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Memory consolidation is promoted by sleep. However, there is also evidence for consoli-
dation into long-term memory during wakefulness via processes that preferentially affect
nonhippocampal representations. We compared, in rats, the effects of 2-h postencoding
periods of sleep and wakefulness on the formation of long-term memory for objects and
their associated environmental contexts. We employed a novel-object recognition
(NOR) task, using object exploration and exploratory rearing as behavioral indicators of
these memories. Remote recall testing (after 1 wk) confirmed significant long-term
NOR memory under both conditions, with NOR memory after sleep predicted by the
occurrence of EEG spindle—slow oscillation coupling. Rats in the sleep group decreased
their exploratory rearing at recall testing, revealing successful recall of the environmental
context. By contrast, rats that stayed awake after encoding showed equally high levels of
rearing upon remote testing as during encoding, indicating that context memory was
lost. Disruption of hippocampal function during the postencoding interval (by muscimol
administration) suppressed long-term NOR memory together with context memory for-
mation when animals slept, but enhanced NOR memory when they were awake during
this interval. Testing remote recall in a context different from that during encoding
impaired NOR memory in the sleep condition, while exploratory rearing was increased.
By contrast, NOR memory in the wake rats was preserved and actually superior to that
after sleep. Our findings indicate two distinct modes of long-term memory formation:
Sleep consolidation is hippocampus dependent and implicates event-context binding,
whereas wake consolidation is impaired by hippocampal activation and strengthens
context-independent representations.
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Sleep is known to promote memory consolidation, the process that transforms newly
encoded information into a more stable form of memory (1, 2). The robust nature of
the memory-enhancing effects of postencoding sleep in the context of a wide range of
tasks has fueled speculation that this brain state may be a prerequisite for effective
long-term memory formation generally. However, recent studies on fruit flies have pro-
vided evidence for sleep-independent consolidation processes that support long-term
memory formation in the waking state (3). Studies on rodents have also suggested that
long-term memory for objects can be formed even if the animal is deprived of sleep
during the postencoding period (4-6). These findings raise the question of whether
consolidation processes during sleep and wakefulness are of the same kind.

Sleep-dependent consolidation has been described as an active systems-level process
of consolidation of experienced episodes, that is, events that are integrated into a
spatial-temporal context with hippocampal networks representing the different con-
texts to which the events are bound (4, 7, 8). Replay of hippocampal neuronal ensem-
bles involved in episodic context binding is considered to be the key to active systems
consolidation that occurs during sleep (9, 10). On the other hand, the mechanisms
governing consolidation during wakefulness are less well understood (11, 12). Notably,
however, significant long-term memory formation under conditions of postencoding
wakefulness has often been observed for memories that can also be encoded and
retrieved without a functioning hippocampus—such as objects presented in a novel-
object recognition (NOR) task—which indicates that they primarily reside in extra-
hippocampal circuits, for example, in the perirhinal cortex (12-14).

Here we compared long-term memory formation following an NOR task in rats that
had slept or remained awake during a 2-h postencoding interval. Remote NOR memory
was assessed a week later, based on the standard procedure, that is, the rat’s preferential
exploration of the novel, relative to the familiar, object. In addition, we used the rat’s
rearing behavior during NOR testing to assess the extent to which remote recall of object
memory simultaneously involves recall of the original spatial context. Rearing on hind
legs is an exploratory behavior mediated by the hippocampus. Its purpose is to identify
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distal context cues, and declines once the rat becomes familiar bars; mean + SEM discrimination score: sleep, 0.67 + 0.11, £10)
with the context (15-17). To further examine hippocampal con- = 6.02, P = 0.0001; wake, 0.41 =+ 0.10, #9) = 4.21, P = 0.002)
tributions, we inactivated the hippocampus during the 2-h post- and first 3 min of the retrieval phase (sleep: 0.45 + 0.11, A10) =
encoding wake and sleep periods by bilateral infusion of the 4.11, P = 0.002; wake, 0.19 + 0.09, £9) = 2.19, P = 0.056).
GABA-A receptor agonist muscimol. We show that, unlike =~ These findings confirm previous studies, which indicated that
sleep-dependent consolidation, wake consolidation strengthens a  significant NOR long-term memory is also formed in animals

context-independent representation of objects and is indepen- that are kept awake after encoding (5, 9). However, our analyses
dent of hippocampal function. also revealed that discrimination scores were, on average, slightly

lower in the wake than the sleep condition (4*[1] =393, P=
Results 0.048 for the sleep/wake main effect), suggesting that wake con-

solidation is less effective overall than sleep consolidation. Total
Postencoding Sleep and Wakefulness Promote Long-Term object exploration and total distance traveled during encoding
NOR Memory, but Context Memory Is Evidenced Only after  and retrieval were comparable for both conditions (all 2 > 0.7;
Postencoding Sleep. After encoding the NOR task, rats either SI Appendix, Fig. S1), excluding possible confounding factors
slept or remained awake during a 2-h postencoding period, and  associated with nonspecific changes in motivation or locomotion.

retrieval was tested 1 wk later (see Fig. 14 for experimental In order to assess the extent to which remote retrieval involved
design). Behavioral analyses focused on cumulative scores at 1 recall of environmental context, that is, distal spatial cues (17),
and 3 min into the test phase, which covers the period most  we analyzed how much time the rats spent on their hind legs in
sensitive for the novelty preference-based assessment of mem- an exploratory rearing posture (Fig. 2A4). In rats that slept during
ory (9, 18). Exploration discrimination ratios indicated that, dur- the postencoding interval, mean rearing duration decreased from
ing the remote retrieval test 1 wk after exposure to either of the  encoding to remote retrieval testing (Fig. 2B, gray bars; first

