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NEUROSCIENCE

Rehearsal initiates systems memory consolidation,

sleep makes it last

L. Himmer'*!, M. Schénauer'?*%, D. P. J. Heib3, M. Schabus?, S. Gais'

After encoding, memories undergo a transitional process termed systems memory consolidation. It allows fast acquisi-
tion of new information by the hippocampus, as well as stable storage in neocortical long-term networks, where mem-
ory is protected from interference. Whereas this process is generally thought to occur slowly over time and sleep, we
recently found a rapid memory systems transition from hippocampus to posterior parietal cortex (PPC) that occurs over
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repeated rehearsal within one study session. Here, we use fMRI to demonstrate that this transition is stabilized over
sleep, whereas wakefulness leads to a reset to naive responses, such as observed during early encoding. The role of sleep
therefore seems to go beyond providing additional rehearsal through memory trace reactivation, as previously thought.
We conclude that repeated study induces systems consolidation, while sleep ensures that these transformations become
stable and long lasting. Thus, sleep and repeated rehearsal jointly contribute to long-term memory consolidation.

INTRODUCTION

One of the brain’s most central capacities is the ability to form and
maintain memories. The processes leading to memory formation
have to be flexible enough to provide fast and faithful encoding of
incoming information while also ensuring stable long-term storage.
In addition, care must be taken that old memories are not overwrit-
ten by new information. The dual-storage model of memory assumes
that at least two complementary memory systems have to exist for
these requirements to be fulfilled (1). It proposes that the hippocam-
pus constitutes a fast-learning system that can rapidly encode tran-
sient memory traces. Simultaneously, a second system gradually forms
an additional long-term memory representation in the neocortex.
Subsequently, the hippocampal system reinforces the trace in the
neocortical system, leading to the stabilization and eventual inde-
pendence of the neocortical memory trace. This process has been
termed systems memory consolidation (I). Frankland and Bontempi
(2) propose a model, in which a new memory initially resides in the
connections from the hippocampus to the existing neocortical mod-
ules. These temporary connections are replaced over a consolidation
period ranging from days to years by direct connections between these
neocortical modules and additional connections to the prefrontal cortex,
which might serve as an integrative node in the memory network in
the absence of the hippocampus.

In a previous study, we found rapid changes in memory systems
contributions over repeated rehearsal in a spatial navigation task, which
were indicative of such a systems consolidation (3). Over repeated
rehearsal, we observed fast increases in activity in the posterior pa-
rietal cortex (PPC), a brain region that has been implicated recently in
episodic, spatial, and working memory (4-8). Changes in neocortical
activity were accompanied by a rapid disengagement of the hippo-
campus, whose relevance for declarative memory is well established
(9). These results suggest that transitions between the fast-learning
hippocampal system and the slow-learning neocortex might occur
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on a much shorter time scale than previously assumed (10). It re-
mains unclear whether this interaction occurs only in spatial mem-
ory, whether it is specific to hippocampal-PPC networks or can
likewise arise between other regions, and whether resulting network
alterations are only temporary or persist over time.

It has long been supposed that systems consolidation of memory
is affected by sleep (2). Sleep has a beneficial effect on memory reten-
tion (11, 12). It offers an optimal environment for memory consol-
idation owing to an absence of external interference and changes in
neurotransmitter levels that enable enhanced hippocampal-neocortical
dialog, (12, 13). A possible mechanism by which memories could be
gradually strengthened is their reactivation during sleep. Replay of
hippocampal memory traces during sleep is thought to propagate
into neocortical networks where it provides additional training and
thus enhances the memory trace established during the initial en-
coding (14).

In the present study, we focused on the role of sleep in systems mem-
ory consolidation. We measured brain activity while participants re-
peatedly studied a word list. Each learning repetition was followed
by a free recall of the material. Memory retrieval has been suggested
to integrate memories with stored associative knowledge networks
and thus to facilitate systems consolidation (10). Our experiment
was explicitly designed to follow the stages of memory formation
over rehearsal and consolidation. Participants learned lists of German
words through seven learning-recall repetitions. After a 12-hour in-
terval, during which they either stayed awake or were allowed to
sleep for 8 hours, we compared brain responses during rehearsal of
new words and during additional rehearsal of previously learned
words (Fig. 1). On the basis of previous findings, we predicted that
rehearsal induces a dynamics of brain activity corresponding to sys-
tems consolidation models, with the hippocampus losing in relevance
and the PPC gaining in equal measure. Because rehearsal has as-
sumed the systems consolidation function in this case, we hypothe-
sized that the role of sleep will be mainly to stabilize the changes
induced during learning.

