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Are children superior to adults in consolidating procedural memory? This notion has been tied to ‘‘critical,’’ early life periods of
increased brain plasticity. Here, using a motor sequence learning task, we show, in experiment 1, that a) the rate of learning
during a training session, b) the gains accrued, without additional practice, within a 24 hours post-training interval (delayed
consolidation gains), and c) the long-term retention of these gains, were as effective in 9, 12 and 17-year-olds and comparable
to those reported for adults. However, a follow-up experiment showed that the establishment of a memory trace for the
trained sequence of movements was significantly more susceptible to interference by a subsequent motor learning experience
(practicing a reversed movement sequence) in the 17-year-olds compared to the 9 and 12-year-olds. Unlike the 17-year-olds,
the younger age-groups showed significant delayed gains even after interference training. Altogether, our results indicate the
existence of an effective consolidation phase in motor learning both before and after adolescence, with no childhood
advantage in the learning or retention of a motor skill. However, the ability to co-consolidate different, successive motor
experiences, demonstrated in both the 9 and 12-year-olds, diminishes after puberty, suggesting that a more selective memory
consolidation process takes over from the childhood one. Only the adult consolidation process is gated by a recency effect, and
in situations of multiple, clashing, experiences occurring within a short time-interval, adults may less effectively establish in
memory experiences superseded by newer ones.
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INTRODUCTION
While several lines of evidence indicate that declarative (‘‘what’’,

explicit) memory undergoes maturation, it is commonly assumed

that procedural (‘‘how-to’’, implicit) memory, in children, is similar

or even superior to that of adults [1–4]. The latter notion has been

invoked in relation to ‘critical’, early life, periods of increased brain

plasticity and skill acquisition [2,5–6] i.e., maturational windows of

opportunity wherein neuronal properties are particularly suscep-

tible to shaping by experience [6–9]. It has also been invoked in

explanations of the larger long-term deficits following brain injury

and the less favorable outcome of remediation in adults compared

to children [2,10]. But are children superior to adolescents and

young adults in terms of procedural memory consolidation? It

was previously shown that, in adults, the evolution of skilled

performance often extends beyond the actual training experience.

Significant training-dependent gains in performance can appear

hours after the termination of training, for example by 24 hours

post-training [11–18]. It was proposed that these delayed (‘‘off-

line’’) gains in performance reflect neuronal memory consolidation

processes that are triggered by the training experience within the

processing stream involved in task performance, but require time,

and often sleep, to reach completion [13,16,18]. The resultant

gains were maintained for weeks and months [12–13,15,19].

There is, however, a second, time-dependent, behavioural

indication for the existence of a latent memory consolidation

phase in human skill learning. The retention of training-dependent

performance gains on a motor task may be lost or markedly

reduced by the introduction of a subsequent training experience, if

the latter occurs within up to a few hours after the termination of

training on the former task [20–23, for a perspective 9].

Presumably, within this interval, ongoing neuronal processes

subserving memory retention can be reversed, or interfered with,

but once completed, become immune to interference (‘‘stabiliza-

tion’’) [9,24]. The notion of childhood superiority in procedural

learning was tested in Experiment 1 which showed no advantage

for children before the onset of adolescence in either within-session

or between-session (consolidation phase) gains, nor in long-term

retention. The results, however, provided clear evidence for the

existence of an effective consolidation phase in motor memory

before the onset of adolescence. Experiment 2 tested the possibility

that ‘‘childhood advantage’’ in procedural learning reflects

a maturational difference in the susceptibility of the learning to

interference by a subsequent training experience, and not superior

learning and memory per-se.