postencoding conditions, the rats displayed NOR memory at levels ~ minute: —29.67 + 5.61%, #10) = —5.29, P = 0.0004; third
significantly above chance during the first minute (Fig. 1B, empty ~ minute: —29.67 + 5.61%, {10) = —4.99, P = 0.0005). This
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Fig. 1. Remote NOR memory is present after postencoding sleep and wakefulness, but is oppositely influenced by postencoding inactivation of the hippocam-
pus. (A) Experimental design. Rats explored two identical objects in an arena for 10 min (encoding), and then either slept or remained awake for 2 h. Retrieval of
NOR memory was tested a week later. For retrieval testing, one of the two objects used in the encoding phase was replaced by a novel object. Recognition mem-
ory was assessed based on the increased exploration time the rat devoted to the novel object in comparison to that spent exploring the old object during the
first 3 min of the retrieval phase (object discrimination ratio). To inactivate the hippocampus during the 2-h postencoding interval, muscimol was bilaterally
infused into the dorsal hippocampus, either upon the first occurrence of continuous SWS or at a comparable time point during postencoding wakefulness. Con-
trols included rats infused with vehicle and untreated rats. (B) Mean (+SEM) object discrimination ratios at 1 and 3 min into the remote retrieval phase, for
animals of the sleep (Left) and wake (Right) groups with functioning hippocampus (empty bars), and following infusion with muscimol (red bars) during the 2-h
postencoding interval n = 11, 11, 10, and 8 rats for sleep control, sleep muscimol, wake control, and wake muscimol groups, respectively. ***P < 0.001,
**P < 0.01, *P < 0.05 for one-sample t tests against chance level; **P < 0.01, *P < 0.05 for pairwise t tests (two-sided) between muscimol and control groups.
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Fig. 2. Postencoding sleep, but not wakefulness, decreases exploratory
rearing at remote NOR testing. (A) Illustration of the two prominent explor-
atory behaviors on the NOR task. In addition to object exploration (object
sniffing), rearing on the hind legs was analyzed to assess to what extent
remote retrieval involved recall of environmental context, that is, distal spa-
tial cues. (B) Percentage change in mean rearing duration (mean + SEM) at
first and third minutes of retrieval testing, compared to mean rearing dura-
tion during encoding (set to 100%). Only rats that had slept after encoding
(Left) and retained hippocampus function (empty bars) showed a decrease
in rearing duration at retrieval, whereas mean rearing duration in the rats
that remained awake (Right) and in the rats whose hippocampi were inacti-
vated during the postencoding interval (red bars) did not change between
encoding and remote retrieval testing; n = 11, 11, 10, and 8 rats for sleep
control, sleep muscimol, wake control, and wake muscimol groups, respec-
tively. +++P < 0.001, for one-sample t tests against chance level;, ***p <
0.001, **P < 0.01, for pairwise t tests (two-sided) between muscimol and
control groups.

decrease reflects habituation, as the rat has become familiar with
the spatial context (16, 17). In contrast, rats that stayed awake
in the postencoding interval displayed the same high level of
exploratory rearing upon remote retrieval testing as they showed
during encoding (Fig. 2B, empty bars; first minute: —2.90 +
8.04%, #9) = —0.36, P = 0.73; third minute: 2.93 + 8.94%,
#9) = 0.33, P = 0.75), indicating that these rats had no recollec-
tion of the spatial context (*[1] = 9.01, P = 0.003, for the dif
ference in rearing change between sleep and wake conditions).
The number of rearing events during the retrieval phase did not
differ between conditions (y*[1] = 0.22, P = 0.64). Control anal-
yses revealed no differences in mean rearing duration or number
during the encoding phase between sleep and wake conditions
(mean + SEM; mean rearing duration: sleep, 1.17 + 0.06 s;
wake, 1.18 + 0.08 s, (17.4) = —0.07, P = 0.95; number of rear-
ing events: sleep, 98.18 + 9.06; wake, 120.10 + 17.09, #13.8) =
—1.13, P = 0.28; SI Appendix, Fig. S2), excluding the possibility
that the changes observed in the remote retrieval test derived from
baseline differences in exploration patterns between the groups.
NOR performance was not correlated with exploratory rearing on
hind legs at remote retrieval (all 2> 0.26).

Inactivation of the Hippocampus Has Opposite Effects on
Consolidation of NOR Memory during Postencoding Sleep and
Wakefulness. We then investigated whether hippocampal func-
tion makes an essential contribution to the formation of long-term
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NOR memory during sleep and wakefulness. To this end, the
GABA-A receptor agonist muscimol was bilaterally infused (at a
rate of 0.25 pL/min) into the dorsal hippocampus. In the sleep
condition, the infusion started as soon as EEG recordings indicated
signs of continuous sleep, that is, after 31.55 + 4.36 min and
26.97 + 4.48 min of the postencoding interval for muscimol and
vehicle infusions, respectively. In the wake condition, infusions
were started after comparable time intervals, that is, after 33.75 +
3.88 min and 31.68 + 4.64 min for muscimol and vehicle infu-
sions (P = 0.394 and P = 0.675, for the differences between sleep
and wake conditions, respectively). At remote retrieval testing 1 wk
later, rats whose hippocampi had been inactivated during posten-
coding sleep showed a distinctly decreased NOR performance in
comparison with the vehicle control rats (Fig. 15; 7] = 832,
P = 0.004), although discrimination ratios for the first minute
remained above chance level, indicating that some NOR memory
was left ((10) = 3.01, P = 0.013; discrimination index at third
minute 10) = 1.85, P= 0.094). In contrast, inactivating the hip-
pocampus during postencoding wakefulness enhanced remote
NOR performance, in comparison with the control rats in which
hippocampal function was not perturbed (Fig. 1B; y*[1] = 10.66,
P = 0.001, £16) = 2.68, P = 0.016 and #16) = 3.90,
P = 0.001, for post hoc pairwise comparisons between muscimol
and control conditions at the first and third minutes of retrieval;
771 = 1851, P < 0.001 for sleep/wake X muscimol/control
interaction, with exclusion of one rat; see Materials and Methods).
NOR memory was well above chance level for discrimination
scores at the first and third minutes (7) = 12.32, P < 0.001 and
{7) = 9.81, P < 0.001, respectively). Analyses of control variables
revealed a consistent increase in total distance traveled at NOR
retrieval for the muscimol condition (87 Appendix, Fig. S1). How-
ever, reanalysis of discrimination ratios using this parameter as
covariate confirmed all of the significant effects of muscimol on
NOR performance (all P < 0.01), thus confirming that these
effects were not confounded by nonspecific motivational and
locomotion-related factors. In combination, these data indicate
that hippocampal activity influences the consolidation of NOR
memory during sleep and wakefulness in opposite directions.
In agreement with active systems consolidation, they confirm a
supportive influence of hippocampal activity on sleep-
dependent consolidation (7, 9). In contrast, rather than being
independent of hippocampal function, wake consolidation pro-
cesses appear to be disturbed by interfering hippocampal activity
(12, 19, 20).