RESULTS

Fast memory systems transition over repeated rehearsal

In the first analysis, we tested for the existence of a rapid transition
in memory systems contributions over repeated rehearsal (see fig. S1
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Fig. 1. General design. Participants visited the laboratory twice and spent the 12-hour interval in between either awake during the day (wake group, n = 16) or went to
bed normally (sleep group, n = 15). Each session consisted of seven encoding repetitions (E) of a word list of 28 concrete German nouns. Every repetition was followed by
a self-paced free recall (R) of all remembered words. We refer to the encoding-recall repetition as rehearsal. During the second session, the word list consisted of 14 words
known from the first session (dark blue) and 14 new words (light blue). Words were presented in each repetition one at a time in randomized order.

for memory performance). To track the neural response over time and
learning repetitions, we analyzed the blood oxygen level-dependent
(BOLD) signal acquired during learning of word lists. Consonant
with our hypothesis, the left hippocampus and the medial prefron-
tal cortex (mPFC) showed a decrease in activity from the first to the
last learning repetition (Fig. 2A and table S1). These results were
confirmed by regression analyses of mean B estimates, which showed
alinear decrease over repeated rehearsal (hippocampus: p = —0.864,
t31 = —3.850, P = 0.012, R* = 0.748; mPFC: B = —0.839, t;; = —3.452,
P =0.018, R* = 0.704; Fig. 2B). Moreover, a linear decrease in B esti-
mates was also observed in single-subject analyses (hippocampus:
t31 = —4.291, P < 0.001, mean B = —0.3949; mPFC: t3; = -6.161, P <
0.001, mean B = —0.476; see Fig. 2C for individual regression slopes).

The opposite activity pattern—an activity increase between the
first and the last learning repetition—emerged in the precuneus and
in the inferior parietal lobule (IPL) (Fig. 2D and table S2). Regres-
sion analyses of the mean P estimates in these clusters showed a
linear increase in activity over all repetitions (precuneus: f = 0.913,
t31 = 5.014, P = 0.004, R* = 0.834; IPL: B = 0.952, t3; = 6.984, P=0.010,
R* = 0.907; Fig. 2E). Again, regression slopes in single-subject anal-
yses confirmed this finding (precuneus: t3; = 6.673, P < 0.001, mean
B =0.561; IPL: t3; = 12.167, P < 0.001, mean B = 0.726; see Fig. 2F for
individual regression slopes). When looking at recall instead of
learning-related activity, we find a similar increase in activity in the
precuneus (Fig. 3 and table S3). A decrease over recall was found in
the mPFC but not in the hippocampus, which showed no significant
retrieval-related activity to begin with [first repetition (first session),
P > 0.5; last repetition (first session), P > 0.096 for all voxels within
the hippocampus]. Neither increases nor decreases over repeated re-
hearsal showed a circadian modulation, i.e., there were no differ-
ences in any voxel between morning and evening sessions (all P >
0.001, uncorrected).

These fast changes of the BOLD signal over learning repetitions
should predict memory performance if they are indeed indicative
of underlying neural representations. Therefore, we examined the
correlation between brain activity over repetitions and memory per-
formance. The B estimates in the hippocampus, mPFC, IPL, and pre-
cuneus all predicted behavior on a single-subject level. Yet, whereas
higher B estimates in the IPL and in the precuneus were associated
with better memory, lower B estimates in the mPFC and in the hip-
pocampus indicated superior performance (IPL: mean r = 0.674,
P <0.001; precuneus: mean r = 0.499, P < 0.001; hippocampus: mean
r=-0.366, P=0.001; mPFC: mean r = —0.469, P < 0.001). A similar
pattern was found for recall activity (IPL: mean r = 0.2733, t30 = 3.080,
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P =0.004; precuneus: mean r = 0.2642, t3p= 3.109, P = 0.004; mPFC:
mean 7 = —0.274, t3p = —2.968, P = 0.006). The hippocampus, which
showed no retrieval-related activity, also did not correlate with mem-
ory performance (mean r = —0.1139, t30 = —=1.222, P = 0.231).

To further investigate the interrelationship between the parietal
regions and the hippocampus during encoding, we performed a boot-
strapped Bayesian multilevel mediation analysis. We found that the
hippocampus predicted memory performance but that this relation
was significantly mediated by the IPL and the precuneus [indirect
effect via precuneus: effect = —1.64, 95% confidence interval (CI) =
—2.96 to —0.56; indirect effect via IPL: effect = —3.10, 95% CI = -5.34
to —1.17]. In the case of the precuneus, a small direct effect of the
hippocampus remained (effect = —2.59, 95% CI = —5.18 to —0.02);
in the case of the IPL, no independent contribution of the hippo-
campus survived (effect = —1.44, 95% CI = —3.90 to 0.98). Correlations
of the precuneus and the IPL with memory performance were not
mediated by the hippocampus. This analysis confirms the indepen-
dent contribution of the parietal cortex to memory recall.

To replicate these findings of rapid systems consolidation over
rehearsal, we additionally analyzed learning of new words in the sec-
ond session. In this independent data from the same participants,
we again observed fast shifts in systems memory contributions,
with a rapid strengthening of the neocortical engagement in the IPL
and in the precuneus over repetitions and a concurrent disengagement
of the hippocampus and the mPFC (Fig. 4 and tables S4 and S5).

