas only the combi-

nation of the two treatments results in a more permanent resto-

ration of access to OLMs days after treatment, without the need

for any sort of stimulation or manipulation at the time of retrieval.

Importantly, the restoration of OLMs by combining engram reac-

tivation with roflumilast treatment was successful when applied

either in the original training context or in the home cage (i.e.,

Figure 5).

DISCUSSION

In conclusion, our study reveals that deficits in hippocampal

OLMs, consolidated under sleep deprivation conditions, are

not caused by a loss of information but rather lead to a memory

that is inaccessible without optogenetic stimulation or drug

treatment. Specifically, we show that OLMs, consolidated under

sleep deprivation conditions, can be successfully retrieved by

optogenetic stimulation of the OLMengram in the DG or by treat-

ment with the PDE4 inhibitor roflumilast directly preceding the
304 Current Biology 33, 298–308, January 23, 2023
retention test. Intriguingly, these memories could be retrieved

with optogenetic stimulation or roflumilast treatment even

5–8 days after the learning event and sleep deprivation episode

occurred. Most importantly, while either one of these treatments

alone only resulted in a temporary restoration of the OLM, the

combination of optogenetic engram stimulation and roflumilast

treatment resulted in a longer-lasting restoration of memory

and successful retrieval several days thereafter, without the

need for subsequent stimulation at the time of retrieval. More-

over, our studies indicate that the optogenetic and pharmaco-

logical manipulations used leading to the successful retrieval of

memories previously consolidated under sleep deprivation con-

ditions do not require exposure to the original training context to

elicit their effects.

While previous experiments have successfully retrieved mem-

ories under drug-based and pathologically related condi-

tions,26,27 our study provides a proof of principle that memories

can be successfully retrieved and restored from sleep depriva-

tion-induced amnesia. Indeed, burgeoning literature suggests
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that memories thought to be ‘‘lost’’ still exist in an inaccessible

state and that they can be artificially retrieved and behaviorally

expressed.28,29,43 One possibility is that the amnestic state ren-

ders a memory irretrievable without artificial activation, but in a

manner that exogenous perturbations (e.g., optogenetics and

drug treatment) can bypass, thereby providing evidence of suc-

cessful memory retrieval. Interestingly, during memory consoli-

dation, engram cell-specific synaptic plasticity processes are

taking place that are critical for the natural retrieval of a memory

(i.e., retrieval in the absence of optogenetic stimulation or phar-

macological treatment).26,27,44 In particular, engram cells appear

to undergo synaptic consolidation involving the facilitation of

functional connections between engram cells, evidenced by

higher postsynaptic current amplitude and spontaneous excit-

atory postsynaptic current.27 In addition, dendritic spines of

engram cells tend to increase in number and size after memory

formation, indicative of enhanced functional connectivity be-

tween engram cells.45,46 Therefore, a possible mechanism of

how sleep deprivation during the consolidation phase leads to

an amnesic state of the memory is by misregulation of engram-

specific hippocampal structural plasticity. Indeed, sleep depri-

vation severely impacts synaptic plasticity processes by

decreasing synaptic connections in the DG and area CA1 of

the hippocampus.19–21,47 In addition, previous work by Ryan

et al.27 revealed that alterations in synaptic plasticity under con-

ditions of anisomycin-induced amnesia result in less activation of

the initial engram (i.e., established during memory acquisition)

during the subsequent testing trial. Such a decrease in engram

reactivation is considered to underlie the memory deficits.

Hence, we predict that sleep deprivation-induced amnesia is

also associated with hampered reactivation of the initial training

engram. Overall, we propose that sleep deprivation may lead to

the suboptimal storage of memories via interference with func-

tional as well as structural engram-specific consolidation pro-

cesses, indispensable for the natural retrieval of the memory.