RESULTS
In all three age-groups tested in Experiment 1 of the current study

(Figure 1) there were, as well as significant within-session improve-

ments, robust delayed (between-session) gains in the performance

of the trained sequence of movements as expressed at 24 and

48 hours post-training compared to the performance at the end of

the training session. Comparisons of the three age-groups’

performance at the four assessment time points was made using

a 3 (age-group; 9, 12, 17-year-olds, as between-subject factor) 64
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(time point; init, end, 24 hours and 48 hours–the initial four

blocks, final four blocks of the session and the four blocks at

24 hours and at 48 hours post-training, respectively; as within-

subject factor) ANOVA. This showed a main effect for time-point,

for both the number of sequences (increased speed) and (a

reduction in) the number of errors (accuracy) (F(2,177) = 273.93,

P,.001; F(2,177) = 18.09, P,.001; speed and accuracy respectively)

and a significant age effect (F(2,59) = 42.1, P,.001; F(2,59) = 6.01,

P,.001; speed and accuracy respectively) with no significant

interaction. As Figure 1 clearly shows, all three age-groups showed

significant within-session gains (comparison of init and end)

(F(1,59) = 171.15, P,.001; F(1,59) = 12.18, P,.001, speed and

accuracy respectively) as well as significant delayed gains, i.e.,

gains evolving after the termination of the session (comparison of

end and 24 hours post-training) (F(1,59) = 156.27, P,.001; F(1,59) =

5.07, P,.05, speed and accuracy respectively). This improvement

in both speed and accuracy suggests no speed-accuracy trade-off

[25], a pattern of results that was proposed as a hallmark for skill

acquisition [26]. Moreover, the gains attained by the 48 hours

post-training test were completely retained over an interval of

6 weeks, with no additional training during this interval, in all

three age-groups; indeed there was a trend for improvement in an

(ANOVA comparing 48 hours post-practice performance to

performance at 6 weeks post-training; F(1,45) = 3.02, P = .09).

The initial performance on the task was age dependent, with

performance speed and accuracy increasing with age (Figure 1).

The performance gains accrued during training, and at 24 hours

and 48 hours, as well as at 6 weeks post-training did not differ

significantly between the three age-groups. The absolute delayed

gains in performance speed, at 24 hours post-training, were largest

in the 17-year-olds (2.5461.47, 2.9061.66, 462.66 additional

sequences per block for the 9, 12 and 17-year-olds respectively;

F(2,59) = 2.96, P,.06). Relative to their initial performance,

however, the youngest group showed the largest improvement

by 24 and 48 hours post-training (by 57%, 34% and 33% at

24 hours post training (F(2,59) = 4.89, P,.01); and by 30%, 11%,

and 4% during the subsequent 24 hours interval (F(2,59) = 9.51,

P,.001) for the 9, 12 and 17-year-olds, respectively).

The 17-year-olds were able to complete twice as many

sequences during the training session compared to the 9-year-

olds (274.6656.09 and 139634.1 sequence iterations, respective-

ly). To rule out the possibility that the delayed gains of the older

age-group were dependent on the more intensive experience, an

additional group (Group 4) of twelve 17-year-olds (7 girls and 5

boys, M = 16.47 years, range = 16.33–16.66) were given only 11

training blocks (mean of 136.33626.71 repetitions) in the training

session. The results revealed significant delayed gains (12.6262.4,

15.6463.11, mean number of sequences at the end of the training

session and at 24 hours post-training, respectively; t(11) = 5.5,

P,.001). Moreover, these delayed gains in performance speed

were comparable to those accrued in the 17-year-olds trained with

the original protocol (Experiment 1, group 3) (t(30) = 1.11, P = .27).

In Experiment 2, the ability of 9, 12 and 17-year-olds to

consolidate the training induced gains was tested in an interference

paradigm of the form task A–task B–test A (Figure 2a). Separate

repeated measures ANOVA with time-points (init, end) as within-

subject factor and age-group as between-subject factors were

conducted for the interference task (task B). There were significant

within-session gains in speed (F(1,51) = 81.30, P,.001) and in

accuracy (F(1,51) = 27.26, P,.001). There were also significant

delayed gains in all three age groups on task B when tested

24 hours post-training, compared to the performance level at the

end of the interference training session (ANOVA with time-points

(end, 24 hours post training) as within-subject factor and age-

group as between-subject factors F(1,51) = 65.2, p,.001), with no

significant interaction of age-group and time-points (F(2,51) = 1.67,

p = .2). In addition, there was a trend for improvement in accuracy

(F(1,51) = 3.22, P = .08) across three age-groups, with no significant

interaction of age-group and time-points (F(2,51) = .98, p = .4).