Stability of the parietal long-term memory representation
Next, we investigated whether these rapid changes in brain respon-
siveness were stable over long intervals. Twelve hours after the ini-
tial learning, the precuneus and the IPL responded more strongly to
old words from the first session compared to new words (Fig. 5 and
table S6). In contrast, stronger responses to new words were found in
temporal regions that reached into the left hippocampus (table S7).
The change in parietal responsiveness is specific to previously learned
words and is long-term stable. It must therefore be memory related
and depend on brain plasticity.

This long-term memory-related increase in precuneus activity
was observed across all participants, and no significant difference
between sleep and wake groups was found (first repetition, old/new
x sleep/wake; all precuneus voxels, P > 0.012, uncorrected). Further-
more, changes in precuneus activity over rehearsal repetitions in the
second session were not dependent on whether words were old or
new and on whether participants had slept or not in the consolidation
interval [region of interest (ROI) analysis on structural right precuneus:

20of9



SCIENCE ADVANCES | RESEARCH ARTICLE

A Hippocampus

,'iiiii+ |

B estimates
o

*‘+!$‘
-0.7" -
12 3 4567 12 3 4567
Learning repetitions
C
1.5 1.5
1]
2 o5+ 05+
o
»
c ‘
Ke] 0 0
1] E
17,) ;
o
D-05"- -05F
14
-1.5 -1.5
0 10 0 10

Number of participants

D Precuneus

E 0.7
o
(]
£ o ii
L
[0)
[

-0.7

12 3 45 6 7 12 3 45 6 7
Learning repetitions

F

1.5 1.5
[%2]
2 o5
(o]
»
c
Q2 0
[}
0
o
S-05" -05+
14

-1.5 -1.5

0 10 0 10

Number of participants

Fig. 2. Fast transition of memory systems contributions over repeated rehearsal. (A) The hippocampus (left) and the mPFC (right) showed decreasing activity
between the first and the last learning repetition of the first session. (B) The B values within these clusters show a significant linear decline over all learning repetitions.
(€) Single-subject regression slopes based on all learning repetitions confirm the decrease in activity within hippocampal and mPFC voxels. Each panel shows a histo-
gram of regression slopes over all participants (left) and individual regression slopes plotted as regression lines over the seven learning repetitions (right, gray) and the
average regression slope (right, black). (D) Activity in the precuneus (left) and in the IPL (right) showed significant increases between the first and the last learning
repetition. (E) The B estimates based on the precuneus and the IPL clusters, respectively, show significant linear increases over all learning repetitions.
(F) Single-subject regression slopes based on all learning repetitions confirm the increase in activity within the precuneus and the IPL clusters. Results are displayed
asin (C). All T maps in (A) and (D) are displayed at a whole-brain family-wise error (FWE)-corrected threshold of Pewe < 0.05 for clusters exceeding 20 voxels and are not

masked. Error bars in (B) and (E) indicate SEM.

(new words) sleep/wake x last/first repetition: F 59 = 0.057, P =
0.813; (old words) sleep/wake x last/first repetition: F; 59 = 0.074, P =
0.787; old/new x last/first repetition: F; 30 = 0.065, P = 0.801;
sleep/wake X old/new x last/first repetition: F; 59 = 0.001, P = 0.978].
However, the correlation of the precuneus B estimates with behavioral
performance was influenced by sleep. The higher B estimates for old
words after the 12-hour delay period predicted better memory in the
sleep group (r15 = 0.588, P = 0.021) but not in the wake group (16 =
0.102, P=0.707).

Stabilization of hippocampal disengagement over sleep
To further investigate the impact of sleep on the stability of memory
representations, we compared the change in brain responses after
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sleep and wakefulness to new and old words over the second session
12 hours after the initial encoding. This three-way interaction yielded
a significant effect in a structural ROI of the left hippocampus (sleep/
wake x old/new x first/last repetition: F; 9 = 6.680, P = 0.015; Fig. 6),
which stems from distinct responses to old and new words in the
sleep group (repetition x old/new: F} 14 = 15.470, P = 0.002), whereas
both were indistinguishable in the wake group (repetition x old/new:
F115=0.333, P = 0.572). In the wake group, old words showed a
decrease in hippocampal activity over learning repetitions, and new
words followed the same trend similar to what had been observed in
the first session (old words: t5 = 2.863, P = 0.012; new words: t5 =
1.912, P = 0.075). Single-subject regression analyses over all learning
repetitions confirmed significant declines of the B estimates in the
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wake group for both new and old words (old words: ¢;5 = —2.509,
P =0.024, mean r = —0.296; new words: t;5 = —2.813, P=0.013, mean
r=-0.298).