Inactivation of the hippocampus during postencoding sleep
and wakefulness also differentially affected the rats’ rearing
behavior during remote testing (r*[1] = 6.05, P = 0.014, for
sleep/wake X muscimol/control interaction effect). Inactivating
the hippocampus during postencoding sleep prevented the
decrease in mean rearing duration between encoding and
remote testing that was observed for the vehicle control rats
(Fig. 2 B, Left; change from encoding to retrieval for muscimol
vs. control across minutes: ;(2[1] = 24.63, P < 0.0001; first
minute: —2.3 + 7.7% vs. —29.7 + 5.6%, #10) = 5.08,
P < 0.001; third minute: —5.5 + 5.2% vs. —25.0 + 5.0%,
#(10) = 3.65, P = 0.0044). By contrast, when the hippocampus
was inactivated during postencoding wakefulness, rearing duration
at remote retrieval testing was not affected, and remained at the
same high level as during encoding (Fig. 2 B, Right; change from
encoding to retrieval for muscimol vs. control across minutes:
7211 = 0.03, P = 0.87; for first minute: —4.04 + 7.36% vs.
—2.90 + 8.04%, #16) = —0.10, P = 0.92; third minute: 0.99 +
6.12% vs. 2.93 + 8.94%, #16) = —0.17, P = 0.87). Muscimol
infusion did not affect the number of rearing events, and there
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were also no differences between muscimol and control conditions
during encoding (all P > 0.25; SI Appendix, Fig. S2). Thus, the
main finding of these experiments indicates that hippocampal
inactivation selectively prevents habituation of rearing when
induced during sleep, corroborating the view that sleep, but not
wakefulness, promotes the parallel consolidation of spatial context
features.

Remote NOR Memory Is Context Dependent after Postencoding
Sleep but Not Wakefulness. If only sleep-dependent consolida-
tion of NOR memory, but not wake-associated consolidation,
were coupled to the simultaneous formation of a hippocampus-
dependent context memory, then recall of NOR memory in a
context other than that presented during encoding would be
expected to be more severely affected after sleep- than wake-
dependent consolidation. In order to test this hypothesis, we
tested two groups of rats on the NOR task after postencoding
sleep and wake periods, respectively. However, this time NOR
recall was tested 1 wk later in an entirely different experimental
context by a different experimenter (Fig. 3A4). Indeed, the rats
that had slept after encoding showed no significant NOR mem-
ory at the remote retrieval test, whereas the rats in the wake
group displayed robust NOR memory (Fig. 3 B, Lefs mean +
SEM discrimination score; first minute: sleep, 0.05 0.17,
f11) = 0.28, P = 0.78; wake, 0.48 + 0.08, A11) 6.34,
P < 0.001; third minute: sleep, 0.07 + 0.13, A11) 0.57,
P = 0.58; wake, 0.29 + 0.11, #11) = 2.59, P = 0.025) which
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was significantly stronger than in the sleep group (¥’[1] = 5.41,
P = 0.020 for sleep/wake main effect). These findings suggest that
memory for objects after wake-dependent consolidation is less well
integrated with the learning context and can, therefore, be more
easily retrieved in a different context.

This inference is corroborated by the finding that rats that had
slept after encoding showed increased mean rearing duration dur-
ing remote retrieval testing in comparison with the encoding phase
(Fig. 3 B, Right; first minute: 22.03 + 9.17%, «11) = 2.40,
P 0.035; third minute: 16.07 + 8.85%, #11) = 1.82,
P = 0.097), which indicates that these rats detected the contextual
change of the NOR task (17). In contrast, the rats in the wake
group displayed the same level of exploratory rearing upon remote
retrieval testing as they did during encoding (Fig. 3 B, Right; first
minute: —13.08 £ 9.65%, {11) = —1.36, P = 0.20; third
minute: —11.14 + 7.88%, A11) = —1.41, P = 0.19, y*[1] =
7.57, P = 0.006 for the sleep/wake main effect). Rearing behavior
in these wake-group rats was, in fact, very similar to that seen in
the wake rats tested in unchanged context conditions (Fig. 1B).
Opverall, this suggests that postencoding wakefulness does not sup-
port the formation of a persistent memory for the environmental
context.

Sleep Spindles and Slow Oscillation-Spindle Events Are Asso-
ciated with Enhanced Remote NOR Memory. In order to iden-
tify specific mediators of sleep-dependent consolidation, we more
closely analyzed sleep EEG recordings during postencoding sleep.
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Fig. 3. Remote NOR memory after postencoding sleep, but not after postencoding wakefulness, is context dependent. (A) Experimental procedures. During
encoding, rats explored two identical objects in an arena of context A for 10 min, followed by a 2-h interval in which the rats either slept or remained awake.
Retrieval of NOR memory was tested a week later in a different (but familiar) context B. Contexts A and B differed with respect to distal and proximal cues,
and olfactory and auditory stimulation, and also with regard to the experimenters who performed the experiments (see Materials and Methods). (B) (Left)
Mean (+SEM) object discrimination ratios at first and third minutes of the retrieval phase for animals of the sleep (gray bars) and wake (empty bars) groups,
and (Right) percentage change in mean rearing duration (mean + SEM) at first and third minutes of retrieval phase, compared to mean rearing duration
during encoding (set to 100%). Note that rats that slept after encoding (gray bars) showed a decrease in NOR memory performance, but an increase in rear-
ing duration, relative to the wake rats that remained awake during the 2-h postencoding interval (empty bars); n = 12 rats each for sleep and wake groups.
*+*P < 0.001, *P < 0.05 for one-sample t tests against chance level; *P < 0.05 for pairwise ¢ tests (two-sided) between groups.
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Table 1. Sleep architecture

Latency (min)

Duration (min)

Sleep parameter SWS SWS PreREM REM
Vehicle 13.70 + 3.21 49.67 + 2.38 3.95 +0.59 6.00 + 0.87
Muscimol 1710 = 2.17 50.62 + 4.37 4.67 £ 0.92 3.95+1.26
Group comparison t(9) = -0.96, t(9) = -0.22, t(9) = -0.73, t(9) =1.68,