Figure 2 depicts the mean speed and accuracy for the initially

trained movement sequence (task A), in Experiments 1 and 2, for

the three age-groups, within the initial training-session and at

24 hours post-training (between-session gains). The initial perfor-

mance and the within-session gains, in each age-group, in

experiment 2 were not significantly different from those attained

in experiment 1, where no interference (no task B) was afforded, in

terms of both speed (F(1,110) = 0.01, P = .96) and accuracy

(F(1,110) = 1.61, P = .21) (Figure 2b,c).

Overall, there were significant between-session performance

gains in both experiments, for speed (F(1,110) = 152.06, P,.001)

and accuracy (F(1,110) = 7.11, P,.01) in the initial task (task A).

Figure 1. Within-session and between-sessions gains in performance in
the 3 age-groups. Inset: the two finger-to-thumb opposition movement
sequences used in the study. (a) Mean number of correct sequences,
and (b) mean number of errors performed in each test interval (block)
during the training session and at 24, 48 hours and 6 weeks post
training. Bars–standard error.
doi:10.1371/journal.pone.0000240.g001
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However, there was a significant interaction (age-groups6time-

points6experiment) for speed (F(2,110) = 6.82, P,.05) because,

surprisingly, both the 9 and the 12-year-olds showed robust

delayed gains in performance of task A even in Experiment 2

(Figure 2b). Only the 17-year-olds showed a significant suscepti-

bility to interference by task B, as expected, i.e., reduced perfor-

mance on task A at 24 hours post-training relative to the end of

the session, in Experiment 2 (interference) compared to Experi-

ment 1 (no interference). The delayed gains (additional sequences

per block) in the two condition (with and without interference)

were: without interference: 2.5561.47, 2.9061.66, 4.0062.66;

with interference: 1.7761.27, 2.0462.02, 1.1262.86 in the 9, 12

and 17-year-olds respectively (Figure 3). Thus, while significant

between-sessions improvements in speed occurred in the two

younger age-groups, even when interference training was present

(t(15) = 5.59, P,.001, t(18) = 4.39, P,.001 for the 9-year-olds and

12-year-olds, respectively) the 17-year-olds improved between-

sessions only in the absence of interference (t(19) = 6.74, P,.001),

whereas in the presence of interference no improvement occurred (

t(18) = 1.70, P = .11).

An additional repeated measures ANOVA, with time-point as

within-subject factors and experiment as between-subject factor

was run for each age-group separately, to test whether the above

significant interaction of time-points6experiment in the 17-year-

olds was related to the within-session gains in the two experiments

(Figure 2b). This analysis showed no significant interaction in any

of the three age-groups, indicating that only the delayed gains

were affected, in the 17-year-olds, by interference training

(F(1,35) = 2.66, P = .11; F(1,38) = 1.05, P = .31; F(1,37) = 2.11,

P = .15, for the 9, 12 and 17-year-olds respectively).

