
We have demonstrated consolidation during sleep for complex,
generalized skill acquisition. Previous research has shown that sleep
affects perceptual4,7,8 and motor learning10, in tasks limited to
specific patterns or spatial locations. In the present study, partici-
pants learned a new mapping from complex acoustical patterns
to pre-existing linguistic categories, which generalized to new
stimuli14,15. This behaviour involves distinct processes17, the for-
mation of specific memories associated with the learned words
(episodic, declarative representations), and the establishment of a
mapping defined over the set of learned words that supports
generalization to new utterances (procedural learning). When
participants are given equal amounts of training across days with
a small set of repeated words or with entirely novel words, different
patterns of learning are seen. Training on a set of repeated words
produces near-perfect performance on those words, but very poor
generalization to novel test items. Training on all novel items
produces a much larger generalization effect on the post-test15.
The generalization effect cannot be accounted for by memorizing
acoustic patterns of phonemes, because different acoustic patterns
may represent the same phoneme and the same pattern may
represent different phonemes18, depending on context. These con-
text-conditioned effects even span syllable boundaries19 and are
used in perception20. The acoustic patterns of phonemes in different
phonetic contexts cannot be statistically inferred from the distri-
bution of a sample of those utterances21, and rote memorization and
linear interpolation across a small set of acoustic patterns for each
consonant and vowel cannot explain human speech recognition22.
To recognize new words, listeners must learn to generalize, predict-
ing the acoustic consequences of different phonetic contexts.

Sleep has at least two separate effects on learning. Sleep con-
solidates memories, protecting them against subsequent interfer-
ence or decay. Sleep also appears to ‘recover’ or restore memories. In
the perceptual learning task we used, memories are sufficiently
robust to last for up to six months14 or, in a comparable reading-
acquisition task, even a year23. Such robust memory represents a
significant selective advantage that an organism might accrue from
sleep-mediated processes. Learning can take place at any time
during a waking period and any loss due to decay or interference
will be restored by sleep. This also implies that a selective advantage
of sleep is to enable organisms to learn opportunistically any time
during the day without penalty as to robustness of learning.

We do not know if the reduction in performance observed after
periods of wakefulness is due to decay of learned material, or to
interference from listening to speech or other cognitive processing
during the day. If performance is reduced by interference, sleep
might strengthen relevant associations and/or weaken irrelevant
associations, improving access to relevant memories. If perform-
ance is reduced by decay, sleep might actively recover what has been
lost, presumably by an interaction between partially retained
memories (words) and partially retained mappings that resulted
from learning the word set. A

Methods
Participants listened to computer-generated monosyllabic consonant–vowel–consonant
(CVC) words taken from a phonetically balanced (PB) list (approximating the distribution
of phonemes in English)24, and responded by typing the word. During training, a series of
synthetic speech words were presented over headphones paired with the printed form of
the word as feedback. After each training block, participants identified the trained words.
A pretest and post-test were given before and after training, during which participants
identified different sets of words without feedback. The pretest and post-test each
consisted of 100 PB words, and the two training sessions each consisted of 150 PB words.
The training sessions were structured into three blocks of 50 words. Participants rested
between blocks. Word lists for testing and training were counterbalanced across
participants. The 84 participants (all groups) were 20.3 ^ 2.3 (mean ^ s.d.) years old;
each participated in one group only. Stimuli were delivered through Sennheiser HD 570
headphones with an r.m.s. sound pressure level of 66.5 dB.

One group had two post-training periods of testing. In the second post-test,
participants were tested with a further set of 100 PB words that no other group was
trained or tested on. The consistency of the result for the second post-test argues against
any materials effect and further emphasizes the robustness of the findings.
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Historically, the term ‘memory consolidation’ refers to a process
whereby a memory becomes increasingly resistant to interfer-
ence from competing or disrupting factors with the continued
passage of time1. Recent findings regarding the learning of skilled
sensory and motor tasks (‘procedural learning’) have refined this
definition, suggesting that consolidation can be more strictly
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determined by time spent in specific brain states such as wake,
sleep or certain stages of sleep2–8. There is also renewed interest9

in the possibility that recalling or ‘reactivating’ a previously
consolidated memory renders it once again fragile and suscep-
tible to interference10–12, therefore requiring periods of recon-
solidation13–15. Using a motor skill finger-tapping task, here we
provide evidence for at least three different stages of human
motor memory processing after initial acquisition. We describe
the unique contributions of wake and sleep in the development of
different forms of consolidation, and show that waking reactiva-
tion can turn a previously consolidated memory back into a labile
state requiring subsequent reconsolidation.