Previous studies have also provided insights into the mecha-

nisms through which PDE4 inhibition can improve memory func-

tion by studying the spatiotemporal dynamics of cyclic nucleotide

signaling (i.e., cAMP) during memory acquisition and consolida-

tion processes.42,48 Microinfusions of drugs into a specific brain

region shortly before the retrieval session can help to elucidate

the molecular requirements for memory retrieval. For instance,

Szapiro et al. showed that successful memory retrieval during

an inhibitory avoidance and/or contextual fear-conditioning para-

digm involves the activation of PKA, MAPKs, CAMKII, CREB,

glutamate AMPA, NMDA, and metabotropic (mGluR) receptors

in the hippocampus.49 All of these effectors are direct or via

crosstalk downstream targets of cAMP.50,51 With respect to our

findings, we hypothesize that roflumilast, known for increasing

cAMP levels and activation of these downstream targets, may

modulate the excitability of memory engram cells in the hippo-

campus. This increased baseline excitability level may compen-

sate for thenegative effectof sleep lossduringmemory consolida-

tion. Our findings thus suggest that cAMP-mediated facilitation of

the retrieval process is sufficient to rescue the suboptimally stored

memory caused by sleep loss. Therefore, roflumilast administra-

tion may potentially also be applicable to other deficit models

that are known to involve a deficit in the retrieval of a particular

memory (e.g., Alzheimer’s disease and infantile amnesia).26,28
It is important to note that while previous studies successfully

reactivated engram cells sufficient to produce fear-related

freezing responses,52 our study probes spatially modulated

memories (e.g., novel object locations). It appears that the reac-

tivation of OLMs requires a different experimental approach to

obtain the most robust performance in the task. Specifically,

we were only able to successfully rescue the spatial memory

when the suboptimally storedmemory trace was optogenetically

reactivated prior (i.e., 5 min) to the testing trial. It will be highly

interesting to determine whether optogenetic activation of en-

grams 5 min prior to the testing trial also produces the proper

behavioral response in other non-fear-related tasks. We also

demonstrated that the OLMs, consolidated under sleep depriva-

tion conditions, can be optogenetically reactivated either in the

original empty arena (i.e., the training context without the ob-

jects) or the home cage. These findings are in line with previous

fear studies showing that memories can be successfully

retrieved, irrespective of the context.26,27 In addition, from a

translational point of view, these findings suggest that spatial

memories may be modulated (e.g., rescued or strengthened), ir-

respective of the environment in which the modulation takes

place.

Furthermore, reversing the inaccessibility of the memory

engram, and thereby facilitating the retrieval of the memory,

has only previously been established via high-frequency optical

stimulation of engram cells to artificially induce LTP.26,44 There-

fore, the current study provides a proof of principle for a novel

approach via which the inaccessibility of memories can be

reversed, even several days after the initial learning episode.

By stimulating/targeting the consolidation process of an optoge-

netically reactivated memory with roflumilast (i.e., roflumilast

treatment 3 h after optogenetic engram activation to increase

cAMP signaling during its critical consolidation window, Fig-

ure 5), the memory trace might be strengthened in such a way

that it allows manipulation-free recall to occur several days later.

In addition, such memory strengthening may occur irrespective

of the context, as context pairing seems not to be necessary

for successful strengthening of the memory. Therefore, we

believe that this approach may open up intriguing lines of

research aiming to perturb such complexmnemonic processing,

with a potential therapeutic role for the PDE4 inhibitor roflumilast.
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mCherry [rabbit anti-mCherry, 1:1000] Invitrogen RRID: AB_TB254421

goat anti-rabbit Alexa 555 Thermo-fisher RRID: AB_A32730

Bacterial and virus strains

AVV9-TRE- ChR2-mCherry, titer: 3.75e14, 200 nL Penn Vector Core,

Philadelphia, USA

N/A

Chemicals, peptides, and recombinant proteins

PDE4 inhibitor roflumilast Sigma Aldrich (Merck), Zwijndrecht,

the Netherlands

SKU: SML1099

Experimental models: Organisms/strains

Hemizygous c-fos-tTA/c-fos-shEGFP male mice

on a C57BL/6J background

Bred in house but original

breeding pair from Jackson Labs

Strain #018306 (Jackson)
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Havekes (r.havekes@rug.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
For the engram tagging studies (Figures 1, 2, 3, and 5), we used hemizygous c-fos-tTA/c-fos-shEGFP male mice on a C57BL/6