In the 17-year-olds the higher the absolute performance

achieved in the interfering sequence (B) the lower the performance

gains achieved for sequence A at 24 hours post-training (r = 2.53,

p,.05). In the 12-year-olds however, the correlations were

positive, the higher the performance achieved on the interference

sequence the larger the gains in sequence A at 24 hours post-

Figure 2. Age dependent effect of post-training interference. (a) Speed
and (b) accuracy gains with (¤) and without (%) interference training in
the three age-groups. Interference training was given at 2 hours after
the termination of the initial training session. Average performance in
the initial (init) and the final (end) four blocks of the initial training
session, and in four consecutive blocks at 24 hours post-training (24hr
post) is shown. Bars–standard error; black arrow - significant interaction;
white arrows - no interaction (significant gains in both experiments).
Comparison between the three experimental groups’ performance at
the end of training and at 24 hours post-training in the two
experiments, without and with interference (repeated measures
ANOVA) showed a significant main effect for time-point for both the
number of sequences (speed) and the number of errors (accuracy)
(speed: F(1,110) = 152.06, P,.001 accuracy: F(1,110) = 7.11, P,.01) and for
age (speed: F(2,110) = 60.01, P,.001 accuracy: F(2,110) = 6.89, P,.001). The
only significant interaction (age-group6assessment time6experiment)
was for performance speed (F(2,110) = 6.82, P,.05) with the 17-year-olds
showing less improvement in the interference condition. There was no
significant difference between the two experiments for the end time-
point in the 17-year-olds (t(37) = 0.81, P = .42). An analysis of variance for
repeated measures, conducted for each age-group separately (with
time-points as within-subject factor and age-group and experiment as
between-subject factors), showed a significant difference in between-
session gains accrued for the initially trained sequence (task A) between
the two experiments only in the 17-year-olds (interaction of time-
point6experiment, F(1,37) = 10.62, P,.001). The 9 and 12-year-olds
improved to a similar degree with and without interference (no
interaction of time-point6experiment, F(1,35) = 2.89, P = .1; F(1,38 = 2.21,
P = .15, 9 and 12-year-olds respectively).
doi:10.1371/journal.pone.0000240.g002

Figure 3. Between-session (delayed) gains with (%) and without (&)
interference training in the three age-groups. The absolute gains in
terms of mean number of correct sequences at 24 hours post-training
compared to the end of the training session. Bars–standard error. There
was a significant interaction of condition by age-group for the mean
between-session gains (F(2,110) = 6.82, P,.05). Independent-samples t-
tests conducted for each age group separately showed a significant
advantage of the no interference over the interference condition only in
the 17-year-olds (t(37) = 3.26, P = 0.02). There were no significant
differences in delayed gains in the two conditions for the 9 and 12-
year olds (t(35) = 1.7, P = 0.1; t(38) = 1.49, P = 0.002, 9 and 12-year-olds
respectively).
doi:10.1371/journal.pone.0000240.g003
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training (r = .56, p,.05). Nevertheless, the within-session gains for

the interference sequence (B) were not significantly correlated with

the delayed gains on the initial sequence (A) in both the 17 and 12-

year-olds (r = 2.39, p = .1; r = .001, p = 1; 17 and 12-year-olds

respectively).

There was an overall improvement in accuracy within-session

(main effect for time-point, F(1,51) = 23.06, P,.001) and a trend for

improvement in the between-session accuracy (F (1,51) = 3.25,

P = .07) in the interference groups, with very few errors at the

termination of the session and at 24 hours post-training (mean of

0.14 and 0.09 errors, respectively) and no age-group differences

(main effect for age-group) in either the within-session

(F(2,51) = 0.60, P = .55) or the between-session gains (F(2,51) = .17,

P = .84).

DISCUSSION
The two experiments reported here address two aspects of human

memory consolidation in motor skill learning - the evolution of

delayed (‘‘off-line’’ learning) performance gains (Experiment 1)

and the susceptibility to interference (Experiment 2) - in children

and adolescents, before and after the onset of adolescence. The

results of Experiment 1 showed that, in children as well as in

adolescents, training on a given sequence of movements resulted

not only in significant gains concurrent with the training experi-

ence (within-session gains), but also in additional, robust, between-

session gains as expressed at 24 hours after the termination of the

training experience. This is a first demonstration of ‘‘off-line’’

improvement in children, indicating the existence of an effective

consolidation phase in motor memory before the onset of adoles-

cence, in clear similarity to the results recently reported in adults

using the same task and a similar training protocol [15].

The younger age-group showed no advantage over the older

ones in either within or between-session gains. Moreover, the

absolute between-session gains were largest in the 17-year-olds.

Only relative to their poor initial performance, the youngest age-

group showed superior gains compared to that of adolescents.