We have previously shown that following practice of a specific
motor sequence, delayed performance improvements only occur
across a night of sleep, while waking periods of 4, 8 or even 12 hours
offer no such performance enhancements7,8. In the present work, we
studied eight groups of subjects using the same motor skill finger-
tapping task (Fig. 1). Subjects in group 1 demonstrated sleep-
dependent enhancements in performance speed (Fig. 2a, right)
and accuracy (Fig. 2a, left) when tested 24 hours after training,
similar to earlier findings7,8. However, when subjects in group 2 were
trained on a second motor sequence immediately after the first,
interference was seen, so that overnight improvement in accuracy
only occurred for the second sequence, and not the first (Fig. 2b).
Significant overnight improvement in speed was observed for both
sequences.

It was possible that the second interference sequence immediately
reversed the initial learning achieved during training on the first
sequence. This was not the case, however, as subjects in group 3
showed no loss of speed or accuracy for either the first or second
motor sequence when retested immediately after learning the
second interference sequence, rather than after 24 hours (Fig. 2c).
Thus, the interference effect seen in group 2 appeared to reflect a
specific disruption of the subsequent consolidation process.

Although it was clear that 4–12 hours of waking did not enhance
behavioural performance7, we did not know whether this waking
time period could stabilize the motor memory. Subjects in group 4
were therefore trained on the first motor sequence at 10 a.m., but
learned the second, interference sequence 6 hours later, at 4 p.m. In
contrast to subjects in group 2, who underwent immediate inter-
ference training, subjects in group 4 now showed significant
additional overnight gains in both speed and accuracy (Fig. 3).
Thus it appears that 6 hours of waking can stabilize, but not
enhance, this type of motor memory; the enhancement phase of
consolidation requires sleep.

To determine the effects of post-training periods in excess of 24
hours, subjects in group 5 were trained only on one motor sequence
on day 1 and retested 24 and 48 hours later (Fig. 4a). When retested
after 24 hours, normal improvement in speed and accuracy was
seen. At 48 hours, both speed and accuracy improved again,
although the increase in accuracy was not significant. This is
consonant with our previous findings8 that showed similar
improvement in a group tested after 72 hours. Thus, there is
improvement, rather than decay, of motor memory after a second
and third post-training night of sleep.

As expected, when subjects in group 6 were trained on the first
sequence on day 1, and learned a second sequence, 24 hours later, on
day 2, performance for the first sequence suffered no effect of
interference, improving significantly by day 3 (Fig. 4b). Therefore,
the stabilization seen 6 hours after training is subsequently main-
tained for at least 24 hours.

But, to our surprise, this stabilization could be reversed. In
contrast to group 6, subjects in group 7 (Fig. 4c) briefly rehearsed
the first sequence immediately before learning the second, inter-
ference sequence on day 2, demonstrating improvement in both
speed and accuracy. However, when retested again on the first
sequence on day 3, learning had been reversed, with performance

accuracy decreasing significantly, by more than 50%, and speed
showing a small but non-significant reduction. At the same time,
performance on the second, interference sequence showed signifi-
cant overnight improvements in both speed and accuracy, similar to
normal 24 hours improvement. The performance decreases for the
first sequence on day 3 were significantly different compared to both
the initial improvements achieved on this sequence on day 2 (þ24
hours) and the improvements for the second sequence on day 3
(þ24 hours). Furthermore, the loss of learning observed in group 7
on day 3 was also significantly different compared to the increases in
performance for the first sequence on day 3 in groups 5 and 6
(accuracy, P , 0.030; speed, P , 0.006) (Fig. 4a–c). Thus, recollec-

Figure 1 Procedural motor skill task and experimental protocol. One hundred right-

handed subjects, aged 18–27 (s.d. ^ 2.1) and without neurological, psychiatric or sleep-

disorder histories, were assigned to eight experimental groups (see Figs 2–4). Subjects

performed a sequential finger tapping motor skill task (for detailed methods see ref. 7).

The task involves pressing four numeric keys using the fingers of the left (non-dominant)

hand, repeating a five-element sequence “as quickly and accurately as possible” for a trial

period of 30 s, followed by 30 s of rest. Two motor patterns containing completely unique

grammars (sequence X: 4-1-3-2-4; sequence Y: 2-3-1-4-2) were used in a balanced

order as either the first or second sequence learned. Subjects were also retested on the

first or second sequence in a balanced order to eliminate potential retest-ordering effects.