background, which were bred in our facility (first breeding pairs from Jackson Labs). Our previous studies examining the molecular

underpinnings of sleep deprivation-induced deficits in memory synaptic plasticity were conducted in male mice, because the

estrous cycle has a major impact on structural plasticity.53 Our transgenic male mice express a tetracycline-transcriptional-trans-

activator (tTA) under the control of a c-fos promoter, originally developed by Dr. Mark Mayford. Pharmacological studies without

light stimulation (Figure 4) were done with C57BL/6 (Charles River labs). All mice were maintained on a 12-hrs light/12-hrs dark

cycle and had ad libitum access to food and water. C-fos-tTA/c-fos-shEGFP were group housed prior to surgery and were indi-

vidually housed afterwards. Non-surgery C57BL/6 mice were group housed until one week prior to behavioral testing when they

were individually housed. All mice were 2-5 months old during testing, which always took place at the beginning of the light phase.

All mice initially received regular mouse chow (Altromin). However, one week prior to surgery, the c-fos-tTA/c-fos-shEGFP mice

were put on food containing 40 mg.kg-1 doxycycline (dox) (Envigo). They remained on the dox diet until one day before the occur-

rence of the engram labelling. Mice were put back on regular chow 24 hrs prior to training in the learning task or exposure to the

alternative context. Subsequently, the food was changed to a high dose dox chow (1 gkg-1) to prevent any further labelling and the

animals were maintained on this diet throughout the experiment. All procedures were approved by the national Central Authority

for Scientific Procedures on Animals (CCD) and the Institutional Animal Welfare Body (IvD, University of Groningen, The

Netherlands), and conform Directive 2010/63/EU.
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METHOD DETAILS

Virus construct and packaging
In order to label memory engrams, we bilaterally injected an adeno-associated virus (AVV9-TRE-ChR2-mCherry, titer: 3.75e14,

200 nL; Penn Vector Core, Philadelphia, US) in the dentate gyrus (DG) of c-fos-tTA/c-fos-shEGFP mice using the following coordi-

nates, -2.0 mm anterior-posterior (AP), 1.3 mm ± medial-lateral (ML), -1.8 mm dorsal-ventral (DV). Channelrhodopsin-2 (ChR2) and

mCherry expression was controlled by the tetracycline response element (TRE). In this way, FOS expression would drive the expres-

sion of tTA leading to the transcription of ChR2 and mCherry. The transcription of ChR2 and mCherry could be suppressed by keep-

ing animals on a dox-containing chow (i.e., c-fos expression would only lead to ChR2 andmCherry expression in the absence of dox).

Viral injection and fiber optic implants surgery
All surgeries were conducted using a stereotaxic apparatus (Kopf instruments). Mice were anesthetized with isoflurane (1.8–2.0%)

and remained on a heating pad throughout the surgery. At the start of the surgery, mice were subcutaneously injected with carprofen

(0.1 mL/10g), and 0.1 mL lidocaine was applied locally (subcutaneously) at the surgery site on top of the skull. Small bilateral holes

were drilled in the skull using a 0.5 mm diameter microdrill at the appropriate locations. A 10 mL Hamilton micro syringe attached to a

nanofil 33G needle (WPI) was loaded with virus and slowly lowered to the pocket site where it remained for one minute (see below for

all coordinates). The needle was raised to the injection site where it again remained for one min before injecting started using a flow

rate of 70 nL.min-1 and controlled by amicroinjection pump (Micro4;WPI). A total of 200 nL virus was injected. After the viral injection,

the needle remained at the target site for two min before it was slowly retracted from the brain. Optical fibers were mounted (see

coordinates below), and stabilized with cement (C&B metabond) and two screws (0.96 mm diameter). At the end of the surgery,

mice were injected with saline 0.1 mL (0.9%). All animals were allowed to recover for at least one week before starting behavioral

experiments. The coordinates for the DG injections and optic fiber mounting were as follows, -2.0 mm AP, 1.3 mm ± ML,