P =0.36 P =0.83 P =0.48 P=0.13
Based on previous findings (21-23), we concentrated on sleep Discussion

spindles and slow oscillations (SOs) associated with slow-wave
sleep (SWS) and theta activity associated with rapid eye move-
ment (REM) sleep (see Table 1 and 2 for sleep architecture and
sleep parameters). This analysis revealed that the greater the num-
bers of SO or spindles recorded during postencoding SWS, the
higher the NOR discrimination ratios were at 1 min during
retrieval (7ho = 0.730, P = 0.017, rho = 0.782, P = 0.008; Fig.
4; see SI Appendix, Table S1 for a summary of correlational anal-
yses). The correlation between NOR performance and SO and
spindle density showed the same trend but did not reach statisti-
cal significance (rho = 0.546 and rho = 0.534, respectively, both
P =0.11). In light of evidence suggesting that spindles nesting in
the up state of the SO are of particular importance for memory
consolidation (22, 24, 25), we separately analyzed such coupled
SO-spindles events. Indeed, this analysis also revealed a positive
association between the number of coupled SO-spindle events
and remote NOR performance (Fig. 4 C and D; rho = 0.74,
P = 0.015). The significance of this correlation was confirmed
in regression analyses that controlled for the contribution of
uncoupled spindles (occurring in the absence of an SO). Here,
the number of coupled SO-spindle events significantly predicted
NOR performance (f = 0.65, {7) = 2.81, P = 0.026), whereas
noncoupled spindles did not (f = 0.34, «7) = 1.47, P = 0.185,
with the two predictors explaining Rzadj = 53% of the total vari-
ance, H2,7) = 6.17, P = 0.029). Finally, NOR performance
was also positively correlated with theta energy during REM
sleep (rho = 0.72, P = 0.019). While we observed substantial
associations with NOR performance, none of the EEG sleep
measures was correlated with mean rearing duration or numbers
of rearing events at remote recall testing (Fig. 4 C and D; all
P <0.69).

Inactivating the hippocampus by infusion of muscimol did
not alter gross sleep architecture, that is, time spent in and
onset latencies of SWS, preREM, or REM sleep (all 2> 0.095;
Table 1). Moreover, sleep oscillatory activity (SOs, spindles,
coupled SO-spindle events) was comparable between muscimol
and control conditions (all 2> 0.162; Table 2) except that, in
agreement with previous reports (9), the power of REM sleep
theta was decreased during muscimol infusion ({7) = —2.67,
P = 0.032; Table 2). Overall, these findings exclude the possi-
bility that impaired NOR performance after hippocampal inac-
tivation is a consequence of gross changes in sleep patterns.
Interestingly, the positive correlation observed between num-
bers of coupled SO-spindle events and NOR performance
under conditions of a functioning hippocampus was similarly
observed with intrahippocampal infusion of muscimol during
postencoding sleep (rho = 0.71, P = 0.022, with P > 0.3 for
the comparison with respective correlation in the control condi-
tion; see SI Appendix, Table S1 for respective correlations for
SO and spindle parameters), suggesting that sleep spindles can
contribute to consolidation processes that take place outside

and independently of the hippocampus.

PNAS 2022 Vol. 119 No.34 2203165119

The significance of sleep for long-term memory formation is
well recognized. But what about the waking state? Does the
wakeful mode of brain activity also promote memory consolida-
tion? The present study set out to characterize memory consoli-
dation associated with the waking state by contrasting it with
sleep-dependent consolidation. Our results in rats demonstrate
that long-term NOR memory is present at a remote retrieval test
performed 1 wk later, when the rats remain awake during the
critical 2-h period after encoding of the memory. However,
memories formed under these conditions differed from those
formed during postencoding sleep, both in quantity and quality.
First, in comparison with the memory traces formed during
postencoding sleep, wake consolidation resulted in a weaker
memory, that is, lower discrimination ratios upon remote
retrieval testing. Second, unlike postencoding sleep, which pro-
duced accompanying memory for spatial environmental contex-
t—as indicated by a decrease in exploratory rearing on hind legs
during remote retrieval—wake-associated consolidation appar-
ently lacked such accompanying formation of context-related
long-term memory. Thirdly, unlike sleep-dependent consolida-
tion, consolidation associated with postencoding wakefulness
was not impaired by inactivation of the hippocampus, but was
instead enhanced, which implies that ongoing hippocampal
activity interferes with consolidation during wakefulness. And
fourthly, NOR memory recall after wake-associated consolida-
tion was superior to that seen after postencoding sleep when the
rats had to recognize the test objects in a context different from
that used during encoding. These findings support the view that
the brain’s wake state is associated with a distinct mode of long-
term memory formation which is, in part, linked to different
memory traces.

Our experimental manipulation of sleep and wakefulness
focused on a 2-h interval following the encoding phase, which
has been shown to be most important for sleep-dependent con-
solidation (23, 26-28). Nevertheless, considering our focus on
the first 2 h after encoding, it could be argued that consolidation
in the wake group originated from the sleep period that occurred
after the 2-h postencoding interval, rather than from the preced-
ing period of wakefulness, which would be compatible with our
observation that NOR memory recall 1 wk after encoding was
weaker in the wake than the sleep condition. However, this
explanation is unlikely because, in previous studies, delaying
sleep by more than 2 h after encoding was not found to restore
consolidation more fully in similar tasks (4). More importantly,
the assumption that the wake condition induces a delayed sleep-
dependent consolidation process cannot explain the qualitative
difference in wake-consolidated memory at remote testing, that
is, the lack of accompanying context memory, as well as its
enhancement by hippocampal inactivation. It should be noted,
however, that our results do not exclude the possibility that the
later periods of sleep occurring after the 2-h postencoding
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Table 2. Sleep parameters

SWS REM
SO density SO amplitude Spindle density Spindle power Spindle mean Theta power Total theta
Sleep parameter  (number per minute) (mV) (number per minute) (MV?3/s) duration (s) (mV?/s) energy (mV?/s)
Vehicle 5.63 + 0.78 0.230 + 0.020 237 £0.13 0.03 + 0.002 0.58 + 0.007 0.026 + 0.002 8.33 + 1.31
Muscimol 5.70 + 0.81 0.225 + 0.022 228 +0.12 0.03 + 0.003 0.58 + 0.01 0.021 + 0.002 4.60 + 1.60
Group comparison t(9) = -0.92, t(9) =0.07, t(9) =0.70, t(9) =0.92, t(9) =0.07, t(9) =267, t(9) =2.03,
P=0.38 P=0.95 P =0.50 P =037 P =0.95 P =0.032 P =0.07

Sleep parameters for the postencoding sleep condition in rats with functioning (vehicle) and inactivated hippocampus (muscimol). Indicated are mean (+SEM) values of density and
peak-to-peak amplitude of SOs, density, power, and mean duration of spindles during SWS, and theta power and energy during REM sleep; n = 10 rats for each condition
(corresponding to the behavioral data in Figs. 1 and 2, one rat was excluded from the analyses due to technical issues with the recording). Note that, apart from a decrease in REM

sleep theta power, muscimol infusion did not alter sleep.

interval may also be required for maintaining systems level
consolidation.