In the sleep group, this characteristic decline was significantly
stronger in new words than in old words (new words: 14 = 3.632,
P =0.003; old words: t14 = 0.033, P = 0.974; see interaction reported
above). Single-subject regression analyses on the left hippocam-
pus P estimates from all learning repetitions confirmed stable
hippocampal responses to old words and a decrease in the B esti-
mates for new words in the sleep group (old words: t14 = 0.201, P =
0.843, mean B = 0.024; new words: t;4 = =2.935, P = 0.011, mean
B =-0.350), whereas both categories displayed a significant decrease in
the B estimates in the wake group (old words: t;5 = —=2.509, P = 0.024,
mean = —0.296; new words: t;5 =—2.813, P=0.013, mean 3 = —0.298).
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Fig. 3. Increasing precuneus activity over recall repetitions. (A) The right pre-
cuneus showed increasing activity between the first and the last recall repetition of
the first session. Further regions displaying significant increases at whole-brain
FWE-corrected threshold of Prye < 0.05 are given in table S3. T maps are displayed
at a whole-brain FWE-corrected threshold of Prye < 0.05 (B) The B estimates from
the precuneus cluster. Single-subject regression statistics indicated a linear in-
crease in the precuneus B estimates over recall repetitions (t3o = 4.385, P < 0.001,
mean r = 0.469).
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This stabilization of the hippocampal disengagement over sleep
does not reflect a general circadian process but instead occurs ex-
clusively for previously acquired memories. New words studied in
the second session either in the morning after sleep or in the evening
after wakefulness did not show such a modulation by time of day for
any voxel in the brain (all P > 0.001, uncorrected). Together, our data
show that the hippocampus resumes its initial encoding activity for
previously studied old words after 12 hours of wakefulness but re-
mains disengaged after a full night of sleep.

DISCUSSION

Using functional magnetic resonance imaging (fMRI) to track mem-
ory systems contributions over repeated learning sessions, we found
that two complementary systems contribute to long-term memory,
as predicted by the dual-storage model (1). Whereas the hippocam-
pus and the mPFC showed fast decreases in activity over repeated
rehearsal, the opposite pattern was found in the precuneus and the
IPL. After a delay period of 12 hours, we show that old memories still
activated posterior parietal areas, while new ones activated the hippo-
campus, reflecting long-term memory-related brain plasticity. Sleep
changed the pattern of brain responses to old memories. Whereas old
words suppressed hippocampal activity after sleep, the hippocam-
pus had “forgotten” the old words after 12 hours of wakefulness and
responded as strongly as for new words. Thus, while repeated rehearsal
initiated systems memory consolidation, sleep was required to sta-
bilize these changes.

A steady increase in PPC activity has previously been shown to re-
flect the gradual formation of a neocortical representation of spatial
memory (5). Memory-related activity in the PPC is specific to the
learned content, reflects memory performance, and remains stable
for more than 12 hours (3). Here, we show that the same is true for
verbal learning: Memory-specific activity gradually increases in the
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Fig. 4. Fast transition of memory systems contributions over repeated rehearsal of new words in the second session. (A) The hippocampus (left) and the mPFC
(right) showed decreasing activity between the first and the last learning repetition of the first session. The bottom panels show the mean B estimates within the left
hippocampus and the mPFC for the seven repetitions. (B) Activity in the precuneus (left) and in the IPL (right) showed significant increases between the first and the last
learning repetition. The bottom panels show the mean B estimates within the precuneus and the IPL for the seven learning repetitions. Because the number of stimuli
was half that of session 1, only the hippocampus showed a whole-brain FWE-corrected effect. All T maps are displayed at P < 0.001 for clusters exceeding 20 voxels and

are not masked.
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parietal cortex over the course of rehearsals. Simultaneously, we observe
a fast decline in the contribution of the hippocampus. Our findings
conform with the dual-storage model of memory, which predicts
such an interaction between memory systems (I), although the time
frame of this transition is faster than previously assumed (I, 10, 15).
In this model, the hippocampus is required during the first stage of
memory storage. Our data show that this initial stage might be of
very short duration. A number of questions, however, remain open.
For one, it is unclear whether both systems retain the same type of
information or whether they store different aspects of memory. Pre-
vious models suggest that the hippocampus might store specific learn-
ing episodes, e.g., individual-learning repetitions, whereas the neocortex
learns abstract relations, i.e., semantic knowledge. Our findings would
also conform with a model of parallel encoding into the hippocam-
pus and the neocortex. While the hippocampal trace would be faster
but transient, the neocortical trace would develop independently over
rehearsal repetitions. However, as most of the current literature, es-
pecially from patients with hippocampal lesions, suggests that neo-
cortical encoding of declarative material is impossible, we would
not suggest this conclusion without further evidence.