-1.8 mm DV, and a pocket was made at -1.9 mm DV. The pocket site refers to a small area underneath the placement of the needle

during the viral injection. This pocket site allows the virus to easily spread in the dentate gyrus minimizing the pressure build-up. The

optic fiber was mounted at -2.0 mm AP and ± 0.13 mm ML, and the glass fiber was -0.175 mm long.

Optogenetic stimulation protocol
DG engram cells were optogenetically stimulated with 15 ms pulses of 20 Hz (473 nm) in accordance with previous work.25 Stimu-

lation was induced by means of a laser (CrystaLaser) which was driven by a TTL input (Doric lenses). The power delivered at the DG

was 15-10 mW. All optogenetic laser stimulation was conducted in an open rectangular arena (empty OLM test arena) of 40 cm x

30 cm x 30 cm (length x width x height).

Immunohistochemistry
Animals were transcardially perfused with 0.9% NaCl + Heparin and 4% paraformaldehyde in PBS (0.01M) followed by a 48 hr post

fixation at 4�C. Coronal brain sections were cut at a thickness of 20 microns. All sections were rinsed twice with PBS and incubated

with 5% normal goat serum (NGS) in PBST (0.2% TritonX100) for one hour, followed by a 24 hrs incubation with primary antibodies at

4�C. After antibody incubation, all the sections were washed three times for 10 min with PBST and incubated for two hrs with the

secondary antibodies diluted in NGS. A final incubation of 3 min with DAPI (1:1000, Thermo Fisher Scientific) was done, followed

by three washing steps with PBST. Slices were mounted on glass slides and covered with mowiol (Sigma) to be visualized under

a fluorescent microscope (Leica DMI6000). The following antibodies or combination of antibodies were used, mCherry [rabbit

anti-mCherry, 1:1000, Invitrogen, LOT: TB254421; goat anti-rabbit Alexa 555, Thermo-fisher, LOT: A32730].

Cell counting
For the quantification of the ChR2-mCherry expression in the DG, the number of positive mCherry cells were counted from 3-4 cor-

onal hippocampal slices per animal. The coronal slices were taken from the dorsal hippocampus surrounding the coordinates

covered by the optical fiber implants (-2.0 mm AP). Fluorescent images were acquired on a Leica DMI6000 using 10x magnification.

Manual cell counting analysis was performed using ImageJ software. The cell body layer of dentate granule cells was marked as a

region of interest based on the DAPI signal in each slice. For each section, the area was measured and the number of mCherry-pos-

itive cells was counted after subtraction of background fluorescence. Counting was performed blind to experimental the condition.

Sleep deprivation
Mice were sleep deprived during the first six hrs of the light phase, directly following the training trial of the object-location memory

(OLM) task, using the gentle stimulation method (e.g., Havekes et al.,19 Raven et al.,34 and Heckman et al.36). In detail, animals were

kept awake by gently tapping or shaking the cage. Shaking only occurred once tapping the cage was no longer sufficient. This sleep

deprivation method has been extensively validated both at the behavioral level as well as through EEG recordings and has indicated

that this procedure successfully omits all REM sleep and approximately 95% of all NREM sleep (e.g.,Meerlo et al.54), and work by us

and others showed that behavioral and plasticity phenotypes associated with sleep deprivation were not caused by elevated plasma

corticosterone levels or the gentle stimulation method itself (e.g., Vecsey et al.,18 Hagewoud et al.,55 Ruskin et al.,56 Tiba et al.,57 and
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van der Borght et al.58). More recently, we reported that blocking the synthesis and release of corticosterone in mice selectively dur-

ing the SD period does not prevent sleep deprivation-induced memory deficits in the OLM task.34