Our finding of lower discrimination ratios upon remote
NOR testing after postencoding wakefulness relative to the
sleep-based consolidation condition agrees with findings indi-
cating that memory consolidated during wakefulness is also less
persistent, decaying earlier in comparison to memory that was
consolidated during a postencoding sleep epoch (9, 29). Never-
theless, we should be wary of premature generalization here, as
wake-associated consolidation processes are still incompletely
understood. Wake-associated consolidation might be strongly
affected by organismic drives. For example, in fasted Drosophila
fruit flies, consolidation of odor—taste associations during wake-
fulness was found to be as powerful as consolidation during
postencoding sleep-like states (3).

Basically, two different mechanisms can, in principle, account
for the relative weakness of NOR memory upon remote testing
after wake-based vis-a-vis sleep-associated consolidation: Under-
lying synaptic consolidation and potentiation may be weaker, or
the relevant object representations may be less accessible to rec-
ognition. Factors active during organismic states—such as neu-
ropeptide Y during hunger or glucocorticoids during mild stress
(3, 11, 30)—may promote wake-associated memory consolida-
tion by enhancing synaptic consolidation processes. Enhanced
accessibility of object memories, on the other hand, might be a
consequence of a systems consolidation process that involves a
transformation of the originally encoded episodic representation
of the task, such that the objects are more readily retrievable.
Indeed, sleep is considered to support such active systems con-
solidation of episodic memory for events experienced in a spatio-
temporal context (31, 32), in which the hippocampus serves to
bind the event representation into the spatial-temporal context.
The repeated neuronal replay of spatial context information in
hippocampal place cell ensembles during SWS epochs represents
a core mechanism of sleep-dependent consolidation (7, 10, 33,
34) that might foster the gradual transformation of the represen-
tation, such that it becomes more stably integrated within preex-
isting neocortical long-term memory, as well as with contextual
information (35). Such transformations would not only explain
the enhanced retrieval of the objects on our NOR task after
sleep but also our finding regarding exploratory rearing, which
suggests that postencoding sleep, but not wake consolidation of
NOR memory, occurs in parallel with the formation of spatial,
contextual long-term memory. The better embedding in contex-
tual long-term memory may thus, indeed, provide enhanced
access to the object memory (36-38).

This view of sleep as actively consolidating and transforming
the representation is further supported by our findings that
enhanced SO and sleep spindle activity, in particular with spin-
dles nesting in SO up states, predicted improved NOR
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performance at remote retrieval. There is increasing evidence
that such SO-spindle events support hippocampal-to-neocortical
information transfer, as well as extra-hippocampal storage pro-
cesses during systems consolidation (22, 25, 39). Adding to this
evidence, we found that SO-spindle events also predict remote
NOR performance in rats in which hippocampus function is
inactivated during postencoding sleep, suggesting that such
events support synaptic consolidation of representations outside
the hippocampus, regardless of whether or not hippocampal
memory information is fed into these SO-spindle events
(40-43). It is important to note that these correlational findings
do not rule out other predicting factors on memory consolida-
tion during sleep, given that the analyses comprised a small
number of animals and hence possess only low statistical power.

Although these EEG findings basically agree with an active sys-
tems consolidation process during sleep, there is considerable
debate as to whether active systems consolidation during sleep
indeed supports embedding into, and concurrent strengthening
of, contextual memory or, alternatively, favors the formation of a
decontextualized representation of the object, or supports both
types of processes in parallel (31, 34, 44-46). Our finding of
a decrease in exploratory rearing activity—which points to
enhanced context memory at remote retrieval testing after posten-
coding sleep—remains inconclusive in this regard, because it is
not clear whether the rats actually relied on this context memory
when they retrieved the objects. Rearing on hind legs is a sponta-
neous exploratory behavior, presumably to enhance the rat’s per-
ception of distal stimuli, which is associated with an increase in
hippocampal theta activity and information flow through the
medial perforant pathway (15, 17). Exploratory rearing decreases
after repeated exposures to a familiar environment, and increases
in response to environmental novelty or a reconfiguration of
familiar contextual stimuli (16, 47). It thus represents a valid indi-
cator of contextual memory. However, upon remote retrieval, we
did not find a correlation between the animal’s rearing behavior
and NOR performance that would have provided a clue in sup-
port of the idea that postencoding sleep fosters the formation of
an integrated object-in-context memory.