The PPC s involved in a wealth of memory tasks (4, 6, 8, 16). Its con-
tribution has been shown to be independent of confidence (17), im-
agery (18), motor demands, and the nature of stimuli (19). Instead,

Precuneus

o

Fig. 5. Parietal long-term memory representations. Both the precuneus and the
IPL showed an increased BOLD response to the first presentation of old words
compared to new words 12 hours after the initial learning (small-volume FWE cor-
rected at Psyc < 0.05, ROl based on all significant whole-brain-corrected voxels that
decrease over learning repetitions in the first session; Fig. 2). T maps are displayed
at P <0.001 for clusters exceeding 20 voxels.

the pattern of BOLD responses in the PPC suggests that it actually
harbors a behaviorally relevant memory representation (3, 8, 20). This
is in line with studies reporting deficits in recognition, recollection,
episodic memory, and spatial learning after lesions to the PPC (21, 22).
We found two regions in the PPC that change over rehearsal: the pre-
cuneus and the IPL. Precuneus activity appears consistently in our
own and other studies on memory recall using different kinds of
material (3, 23), and we could recently show a physical memory en-
gram in that area (5). Thus, we believe it to be a central, material
unspecific hub of semantic memory, which has a strong connectivity
to the hippocampus (24). The IPL has substantial anatomical con-
nections to the precuneus and the hippocampus. It is often linked to
semantic comprehension of words (25, 26). The increase in IPL ac-
tivity over repetitions indicates that it is not only related to stimulus
processing, which should remain constant over rehearsal, but sug-
gests that it is memory related. One possible process mediated by
the IPL could be the integration of new information into the seman-
tic network, as repeated rehearsal has been proposed to benefit this
process (10). Generally speaking, our findings are compatible with
the view that semantic memories are stored in the same location
that processes this information and not—or not only—in dedicated
memory areas.

The strong hippocampal response during initial rehearsal sug-
gests a role of the hippocampus in memory encoding (3). This role of
the hippocampus for fast encoding is consistent with its ability for
single-trial learning (27). Together with its capacity to code space
and time (28), it is particularly suited to encode episodic memories,
which by their nature represent unique temporospatial events (29).
Decreases in hippocampal activity over learning are sometimes at-
tributed to repetition suppression (30, 31). Repetition suppression,
which was initially proposed as a possible underlying mechanism of
priming (32), is usually observed as an immediately decreased syn-
aptic response to repeated stimulation. Although it can thus not di-
rectly explain long-lasting changes in brain activity (33), the concept
has later been used to account for decreases in hippocampal BOLD
responses over repeated learning (30). This interpretation is based on
mechanisms such as sparse coding, which exist in the neocortex but have
not been observed in the hippocampus so far (32). Notwithstanding,
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Fig. 6. Stabilization of hippocampal signaling over sleep. Sleep following repeated rehearsal alters hippocampal involvement during the memory task on the next day
(sleep/wake x old/new X learning repetitions). This contrast was calculated for the mean B estimates in the left hippocampus (structural mask; left). The B estimates
within the hippocampus showed a stabilization of the hippocampal response to old words after sleep: Initial activity in the sleep group is low and does not decrease
significantly over repetitions. For new words in the sleep group, hippocampal activity mirrors that of the first session: Initial activity is high and decreases over repeated
rehearsal. Similar activity decreases were observed for old words in the wake group but only showed a trend for new words (P = 0.075). Error bars indicate SEM, *P < 0.05,

tindicates P < 0.1, n.s., not significant.
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even if repeated encoding leads to sharpening and reduction of the
neural response, residual hippocampal activity should still be detectable.
However, we did not find any hippocampal response for well-learned
words compared to a control condition that is known to maximally
suppress hippocampal activity. We therefore argue that the most par-
simonious interpretation is that decreased hippocampal response
indicates an absence of new encoding. This view is compatible with
the large body of evidence from patient studies with hippocampal
lesions, showing that an intact hippocampus is required for fast ac-
quisition of new declarative memories (9, 34), as those studies do
not provide insight into the dynamics of hippocampal involvement
over multiple learning repetitions.

In the present study, we mainly analyzed brain activity during
repeated memory encoding. With the increasing number of repetitions
and the concurrent buildup of memory representations, it is likely
that later encoding trials contain a larger proportion of retrieval ac-
tivity than earlier trials. We have therefore additionally analyzed the
activity during successful free recall, which does not include new
encoding. We find the same increase in activity in the precuneus
that we see during encoding. Thus, the increase cannot be explained
as a function of retrieval per se but only as a function of which brain
network is used for retrieval. The pattern of activity also cannot be
interpreted as an increasingly vivid “reinstatement” of encoding ac-
tivity during retrieval because initial encoding should induce as
much vividness as late retrieval. As precuneus activity emerges only
slowly with the development of long-term memory in both encod-
ing and retrieval, we believe that our data should be interpreted in
terms of a systems interaction between decreasing hippocampus
and increasing parietal cortex or in terms of an independent forma-
tion of a parietal memory trace.