Drug preparation
The phosphodiesterase type 4 (PDE4) inhibitor roflumilast (Sigma Aldrich, Zwijndrecht, the Netherlands) was dissolved in vehicle so-

lution containing 98%methyl cellulose Tylose (Sigma Aldrich, Zwijndrecht, the Netherlands) and 2% Tween80 (Sigma Aldrich, Zwijn-

drecht, the Netherlands) on the day of the behavioral studies and injected in a volume of 2 mL.kg-1. Roflumilast was administered

intraperitoneally at a dose of 0.03 mg.kg-1. Dose, injection volume, and injection schemes are based on our experience with the cur-

rent drug in the OLM paradigm (e.g, Heckman et al.36 and Blokland et al.59). Specifically, the timing of injections was based on the

pharmacokinetics of roflumilast in mice,37 and the exact time window during which cAMP is important for specific memory pro-

cesses.42 Furthermore, roflumilast shows a peak plasma and brain concentration 30min after administration, has a half-life in rodents

of about 6 hrs, and after 21 hrs roflumilast can no longer be detected in the mouse brain when using a dose of 0.03 mgkg-1.37

Behavioral studies
Handling and habituation

Before the behavioral experiments started, all mice were handled and habituated for three consecutive days. On the first day, they

were handled for 4 min/per mouse; on the second day mice were again handled 4 min/per mouse, and were habituated to scruff

handling; on the third day, mice were brought to the experimental room and allowed to explore the empty arena for 5 min. Mice

involved in the optogenetic experiments, in which the engram reactivation took place in the empty arena, were connected to the optic

fiber cable and allowed to explore the empty arena for the full 5 min of the habituation trial with the laser turned on (15-10 mW, 15 ms

pulses of 20 Hz). Mice that were optogenetically stimulated in the home cage during the training day were also stimulated in the home

cage during habituation and were allowed to explore the empty arena afterward. Important to note is that animals were kept on dox

during the whole habituation period, to prevent the tagging of engram cells. As such, all mice were habituated to exploring the empty

arena while being on dox, and connected to a fiber optic cable, emitting blue light either in the empty arena or in the home cage de-

pending on the experiment.

Object-location memory (OLM) paradigm

This spatial learning task requires the hippocampus and is based on the innate preference for spatial novelty. The OLM task was

conducted in a rectangular arena (40 cm x 30 cm x 30 cm) with two spatial cues at the short walls on opposite sides of the arena.

The spatial cues cover the full short walls and consist out of a black and white checkerboard pattern (total length x width:

25.4 cm x 21 cm, with black and white checkerboards of 1.5 cm x 1.5 cm) or alternating black and white striping (total length x width:

30 cm x 21 cm, with horizontal stripes that are 2.6 cmwide). The OLM task consisted of 10min training and testing trials, during which

the animals were allowed to freely explore two identical objects. All the animals entered the arena from the same side of the arena.

Animals were placed into the arena facing the wall and away from the objects. However, the starting position of the animals with

respect to the locations of objects in the arena was randomized as the locations of the objects were randomly and in a counterbal-

anced fashion assigned to each animal. During the training trial, the objects were placed symmetrically on a horizontal line, approx-

imately 7.5 cm from the wall. In the testing trial, one of the objects was displaced along a straight line to a position that was 15 cm

away from the training trial location. The combination of the side (left or right) and direction (up or down) of displacement of the objects

in the testing trial was randomized and, during repeated testing, counterbalanced to avoid any place preferences. Object preferences

were prevented by using different sets of objects for each animal in every experiment. It should be noted that any carry-over effects

from using the same arena and distal cues cannot be excluded. Between animals and trials, the objects and arena were cleaned with

a 70% ethanol solution to avoid the presence of olfactory cues. The exploration times per mouse for each object during the training