Training (TR) consisted of 12 contiguous trials, while retesting (RT) involved three

contiguous trials. Performance measures were the number of complete sequences

achieved (‘speed’), and the number of errors made relative to the number of correct

sequences (‘accuracy’). Comparisons within each experimental group were performed

using repeated measures analysis of variance (ANOVA) and paired t-tests (two-tailed).

Comparisons between groups were performed using unpaired t-tests (two-tailed). Retest

values were compared to the final three trials of training, allowing true evaluation of

between session, time-dependent learning, instead of the mean training value across all

12 trials. There were no significant differences between the initial learning curves during

training for the first sequence compared to the second sequence learned in all groups that

performed two sequences (average of groups 2–6 and 8; speed: ANOVA, P ¼ 0.423;

accuracy: ANOVA, P ¼ 0.408).
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tion or reactivation of the first sequence memory during retesting
on day 2 returned it to a labile state, making it once more susceptible
to interference.

To confirm that interference following reactivation specifically
disrupted subsequent reconsolidation rather than immediately
reversing prior learning, an additional group of subjects (group 8)
were retested a second time directly after the interference training

on day 2, rather than on day 3 as in group 7, and showed no decrease
in either speed or accuracy compared to the earlier retest (Fig. 4d).

Taken together with previous findings7,8,16, these results describe a
highly complex process of post-training memory consolidation and
reconsolidation: (1) during initial training, learning occurs, leading
to significant performance improvements; (2) between 10 minutes
and 6 hours later, without intervening sleep, the memory undergoes
the first, stabilization phase of consolidation, making it resistant to
interference from a competing memory, but producing no improve-
ment in speed or accuracy; (3) during the subsequent night, a
second, enhancement stage of consolidation occurs, increasing both
performance speed and accuracy on the task; (4) despite now having
undergone both stabilization and enhancement, brief periods of
rehearsal return the memory to a labile state, rendering it once again
vulnerable to interference from a competing motor pattern, and in
need of reconsolidation.

These findings provide, to our knowledge, the first clear dis-
sociation of memory consolidation into temporally distinct phases
of wake-state stabilization and sleep-dependent enhancement.
However, it is unlikely that these stages of memory formation
are generalizable across all human memory domains, as time-
dependent consolidation has not been found for all memory
tasks17. It also remains to be determined if these unique forms of
memory consolidation are the result of common or distinct neural
mechanisms. But the contrasting neurochemical and neurophysio-
logical characteristics found across wake-sleep brain states18,
together with their remarkably different patterns of gene expression
and protein synthesis19, would argue for uniquely different neural
mechanisms.

Our findings of memory lability and reconsolidation in humans
complement similar findings in animal and clinical studies10–15. Yet
in these earlier reports, interference was produced using either
electroconvulsive shock or cerebral injection of protein synthesis
inhibitors, leaving it unclear whether more natural interventions
could also block reconsolidation of labilized memories in humans.
Our findings demonstrate that the simple process of training on a
new motor sequence can block the reconsolidation of similar
memories that have been returned to a labile state by simple
rehearsal, and strongly imply functional significance for this
process.

Allowing motor memories to return to a labile state requiring
subsequent reconsolidation may permit the continued refinement
and reshaping of previously learned movement skills in the context

Figure 2 Changes in motor learning in groups 1–3. a, Group 1: following training on a

single motor sequence on day 1 (thick arrow; TR), overnight increases in performance

speed (P , 0.001) and accuracy (P ¼ 0.023) were seen at the 24-hour retest on day 2

(thin arrow; RT). b, Group 2: immediately after learning the first motor sequence on day 1,

subjects now learned a second motor sequence. When retested on day 2, improvements

in accuracy occurred only for the second sequence (P , 0.001; filled black bar), while no

such improvement developed for the first sequence (P ¼ 0.90; grey bar). Improvements

in speed (P , 0.001) were observed for both sequences. c, Group 3: subjects were again

trained on the second motor sequence directly after the first. When retested after 5 min,

performance indicated retention of initial training improvements for both sequences, but

without the improvements in speed or accuracy seen 24 hours later. Error bars are s.e.m.

Asterisks represent significance (P): * # 0.05; ** # 0.005; NS, non-significant. Same

for all subsequent figures.