Sleep only affected hippocampal responses in the present exper-
iment. This is in line with other studies showing a change in hippo-
campal activity over sleep (35, 36). In previous studies, which also
observed a decline in hippocampal activity with sleep over extended
consolidation intervals, this was mainly interpreted as the result of
sleep-dependent memory reactivation leading to a strengthening of
the neocortical memory trace and a concurrent decrease in hippo-
campal involvement (35, 36). Those studies presented the learning
material only once or twice, whereas participants saw each word
seven times per session in the present study. Thus, we suggest that
intensive rehearsal of the material leads to rapid neocortical plas-
ticity, similar to what has been found with electroencephalography
for auditory word learning (37). This induces a strong neocortical
memory trace and removes the need for additional reactivation of
neocortical circuits during sleep, which would promote systems
consolidation for memories that did not receive rehearsal. We be-
lieve it is possible that especially the repeated alternation of encod-
ing and retrieval causes this strong neocortical encoding (10). The
lack of behavioral advantage of sleep might similarly be attributed
to this high number of encoding repetitions, rendering additional
reactivation during sleep obsolete. In a similar fashion, learning via
fast mapping, which is supposed to induce direct neocortical mem-
ory, is not sleep dependent (38). In contrast, we see that the hippo-
campus returns to its naive response when old words are restudied
after 12 hours of wakefulness but remains stably disengaged if learn-
ing is followed by sleep. We believe that these results can be best
explained by assuming that sleep most strongly affects the hippo-
campal memory response. However, the neural changes that underlie
these effects of rehearsal and sleep are probably located in neocortical
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regions outside the hippocampus or in their connections to the hippo-
campus because the fMRI BOLD signal mainly reflects a region’s
input and intrinsic processing rather than its output firing (39).
Therefore, it is more likely that either the hippocampus receives less
stimulation after rehearsal and sleep or that it is actively inhibited
by a neocortical region than that it remains silent after input pro-
cessing and detecting a lack of novelty. Together, our findings lead
us to speculate that sleep has a role that goes beyond providing ad-
ditional rehearsal through reactivation (40).

The mPFC plays a central role in some models of systems con-
solidation (41). It is supposed to take over the function of the hip-
pocampus over time (2). This view would suggest a complementary
role of the hippocampus and the mPFC. However, in the present
data, these two regions are concurrently active during memory en-
coding, and their activity diminishes over repeated rehearsal. Thus,
both areas seem to contribute to the same stage of memory. We sug-
gest that the mPFC assumes mainly strategic executive functions during
encoding and, if necessary, during retrieval. With stronger preexist-
ing memory, this function is no longer required. However, with longer
retrieval delays and weaker memory traces, strategic memory search
might be required again, thus activating the mPFC (36).

We show that systems memory consolidation between the hip-
pocampus and the PPC is initiated rapidly within repeated rehearsal.
Our results support a crucial role of the hippocampus during fast
memory encoding. Further maintenance of the memory might then
depend on posterior parietal regions, which support the long-term
storage of semantic memory. Moreover, our results suggest that sleep
and rehearsal interact to ensure stable long-term memory storage:
While repeated study is sufficient to trigger systems consolidation,
these transitions can only be successfully stabilized if sleep follows
learning.

MATERIALS AND METHODS

Experimental design and participants

The experiment followed a between-group design to compare the ef-
fects of sleep and wakefulness on the contribution of different mem-
ory systems to verbal memory. Thirty-two healthy young participants
[sex, 21 females and 11 males; age, 23.81 + 0.69 years (mean + SD);
16 in the sleep group and 16 in the wake group] took part in the ex-
periment. All participants were native German speakers. They re-
ported to take no medication apart from oral contraceptives, to have
no diagnosed psychiatric disorders, and to be nonsmokers. All par-
ticipants followed a regular sleep schedule with habitual sleep dura-
tions between 6 and 9 hours, as reported in sleep diaries and the
Munich ChronoType Questionnaire (42). Participants were randomly
assigned to either the wake or the sleep group. Sample size was de-
termined on the basis of previous imaging studies on sleep (36) and
an a priori power calculation using GPower [repeated measures anal-
ysis of variance (ANOVA): effect size f = 0.5, a = 0.05, power 1-B =
0.9, number of groups = 2, number of measurements = 4] resulting
in a total sample size of 30. To account for dropouts, 16 participants
were scanned in each experimental group (total n = 32). Experi-
mental procedures were approved by the ethics committee of the
Department of Psychology, Ludwig-Maximilians-Universitit Miinchen.
All participants gave informed written consent before participating
in the experiment. The second session of one participant in the sleep
group was excluded from analyses because of technical problems
with the MRI scanner.
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General procedure and memory task

All participants visited the laboratory for two learning sessions, which
were spaced 12 hours apart (see Fig. 1 for the general design). Par-
ticipants in the wake group were initially scanned between 7:00 a.m.
and 11:00 a.m. and instructed to stay awake until the second session,
which took place between 7:00 p.m. and 11:00 p.m. For the sleep
group, the first session took place between 7:00 p.m. and 11:00 p.m.,
and the second session took place between 7:00 a.m. and 11:00 a.m.
Participants in the sleep group were instructed to sleep normally
during the night. Experimental times were adapted to the habitual
individual sleep schedules of each participant. Both wakefulness and
sleep were monitored by actigraphy (ActiGraph), which confirmed
that participants stayed awake (wake group) or slept (sleep group,
mean sleep duration, 6.99 + 0.05 hours).