and test trial were manually scored using custom software (ORT v2; Maastricht, The Netherlands) by an experimenter blind to treat-

ment. Directing the nose to the object at a distance of no more than 1 cm and/or touching the object with the nose was considered

exploratory behavior. From these exploration times, the relative measure of discrimination was calculated controlling for total

exploration time: the d2 index. To calculate the d2 index, the full 10 min of the test trial was used. This relative discrimination index

is calculated from the raw object exploration times during the test trial using the following equation: (exploration time object 1 at novel

location - exploration time object 2 at original location) / (exploration time object 1 at novel location + exploration time object 2 at

original location). Of note, animals would be excluded from the analysis if they did not explore both objects at least once during

the training trial and test trial. In practice, this did not happen. For a detailed description of the experimental design of each individual

study, see supplemental information.

Extended description of all behavioral training and testing protocols
Sleep deprivation, laser stimulation, and the object-location memory task (Figures 1D, 1E, S1A, and S1B)

In this experiment, we examined whether sleep deprivation following training attenuated memory performance during the test trial

24 hrs after learning. Moreover, we investigated whether optogenetic stimulation hampers the normal learning and formation of ob-

ject-locationmemories.Micewere kept on a dox diet (40mgkg-1) throughout thewhole experiment to prevent any tagging. First, mice

were handled and habituated according to our handling and habituation protocol (see the STAR Methods section). They underwent

an object-location memory (OLM) training trial, and were immediately sleep deprived (SD) or left undisturbed (NSD) depending on

their experimental condition (Figure 1D). In the testing procedure 24 hrs later, mice were first connected to the fiber optic cable
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and placed back into their home cage for 90 sec. Next, they were placed into the empty arena without objects for three minutes.

During these three mins, animals received laser stimulation. Subsequently, after the laser stimulation, the mice were placed back

into their home cage for 5 min, before being placed into the arena with objects for 10 min (testing trial). In Figure 1D, optogenetic

stimulation took place in the training context without objects, and 5 min before the testing trial. Two days after the testing procedure,

we repeated the whole experiment including training and test trial in the same batch of animals, as the within design has more power

and required fewer animals. However, during this second experiment, we switched experimental groups in such a way that animals

that were sleep deprived during the previous session were now left undisturbed, and vice versa. Data from both experiments were

pooled so that every mouse constitutes its own control (i.e., sleep deprivation versus normal sleep). The order of treatment was al-

ways included as a factor in the statistical analysis of the experiments (see the quantification and statistical analysis section of the

STAR Methods).

Engram reactivation 24 hours after the learning episode followed by sleep deprivation (Figures 1F, 1G, S1C, and S1D)

For this experiment, we used the same mice as in the optogenetic stimulation without engram labeling study, described above.

Importantly, different objects and locations were used to avoid any carry-over effects. In this experiment, the engram of the training

trial was tagged by replacing the dox diet (40 mg.kg-1) with normal chow 24 hrs before the training trial. To prevent any tagging after

the training trial, we exchanged the normal chow with a high-dose dox diet (1g kg-1) immediately after the training trial. During the

training trial, animals were allowed to explore two similar objects for ten min. Immediately following training, all animals were sleep

deprived for six hrs. Twenty-four hours after the training trial, animals underwent a test trial procedure in which they were first con-

nected to the fiber optic cable and placed back into their home cage for 90 sec. Next, they were placed into the empty arenawithout

objects for three minutes. During these three mins, half the animals received laser stimulation, while the other half received no laser

stimulation. Subsequently, after the laser stimulation, themice were placed back into their home cage for 5mins, before being placed

into the arena with objects for ten min (testing trial). For the home cage reactivation experiment (Figures 1H, 1I, S1E, and S1F), mice

underwent a similar training and testing procedure, except that the optogenetic reactivation took place in the home cage instead of

the empty arena.