That sleep indeed supports the formation of such object-in-
context memory is ultimately demonstrated by our context change
experiments in which NOR retrieval was tested in a context dis-
tinctly different from the encoding context. Here, rats of the sleep
group displayed the expected increase in exploratory rearing in
response to the change in context (16), but, simultaneously, NOR
performance was distinctly impaired; that is, the change in context
apparently interfered with the retrieval of the NOR memory. This
pattern supports the view that sleep consolidation strengthens the
association between context and event in the episodic representation.
Importanty, findings obtained in the context change experiments
simultaneously underlined essential features of wake-associated
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Fig. 4. Associations between behavioral performance at remote retrieval and sleep spindle-related activity during postencoding SWS. (A) Individual EEG
traces from one rat (over the left prefrontal cortex) after intrahippocampal infusion of vehicle (Left) or muscimol (Right) during postencoding sleep. Original
recordings are shown before (Top) and after filtering in the slow oscillatory (0.3 Hz to 4.5 Hz, Middle) and spindle (10 Hz to 16 Hz, Bottom) frequency bands.
(B) Time-frequency power plots —2 s to +2 s around the negative peak (0 s) of the EEG SOs (overlaid solid line, right y axis). Data represent averages across
all identified SO events and all animals during the 2-h postencoding sleep interval after vehicle (Left) and muscimol infusion (Right), n = 10 rats in each condi-
tion. Power is color coded. Note the increase in spindle-related power nesting in the upstate of the SO in both conditions (arrows). (C) NOR performance
(discrimination ratios; Left), but not mean rearing duration (indicating spatial context memory; Right) at retrieval testing, is positively correlated with the
number of sleep spindles and (D) the number of coupled SO-spindle events. Vehicle, gray dot plots; muscimol, red dot plots. Note that the correlation of
NOR with SO-spindle event numbers is also observed after muscimol infusion. Spearman correlation coefficients and P values (uncorrected for multiple
comparison) are indicated. Inserted bar graphs indicate the mean (+SEM) number of identified spindles and SO-spindle events identified during the 2-h
postencoding interval.

consolidation, insofar as the rats in the wake group in these
experiments showed no signs of an activated context memory
(i.e., no change in exploratory rearing) in conjunction with a
well-preserved object recognition memory. Thus, in contrast to
sleep consolidation, consolidation during wakefulness favors the
formation of a context-independent event memory.

By inactivating the hippocampus, we explored the contribution
of this structure to postencoding wake- and sleep-associated
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consolidation. Our findings confirm the dependence of sleep-
dependent consolidation on this brain structure, which has previ-
ously been demonstrated even for memories like NOR that can
be encoded and retrieved in the absence of a functioning hippo-
campus (9, 48). Against this backdrop, the important finding of
the present study is that, rather than remaining unaffected, post-
encoding wake consolidation processes were actually enhanced
by inactivatdon of the hippocampus. This finding is, indeed,
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reminiscent of human studies showing that ethanol enhances
memory, but only when administered after learning, which was
attributed to a GABA agonistic effect of ethanol preventing new
hippocampal encoding and, thereby, any retroactive interference
that would weaken the recently learned information (49, 50).
Assuming that wakefulness itself, even in conditions of quies-
cence, is characterized by enhanced hippocampal encoding
activity, in comparisons with sleep, our finding appears to fit
also with the view proposed by Mednick et al. (50) that the
hippocampus contributes to memory consolidation in an
“opportunistic” manner, that is, whenever there are moments of
reduced interference due to encoding. The hippocampus plays a
binding role in episodic memory formation which, in the NOR
task, requires the integration of object-related information from
the perirhinal cortex and spatial information from, among other
structures, the parahippocampal (postrhinal in rats) cortex, that
is, two structures that are reciprocally connected to the hippo-
campus via the entorhinal cortex (51, 52). Accordingly, in hippo-
campally lesioned rats, severe memory deficits are observed in
tasks requiring the rat to discriminate objects presented in a par-
ticular place and/or a particular context (13, 53-55). Coordinate
hippocampal neuronal reactivations in this system, which occur
repeatedly during postencoding SWS and reach these and other
cortical areas (including the medial prefrontal cortex), thus repre-
sent a mechanism that can potendally explain the enhancing
effect of hippocampal activity on sleep-dependent NOR memory
consolidation. Perhaps it is this hippocampally driven system
whose activation during wakefulness retroactively interferes with
consolidation processes taking place outside of the hippocampus
(12, 19, 20, 56).

Overall, our findings are consonant with the idea of two
distinct memory systems that can competitively interact, one
being hippocampus dependent and the other relying on extra-
hippocampal, striatal, and cortical regions (57-60). The present
data add to this idea by demonstrating that the interaction
between these memory systems extends to the postencoding con-
solidation process, and does so in a brain state—dependent manner.
Thus, against the background of our understanding of sleep-
dependent memory consolidation, this study begins to delineate
essential features of wake-dependent memory consolidation.
Unlike sleep consolidation, wake consolidation of experience is
shown to lack accompanying formation of long-term contextual
memory, and is disturbed rather than enhanced by ongoing hip-
pocampal activity, likely affecting the traces that were directly
encoded into cortical and other extra-hippocampal networks (61).

Materials and Methods

Experimental Design and General Procedures. Each experiment comprised
an encoding phase, a subsequent 2-h postencoding period, and a retrieval
phase that took place 1 wk after the encoding phase. The main experiments
were designed 1) to differentiate between the effects of postencoding sleep and
wakefulness and 2) to assess the effects of hippocampal inactivation (by the infu-
sion of muscimol) during the respective postencoding intervals of sleep and
wakefulness on the consolidation of NOR memory. Thus, four experimental
conditions, that is, sleep control, sleep muscimol, wake control, and wake musci-
mol groups (Fig. 14), were employed. Comparisons between the effects of post-
encoding sleep and wakefulness were based on two groups of rats (sleep group,
n = 11; wake group, n = 10). To define the contributions of hippocampal func-
tion to consolidation during postencoding sleep, each animal in the sleep group
was tested on two occasions, that is, once under intrahippocampal infusion of
muscimol and once under infusion of vehicle, during the 2-h postencoding
period. The order of muscimol and vehicle conditions was counterbalanced
across animals of the group, and the two conditions were separated by an inter-
val of at least 2 wk (i.e., twice as long as the tested 1-wk retention interval).
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Hippocampal contributions during wakefulness were evaluated in two separate
groups of rats, one of which received intrahippocampal infusions of muscimol
(n = 8 rats), while the other was infused with vehicle (n = 6 rats) during the
postencoding wake period. We added another sample of n = 4 untreated rats,
which had not undergone surgical implantation of cannulas, as the strictest con-
trol condition because, in these rats, the hippocampus was assuredly intact.
Since exploratory behavior and memory performance were virtually the same in
these untreated and in the vehicle-treated rats, the two groups were merged
into one wake control group (n = 10 rats).

In a further experiment ("context change”), we investigated the context depen-
dency of remote NOR memory retrieval in two (separate) groups of rats, a sleep
group (n = 12 rats) and a wake group (n = 12 rats). Here, the rats were tested, at
the 1-wk retention interval, in an experimental context that differed from that
employed in the encoding phase (Fig. 3A). In all experiments, animals were ran-
domly assigned to a given experimental condition before the experiment. The
experimenters were not blinded to the experimental condition during data collec-
tion. However, all behavioral and electrophysiological recordings were analyzed
offline, with the experimenters blinded to the experimental conditions. All experi-
ments took place during the animal's rest phase (i.e., between 08:00 and 14:00 h).