While lying in the MRI scanner, participants completed a word-
list learning and recall task, which was repeated seven times in each
session. During each learning repetition, 28 concrete German nouns
were presented one at a time for 2.3 s in the middle of the screen on
a colored background. Words were followed by a black screen for
200 ms. Participants were instructed to remember the words and
the colors they were presented on. After each repetition, partici-
pants were asked to do a free recall of all words they could remem-
ber. They were asked to think of one of the words they remembered.
When they succeeded, they pressed a button and then spoke the
word. After another button press, they were asked to name the color
that the word was presented on. Participants could indicate when
they could not remember any more words and thereby stop the free
recall procedure. The number of recalled words was registered to
examine learning success. Word order was randomized within each
learning repetition. In the second session, 14 words of the initial list
and 14 new words were presented in an identical fashion. Because
of technical difficulties, one participant completed only five learn-
ing repetitions in both sessions, and two additional participants
completed only five learning repetitions during the first session.

An odd-even number judgment task interrupted rehearsal at jit-
tered intervals between 30 and 75 s. Random digits between zero and
nine were presented on the screen, and participants had to indicate
whether the shown digit was odd or even by button press. Feedback
on decisions was given. If response times exceeded 1.5 s, “too slow”
appeared on the screen. This task was implemented to supply a
baseline for analysis because it strongly suppresses hippocampal
activity (9).

Data acquisition
Imaging data were acquired using a 3T scanner (Siemens TIM Trio)
and a 32-channel head coil. Functional images were obtained with
a T2*-weighted single-echo planar imaging sequence [voxel size =
3 mm isotropic, 36 slices, interslice gap = 3.3 mm; repetition time
(TR) = 2250 ms, echo time (TE) = 30 ms, flip angle = 80°, acquisition
matrix = 64 by 64, field of view (FOV) = 192 mm by 192 mm)]. Scan
numbers differed between participants as the free recall was self-paced
(session 1: m = 747.77, SEM = 27.56; session 2: m = 751.13, SEM =
22.65). Structural images for registration purposes were acquired by
a magnetization-prepared rapid gradient-echo sequence (voxel size =
1 mm by 1 mm, slice thickness = 1.2 mm, TR = 2300 ms, TE =2.91 ms,
flip angle = 9°, inversion time = 900 ms, FOV = 240 mm by 256 mm)
in the beginning of the first scanning session.

Head motion was minimized by positioning participants firmly
inside the scanner using foam cushions. Analysis of movement param-
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eters showed no speech-related lateral movements >3 mm in most
participants (4 mm in two participants) and no head rotation >1°.

Preprocessing

Preprocessing and statistical analyses of fMRI data were performed
in SPM8 (Wellcome Department of Cognitive Neurology, London,
UK) on MATLAB R2012a (MathWorks, Sherborn, MA). The first
five scans were discarded to allow for saturation effects. Preprocessing
included realignment of the time series of images to the first volume
of each session for each participant using a least-squares approach
and a six-parameter rigid-body spatial transformation. Functional
scans of both sessions were then registered to the participant’s indi-
vidual structural scans before being normalized to standard stereo-
taxic Montreal Neurological Institute space and then smoothed with
an 8-mm full width at half maximum (FWHM) Gaussian kernel to
make activations between participants comparable.

Subject-level modeling

General linear models (GLMs) were fitted individually for each par-
ticipant and session using a mixed-effects model. Low-frequency
drifts were removed by implementing low-pass filtering at a cutoff
of 128 s in the matrix design. Serial correlations in the fMRI signal
were estimated by using a first-order autoregressive plus white noise
model and a restricted maximum likelihood (ReML) algorithm. Changes
in BOLD responses were estimated by convolving the modeled epochs
of data with a canonical hemodynamic response function and esti-
mating parameters using an ReML approach at each voxel for every
participant.

Multiple first-level GLMs were calculated for our analyses. In all
GLMs, six head motion parameters, their six derivatives, and the in-
tervals during which participants were speaking were added as re-
gressors of no interest. For the learning contrasts of the first session
(Fig. 2), we used the following additional regressors: Each learning
repetition was modeled as one regressor using the onsets and dura-
tion (2.3 s) of word presentation; all retrieval repetitions were mod-
eled as one regressor that included onsets and durations until button
press. We then tested increasing and decreasing linear contrasts over
learning repetitions against an implicit baseline consisting of the
odd-even number judgment task, which was not explicitly modeled.
These summary statistic images were smoothed with a 6-mm FWHM
Gaussian kernel before entering group-level statistics.