Engram reactivation 5 & 8 days after learning episode followed by sleep deprivation (Figures 2A–2D, S2A, and S2B)

In order to investigate whether the memory engram could still be optogenetically reactivated after a prolonged period, we used the

same mice as in the 24 hrs reactivation experiment described above. Upon completion of the testing trial of the 24 hrs reactivation

experiment, animals were left undisturbed for four days. Thus, 5 days after the training trial followed by sleep deprivation, mice

underwent an additional delayed testing trial. The procedures for the current testing trial were similar to those described for

the testing trial of the 24 hrs reactivation experiment with the important distinction that the group receiving laser stimulation

now received no laser stimulation, and vice versa. Three days after this delayed reactivation trial, we subjected the mice to another

testing trial, during which we also interchanged laser stimulation conditions. For the experiments in Figures 2E and 2F (Figures

S2C and S2D) we used new mice that were only subjected to a single testing trial 5 days after the training trial followed by sleep

deprivation.

Reactivation OLM engram versus alternative context engram (Figures 3A–3C, S3A, and S3B)

This experiment was conducted to demonstrate that our behavioral data was induced specifically due to engram reactivation of the

tagged learning episode, and is not induced by activation of an engram from an unrelated learning episode.Micewere first habituated

according to our habituation protocol (see the STAR Methods section). After habituation, they were divided into two groups: training

context versus alternative context. Both groups were subjected to similar experimental procedures and only differed in their "tagged

context", which was accomplished by taking the mice off dox food at different time points during exposure to different contexts. The

alternative context consisted of a different and smaller box compared to the original OLM arena. The alternative context had different

dimensions (54.5 cm x 44.0 cm x 55.0 cm), and spatial cues (i.e., mosaic patterned and vertically striped).

Both groupswere first exposed to an alternative context (day 1), followed by the exposure to an empty arena 24 hrs later (day 2). On

day 3, they underwent the OLM training trial. Whereas one group was taken off dox 24 hrs before the OLM training trial, the other was

taken off dox 24 hrs before exposure to the alternative context (Figure 3A). Both groups were deprived of sleep after the OLM training

trial, and transferred back to the housing room thereafter where they were left undisturbed for the next 5 days. On day 5, the tagged

engram was reactivated and tested according to the other optogenetic testing protocol in which the engram was reactivated in the

empty arena. All groups were divided in such a way that ‘reactivation’ or ‘no reactivation’ conditions were balanced in both the

training context and alternative context group. Three days following the testing trial, all animals were subjected to another retention

trial, however, the reactivation conditions were reversed between groups in a cross-design fashion.

Treatment with roflumilast after OLM training (Figures 4A–4H and S4A–S4H)

For the current experiment, we first handled the animals according to our handling protocol (see the STARMethods section) with the

addition of an IP injection with saline (0.03 mL per animal) during the last day of handling. On experimental day 1, mice underwent a

training trial in which they explored two similar objects for 10min. Thereafter, all the groups were sleep deprived for 6 hrs. After 24 hrs

(Figures 4A, 4B, 4E, 4F, S4A, S4B, S4E, and S4F) or after 5 days (Figures 4C, 4D, 4G, 4H, S4C, S4D, S4G, and S4H), the testing trial

took place. In the experiments of Figures 4A–4D, mice were first exposed to the box without objects and placed back in the home

cage. Next, they were subjected to a testing trial in which one of the objects was relocated to a novel location. The experiments of

Figures 4E–4H had a similar procedure without exposure to the empty arena. The mice were injected with vehicle solution or roflu-

milast (depending on the experimental group) 30 min before the testing trial.
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Optogenetic engram reactivation in combination with roflumilast treatment to restore the accessibility of spatial

memories under sleep-deprived conditions (Figures 5 and S5)

Similar to all previously described studies, mice were first handled and habituated (see the STARMethods section). At the end of the

third habituation day and 24 hrs before the training trial, mice were taken off dox food. On experimental day 1, mice underwent

the learning trial in which they were allowed to explore two similar objects for 10 min. After the training trial, we immediately changed

the diet to a 1 gkg-1 dox diet, and subjected them to 6 hrs of sleep deprivation. For the next 3 days, the animals were left undisturbed.