NOR Task. Twenty-four hours after the last habituation session (see S/ Appendix,
Supplementary Methods for habituation procedure), the rats were again brought
into the test room for the encoding phase of the NOR task (Fig. 14). Two identical
objects were placed in the open field (see SI Appendix, Supplementary Methods
for a description of behavioral apparatus), and the rats were allowed to explore
them for 10 min. The objects were made of glass, with different shapes and col-
ors, and heavy enough not to be moved by the rat (height: 15 cm to 30 cm;
base diameter: 7 cm to 12 cm). They were placed at least 10 cm equidistant from
the walls. The encoding phase was followed by a 2-h postencoding period, during
which the rats were placed in the resting box, and either left undisturbed (sleep
condition) or kept awake (wake condition). In the wake condition, wakefulness
was enforced by gentle handling. This procedure has been shown to minimize
stress and confounding influences of locomotion when applied over a longer
period (62) (SI Appendix, Supplementary Methods). It involves gently tapping on
the "resting box" and, if necessary, gently shaking the box. No intense stimula-
tion was used, and video recordings ensured that no signs of startle or freezing
behavior occurred. After the postencoding period, the rats were brought back to
their home cages, and kept under routine conditions until retrieval testing 1 wk
later. For remote memory testing on the NOR task, the rats were again placed in
the open field containing two objects. In this retrieval phase, one of the objects
used in the encoding phase was replaced by a novel object, and the rats were
allowed to explore the objects and open field for 5 min. For the "context change”
experiments, the rats were placed in context A for the encoding phase of the
NOR task and context B for retrieval testing S/ Appendix, Supplementary
Methods. Types of objects and their locations in the open field, as well as the
order of contexts used for the context change experiments, were counterbalanced
across the experimental groups. After each phase, the objects and open field
were cleaned with water containing 70% ethanol. The behavior of the rats was
monitored by a video camera and analyzed offline by experienced experimenters
using ANY-maze software (Stoelting Europe).

Context Change Manipulation. The two contexts (A and B) used in the con-
text change experiments differed with respect to their visual, tactile, auditory,
and olfactory features. The two different square, open-field arenas (80 cm x
80 cm; height of walls: 40 cm) were placed in adjacent rooms separated by a
thick black curtain. In context A, the open-field surface was covered with light
gray adhesive film. Three sides of the open field were surrounded by a white cir-
cular curtain with various objects attached to it (two three-dimensional [3D] mul-
ticolored circular objects, two black posters with white stripes, and two black
posters). On the fourth side was a black curtain with a white poster and two 3D
rectangular objects. The ceiling was also covered by a white curtain with a black
and blue tube attached to a video camera mounting frame. In context B, the
open-field floor was in a darker gray and covered with a rough, transparent plas-
tic sheet. There were two large posters on a black curtain on the south side of
the arena, and two other posters on the north wall. Several blue paper stripes
were attached to the west wall. Two shelves with distinct objects on them, which
differed in shape, size, and number, were placed on the opposite side in the
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room. Two different masking noise sounds were used in each context. Lighting
conditions also differed between contexts, but light intensity did not exceed
30 Ix. The resting box used for the postencoding interval was, in context A, the
same as that described for the main experiment, but, in context B, another was
used that differed in both size (39 x 46 cm; height: 41 cm) and material (Plexiglas).
When used, they were placed in different experimental rooms. Finally, in each
context, the rat was handled by a different experimenter.

Hippocampal Inactivation during the Postencoding Period. We used the
GABA-A receptor agonist muscimol to temporarily inactivate the dorsal hippo-
campus during sleep. The procedures were the same as described in Sawangjit
et al. (9). Guide cannulae were surgically implanted bilaterally into the dorsal
hippocampus. Dummy cannulae were inserted into the guide cannulae to pre-
vent contamination. During a recovery period (at least 8 d), the dummy cannulae
were removed and reinserted once a day to avoid occlusion of the guide cannu-
lae. Muscimol (Sigma, 0.5 pg dissolved in 0.5 pL of 0.9% saline per hemi-
sphere) or an equivalent volume of saline solution was infused bilaterally into
the dorsal hippocampus through two 30-gauge injection cannulae. The injection
cannulae protruded 1 mm beyond the tip of the guide cannulae. Each injection
cannula was connected to a 10-uL Hamilton microsyringe (Hamilton) via 1-m
polyethylene cannula tubing, and the substance was infused over 2 min by an
automated syringe pump (PHD ULTRA, Harvard Apparatus). Substance adminis-
tration started immediately upon visual online detection of continuous SWS for
at least 10 s (sleep condition) or a roughly equivalent postencoding time in the
wake condition. The times of substance administration were comparable
among experimental conditions (sleep muscimol 31.55 + 4.36 min, sleep
vehicle 26.97 + 4.48 min, wake muscimol 33.75 + 3.88 min, wake vehicle
31.68 + 4.64 min; P=0.723).

Surgical Procedures and Histology. Before surgery, rats received an intraperi-
toneal injection of anesthetic mixture (0.005 mg/kg fentanyl, 2 mg/kg midazolam
and 0.15 mg/kg medetomidine). The surgery was carried out under general isoflur-
ane anesthesia (induction: 1 to 2%, maintenance: 0.8 to 1.2% in 0.35 L/min 0,).
Rats were placed in the stereotaxic frame, and the skull was exposed. For substance
infusion, two stainless steel guide cannulae (23 gauge, 7 mm long, Plastics One)
were bilaterally implanted into the dorsal hippocampus (anterior-posterior [AP]:
—4.3 mm, mediolateral [ML]: +2.8 mm, dorsoventral [DV]: —1.4 mm under the
skull surface, relative to bregma). The cannulae were introduced at this position, lat-
erally tilted by 9° with respect to the vertical axis, and were affixed to the skull with
four stainless steel bone screws and cold polymerizing dental resin. Dummy cannu-
lae (7 mm long, Plastics One) were inserted into the guide cannulae and removed
only during experiments.