To test for effects of recall activity (Fig. 3), we modeled a GLM as
above, but instead of learning, retrieval repetitions were modeled sep-
arately, i.e., all onsets and durations of retrieved words within each
recall repetition were used as one regressor. We then tested increasing
and decreasing linear contrasts over recall repetitions against the im-
plicit baseline. Summary statistic images were smoothed with a 6-mm
FWHM Gaussian kernel before entering group-level statistics.

The GLM for the second session (Figs. 4 to 6) was identical to the
encoding model of the first session except that encoding repetitions
were separately modeled for new and old words. Each encoding
repetition for new words consisted of the onsets and durations of all
new words within that encoding repetition, and each encoding rep-
etition for old words consisted of the onsets and durations of all old
words within that encoding repetition. We then tested increasing
and decreasing linear contrasts of encoding repetitions for old and
new words against the implicit baseline. These summary statistic
images were smoothed with a 6-mm FWHM Gaussian Kernel be-
fore entering group-level statistics.
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Group-level statistics

Data of all participants were combined in full factorial models to
calculate main effects and interactions, which were tested with
one-sided ¢ contrasts. Changes in BOLD activity over repeated re-
hearsal in the first session were analyzed by comparing the first and
the last learning repetitions, as we have done in a previous study (3).
Results of these analyses were corrected for multiple testing by family-
wise error (FWE) correction for the whole brain (Prwg < 0.05) on
clusters with an extent of at least 20 contiguous voxels. FWE-
corrected clusters in the left hippocampus, mPFC, right precuneus,
and left IPL were extracted as three-dimensional images and served
as ROIs for subsequent analysis of independent data from the sec-
ond session. The precuneus, hippocampus, and mPFC were regions
of a priori interest because of their central roles in dual-storage
models of memory (2, 3, 5). The IPL was selected for further analy-
sis on the basis of its known involvement in visual word processing.

To show the detailed development of the BOLD signal over learn-
ing repetitions, we also extracted the mean f estimates for all seven
repetitions from all voxels in these clusters. We then performed linear
regression analyses on these B estimates to show linear decreases
and increases in activity over repetitions within these clusters. Linear
regression statistics were additionally performed on the B estimates
in these clusters on the single-subject level. To test for significance,
single-subject regression weights were then Fisher z-transformed and
tested against zero by a two-sided ¢ test. Mean regression weights
were calculated by a back transformation, the mean of standardized
single-subject regression weights. Furthermore, we analyzed differ-
ences between old and new words during the first repetition of the
second session to investigate whether the changes induced in the first
session reflected long-term memory.

In the last analysis, we examined the three-way interaction of the
within-subject factors first/last repetition and old/new words and
the between-subjects factor sleep/wake. Because this analysis has
considerably lower power than the analyses of the first session
(group size and number of stimuli were both half of those of the
initial session), we decided to test this interaction not on the full
volume but within anatomical ROIs that were indicated by the anal-
yses of the first session (left hippocampus and right precuneus).
Masks for the left hippocampus and the right precuneus were ex-
tracted from the automated anatomical labeling atlas (43). Mean
values were extracted from these ROIs. We used repeated measures
ANOV As and one-sided t tests on the B estimates to further delin-
eate the effect observed in the three-way interaction. In addition, the
B estimates from all learning repetitions were analyzed by single-
subject linear regressions (as described above).

Correlation statistics of the B estimates and memory performance
were done on the single-subject level. Correlation values were Fisher
z-transformed to test correlations for significance across partici-
pants by a two-sided ¢ test. Reported mean correlation values were
calculated by a back transformation of the mean of standardized
single-subject r values. To study the correlations between the B esti-
mates and memory performance in more detail, we performed a
bootstrapped Bayesian multilevel mediation analysis (R package “bmlm:
Bayesian Multilevel Mediation”, M. Vuorre; https://cran.r-project.
org/package=bmlm). The B estimates of the hippocampus, precuneus,
and IPL were used as predictors and mediators; performance was used
as outcome variable. The B estimates came from the seven repetitions
of the first session. This analysis provides the direct influence of the
predictor on the outcome when removing the influence of the mediator.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaav1695/DC1

Fig. S1. Memory performance.

Table S1. List of regions with decreasing activity over repeated learning (session 1).

Table S2. List of regions with increasing activity over repeated learning (session 1).

Table S3. List of regions with activity changes over repeated recall (session 1).

Table S4. List of regions with decreasing activity over repeated learning of new words (session 2).
Table S5. List of regions with increasing activity over repeated learning of new words (session 2).
Table Sé6. List of regions with a stronger response to old compared to new words (session 2).
Table S7. List of regions with a stronger response to new compared to old words (session 2).
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