On day 4, the reactivation session took place, and themicewere divided into three experimental conditions: ‘laser on + vehicle’, ‘laser

off + roflumilast’, or ‘laser on + roflumilast’. For the experiment in Figures 5A and 5B, the reactivation session was in the OLM arena

without objects and lasted three mins. For the experiment in Figures 5C and 5D, the reactivation session was in the home cage and

lasted three mins. During these three min the laser was turned on in the laser on experimental groups. Three hrs after the reactivation

we injected roflumilast or vehicle IP. Two days latermicewere subjected to a ‘‘normal’’ testing session inwhich one of the objects was

moved to a novel location. During this test session, no drugs or laser treatment was applied.

QUANTIFICATION AND STATISTICAL ANALYSIS

IBM SPSS Statistics 26 was used to analyze all data. All statistical tests were two-tailed. All data was checked for normality. In addi-

tion, where applicable, Levene’s tests were first run to check for equality of variances. None of the conducted Levene’s tests were

significant. For all repeatedmeasures ANOVA, the sphericity assumption was always checked usingMauchly’s sphericity test. Sphe-

ricity assumption turned out not to be violated in all analyses, meaning sphericity was assumedwhen inspecting tables showing tests

of within-subject effects.

Data from Figures 1G and 2D as well Figures 4C, 4D, S1C, S1D, and S1F was analyzed using an independent-samples t-test. Data

from Figures 1E, 2B, S1A, S1B, and S1E were analyzed using paired-samples t-tests.

Data from Figure 1I was analyzed by means of repeated measures ANOVA using ‘laser’ (on vs off) as ‘within subject factor’ and

‘order’ (day 5 vs day 8) as between-subject factor. No significant ‘laser*order’ interaction effect was found. Subsequent analysis

of main effects showed a main effect for ‘laser’. An additional paired samples t-test confirmed this effect of ‘laser on vs off’.

For Figure 1K, A repeated measures ANOVA was conducted using ‘laser’ (on vs off) as within subject factor and ‘context’ (OLM vs

Alternative context (Alt Ctx)) as well as ‘order’ (laser ‘on-then-off’ vs ‘off-then-on’) as between subject factors. No three-way inter-

action was revealed, nor a laser*order interaction, both indicating that the order of laser stimulation had no effect and that the

data of day 5 and 8 could validly be pooled. Finally, a significant laser*context interaction was shown. Next, we conducted pairwise

comparisons using the Dunnett test with ‘OLM-context laser ON’ as reference against which all other conditions are compared: 1)

against ‘OLM laser OFF’, 2) against ‘Alt Ctx laser ON’, and 3) against ‘Alt Ctx laser off’.

Data of Figures 2B, S4A, and S4B was analyzed by means of repeated measures ANOVA using one within factor containing four

levels (i.e., the four experimental conditions). After showing significance of the overall ANOVA for Figure 2B, we continued with a pair-

wise comparisons by means of Dunnett post hoc test using ‘vehicle SD’ group as reference against which the other three groups are

compared, ‘veh SD’ vs ‘Veh NSD’, vs ‘rof NSD’, vs ‘rof SD’.

For Figures 3, S5A, and S5B, a one-way ANOVA was used with ‘experimental condition’ as between-subject factor containing

three levels. After showing significance of the overall ANOVA for the data in Figure 3, additional post hoc analyses using Dunnett

showed that both ‘laser off+rof’, and ‘laser on+veh’ differed from the reference group ‘laser on+rof’.

Figure S1G was analyzed using repeated measures ANOVA using ‘laser’ (on vs off) as within subject factor and ‘context’ (OLM vs

Alt Ctx) as between subject factor. No significant interaction or main effect was observed.
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