For EEG recordings, four stainless steel screw electrodes (Plastics One) were
implanted: two frontal electrodes (AP: +2.6 mm, ML: +1.8 mm, relative to
bregma) and two occipital electrodes (AP: —10.0 mm, ML: 1.8 mm), serving as
reference and ground electrodes, respectively. Two stainless steel wire electrodes
were also implanted bilaterally in the neck muscles to record EMG signals. All
electrodes were connected to a Mill-Max pedestal (Mill-Max Mfg. Corp.) and fixed
to the skull with the cold polymerizing dental resin. After surgery, carprofen
(5 mg/kg) was injected subcutaneously, and the rats were allowed to recover for at
least 8 d before starting behavioral experiments. For EEG and EMG recordings, the
electrodes were connected through a preamplifier headstage (HS-18MM, Neura-
lynx) to a Digital Lynx SX acquisition system (Neuralynx), amplified, filtered (EEG:
0.1 Hz to 50.0 Hz; EMG: 30.0 Hz to 300.0 Hz), and sampled at a rate of 1,000 Hz.

After completion of the experiments, histological verification of the infusion
sites was performed (S/ Appendix, Fig. S3). The rats were perfused intracardially
with 0.9% saline followed by 4% paraformaldehyde (PFA). After decapitation, the
brains were removed and immersed in the 4% PFA for 48 h to 72 h. Coronal sec-
tions of 50 um to 70 pm were cut on a vibratome, stained with toluidine blue
and examined under a light microscope. The infusion sites in all rats were
confirmed to be in the dorsal hippocampus.

Analysis of Memory Performance. Object exploration was defined as the rat
being within 1 cm of an object, directing its nose toward the object, and engag-
ing in active exploration behaviors such as sniffing. Leaning on the object with-
out sniffing the object closely (>1 cm) was not counted as object exploration
behavior. To assess NOR memory retrieval, a discrimination ratio was calcu-
lated according to the following general formula: (exploration time at novel
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object — exploration time at familiar object)/(exploration time at novel object +
exploration time at familiar object). Novel object preference, that is, a positive
value of the discrimination ratio, indicates memory for the familiar object (of the
encoding phase), whereas a value of zero indicates no exploration preference.
Moreover, the total time of object exploration (across both objects) and the dis-
tance traveled in the open field were utilized as indicators of locomotion and moti-
vation. Data from one rat exposed to the wake muscimol condition was excluded
from analyses owing to its very low object exploration time at encoding (0.6 s),
deviating by more than 1.5 SD from the mean total object exploration time across
all experimental groups. This exclusion criterion was chosen as it corresponded to
the SD value closest to 0 s exploration time. The rat excluded by this criterion
showed also very little object exploration (0.4 s) during retrieval testing.

Exploratory rearing behavior was analyzed to investigate contextual memory
(17). Exploratory rearing was scored whenever the rat was standing on its hind
legs in an upright position, lifting the forelegs off the ground. Rearing to an
object together with sniffing within 1 cm of the object was not scored as rearing
behavior. The mean duration of each rearing event, the number of rearing
events, and the total rearing time were analyzed for both encoding and retrieval
phases. We focus here on mean duration of rearing, as this measure proved to
sensitively reflect spatial contextual memory in previous studies (17) and was
most sensitive to contextual changes in our own experiments. In contrast, rear-
ing numbers were less affected by contextual changes (SI Appendix, Fig. S2A).
For analyses, the percentage change in mean rearing time during retrieval rela-
tive to that observed during encoding was calculated, and mean rearing time
during the 10-min encoding phase was set to 100%.

Analysis of Sleep EEG. Sleep stage classification was performed offline by an
experienced experimenter using 10-s epochs according to standard criteria (63).
The stages identified were SWS, preREM sleep, REM sleep, and wakefulness. Clas-
sification criteria for the wake stage were predominant low-amplitude fast activity
associated with increased EMG tonus; for SWS were predominant high-amplitude
delta activity (<4.0 Hz) and reduced EMG activity; and, for REM sleep, were predom-
inant theta activity (4.0 Hz to 8.0 Hz), phasic muscle twitches, and minimum EMG
activity. PreREM sleep was identified by a decrease in delta activity, a progressive
increase of theta activity, and the presence of sleep spindles (10.0 Hz to 16.0 Hz).

SO0s and spindles were identified in the EEG over the left frontal cortex. Proce-
dures were adapted from Sawangjit et al. (9) and are described in detail in S/
Appendix, Detection of Slow Oscillations and Spindles.

To analyze theta-band frequency activity during REM sleep epochs, the EEG
signal was filtered between 5.0 and 10.0 Hz (Butterworth filter of third order),
and the Hilbert transform of the signal was calculated. Mean theta power was
calculated over all REM sleep epochs by taking the mean of the absolute values
of the transformed signal from all REM sleep epochs. Total theta energy was cal-
culated by taking the integral of the absolute values of the transformed signal
from all REM sleep epochs. All EEG data were processed in Matlab (Version
2019b). Because of a technical failure during recording, data from one rat
(vehicle control) were excluded from EEG analyses.

Statistical Analyses. Statistical analyses of behavioral parameters concentrated
on cumulative data at minutes 1 and 3 of the retrieval phase, because this initial
period most sensitively reflects novelty discrimination-based memory (14, 18),
especially for long-term memory retrieval (9). Note also that the essential results
reported here did not change when concentrating the analyses on the first
minute of the test phase. Al statistical comparisons of experimental groups were
done by fitting linear mixed-effects models with individual rats as random effect
(random intercept only), and significance was tested by comparing models using
likelihood ratio tests. Post hoc analyses employed two-sided Welch two-sample
t tests or paired ¢ tests. Correlational analyses report Spearman rank coefficients.
No correction for multiple testing was used in the analyses. For a more detailed
description of the analysis strategy, see S/ Appendix, Statistical Analyses.

Statistical analyses were calculated in R (Version 1.3.1.1093) using the Ime4
package (Version 1.1-23) and SPSS (Version 26.0, IBM). A P < 0.05 was consid-
ered significant.

Data Availability. Behavioral Data and code to run the analysis have been
uploaded to Github (https://github.com/MedPsychTuebingen/Two-distinct-ways-
to-form-long-term-object-recognition-memory-during-sleep-and-wakefulness) (64).
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