Figure 3 Changes in motor learning in group 4. Subjects initially learned the first motor

sequence at 10 a.m. on day 1, and following a 6-hour waking interval, learned the second

motor sequence. In contrast to group 2 who learned the second sequence immediately

after the first, group 4 revealed significant improvements in performance speed

(P , 0.005) and accuracy (P , 0.05) for both sequences.
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of ongoing experience, and may even act as a process of extracting
and integrating common elements from related complex move-
ments. These results raise the possibility that similar mechanisms
may also contribute to the integration of episodic memories and the
revision of semantic knowledge based on newly acquired
information. A
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The notion that behaviour influences perception seems self-
evident, but the mechanism of their interaction is not known.
Perception and behaviour are usually considered to be separate
processes. In this view, perceptual learning constructs compact
representations of sensory events, reflecting their statistical
properties1,2, independently of behavioural relevance3,4. Beha-
vioural learning5,6, however, forms associations between percep-
tion and action, organized by reinforcement7,8, without regard
for the construction of perception. It is generally assumed that
the interaction between these two processes is internal to the
agent, and can be explained solely in terms of the neuronal
substrate9. Here we show, instead, that perception and behaviour
can interact synergistically via the environment. Using simulated
and real mobile robots, we demonstrate that perceptual learning
directly supports behavioural learning and so promotes a pro-
gressive structuring of behaviour. This structuring leads to a
systematic bias in input sampling, which directly affects the
organization of the perceptual system. This external, environ-
mentally mediated feedback matches the perceptual system to the
emerging behavioural structure, so that the behaviour is
stabilized.

One reason for the lack of progress in understanding the inter-
relationship of behaviour and perception is experimental intract-
ability. An explanation of their coupling requires detailed analysis at
both the behavioural and neuronal levels. Our approach was to
bypass the animal experimental difficulty by using a mobile robot,
for which it is possible to fully observe and quantify perception and

behaviour. The robot is controlled by a neural model, called
distributed adaptive control (DAC), that includes mechanisms for
perceptual and behavioural learning10,11. The DAC architecture (see
Fig. 1 and Methods) consists of three layers: ‘reactive’, ‘adaptive’ and
‘contextual’ control.

The reactive control layer implements a repertoire of basic reflex
actions where low-complexity sensory events, unconditioned stim-
uli (US), trigger simple actions, unconditioned responses (UR), via
an internal state (IS) representation. As a result of learning at the
level of adaptive control, the purely reactive activation of the IS
populations by US events is progressively replaced by acquired
representations of sensory events, conditioned stimuli (CS), and the
generation of conditioned responses (CR)11,12. US events are the
initial reinforcers of this learning process. The local learning
mechanism that is used automatically generates a measure, D, of
the discrepancy between expected and actual CS events (see
Methods). When D falls below a specified transition threshold,
vD, the contextual control layer is enabled. This layer is a beha-
vioural learning system that constructs higher-order represen-
tations of the temporal order of the sensori-motor representations
constructed by the adaptive layer (see Methods).

Representations of CS and CR events are stored in short-term
memory (STM) when the adaptive layer triggers CRs. The content
of STM is stored in long-term memory (LTM) when a goal state is
reached, such as when a target is found. CS representations of the
LTM of the contextual layer are matched to those generated by the
adaptive layer. The best-matching CS representation at the level of
contextual control will define the next action by projecting its CR
representation onto the motor population M when the reactive layer
is quiescent. Chaining through a LTM sequence is achieved through
a biased competition mechanism (see Methods). DAC is a practical
model of how different learning systems in the mammalian brain act
together to generate adaptive goal-oriented behaviour, and is a
standard in the field of new artificial intelligence and behaviour-
based robotics13–16. Moreover, it exhibits the regularities of bayesian
decision-making that are thought to be one of the characteristics of
human cognition17,18.

We first investigated the hypothesis that the performance of
the robot is enhanced through the contextual layer. To test this
hypothesis, we used both simulated and real-world robots in a
foraging task where collisions had to be minimized while the
number of targets found had to be maximized. We distinguished

Figure 1 Distributed adaptive control. DAC is based on the assumption that adaptive

behaviour results from three tightly coupled layers of control: reactive, adaptive and

contextual control. Each box represents a neuronal population. Arrows indicate the

connections between these populations. US, unconditioned stimulus population. CS,

conditioned stimulus population. IS, internal state populations. M, motor neuron

population. UR, unconditioned response. CR, conditioned response. STM, short-term

memory. LTM, long-term memory. See text and Methods for explanation.

letters to nature

NATURE | VOL 425 | 9 OCTOBER 2003 | www.nature.com/nature620 © 2003        Nature  Publishing Group