Moreover, in all three age-groups tested, these gains were fully

maintained across an interval of 6 weeks. Taken together, our

results suggest that the rate of learning during a training session,

the additional, delayed, gains accrued within the 24 hours post-

training interval (‘‘off-line’’ gains), and the long-term retention of

these gains, were as effective in 9, 12 and 17-year-olds and

comparable to those reported for adults. Thus, the learning and

retention of the finger opposition sequence by children (pre-

puberty) was not superior to that of young adults.

The results of Experiment 2 provide, however, for the first time,

an indication for an age-dependent divergence in human motor

learning. Both the 9 and 12-year-olds, but not the 17-year-olds

showed large, significant, delayed gains in the performance of the

initially trained sequence even given a subsequent interference

experience. Thus, only the 17-year-olds showed the previously

described [20,27] adult pattern of interference. Motor memory

consolidation, in the 9 and 12-year-olds, was significantly less

susceptible to interference by a subsequent training experience

compared to the older age groups. Altogether, our results indicate

that the stabilization of the training experience into long-term

memory may be qualitatively different before and after adoles-

cence.

One cannot rule out the possibility that the interference training

experience in the younger age groups was less effective than the

one afforded in the corresponding interval for the 17-year-olds.

However, our results showed that in all three age groups the inter-

ference training resulted in significant and comparable delayed

gains, and moreover, that the within-session performance gains for

the interference sequence (B) were not significantly (negatively)

correlated with the delayed gains achieved for the initial sequence

(A) in both the 17 and 12-year-olds.

The current results raise the possibility that a less selective

memory consolidation process, present in 9 and 12-year-olds, may

be substituted by or modified to, a more selective one, after

puberty. Thus the latter, adult, process may be more strongly

gated by a recency effect and in situations of multiple, differing

experiences, occurring within a relatively short time interval, may

less effectively consolidate preceding experiences if superseded by

newer ones [20,22,27–28]. It may be the case that memory

consolidation processes proceed at a much faster rate, and

memory stabilization is attained much earlier, in children

compared to 17-year-olds and adults. Additional studies, in

children of different age-groups, are needed to essay the time-

course of and the conditions for, the evolution of delayed gains [for

review, 16–18] as well as the time-course of the interference effects

[20]. For example, it is not yet known whether in children, as in

adults, time in sleep is necessary for the former but not the latter

effects [15,22,27,29–30] although evidence suggests that sleep may

protect memories from subsequent interference in adults as shown

in the study of declarative memory [31] as well as in the finger

opposition sequence task [32]. The structure of sleep undergoes

substantial changes during puberty [33] and this may constitute

a possible substrate for age-dependent differences in memory

consolidation.

Recently, the notion of ‘‘competitive maintenance’’, referring to

a competition for transcription and protein synthesis related

factors within neurons participating in the representation of two

independent experiences, following each other within the time-

window of consolidation was proposed as a candidate substrate

underlying the interference phenomenon [24]. The current results

are in line with the notion that the neuronal substrates for such

‘‘competitive maintenance’’ may be set up, or fully mature, only

during puberty. Alternatively, given that interference occurs only

between tasks that overlap at some common level of neural

processing [e.g., 20,34], it may be the case that in the younger

age-groups, the two movement sequences (the initially and the

subsequently trained ones) although composed of the same

movements, share significantly less of a common neural substrate

in children [28,35]. A third, related, possibility is that the training

with one or the other sequence relates to different parameters of

the experience in children and adults and thus results in changes in

different representations of the movements [35] before and after

puberty. For example it may be the case that, in children, the

experience of training on any sequence of finger opposition move-

ments may affect the performance of the individual component

movements rather than the syntactic rule which has been

implicated in the learning of the task by adults [13,15,36]. In

children, thus, training on one sequence followed by the other

would result in enhancement of the training experience as both

sequences are composed of the same component movements. Both

these notions entail the expectation that the specificity of the

learning in children will differ from the one characterizing adult

learning [15,20,37]. Specifically, that the knowledge retained from

a given training experience will be more susceptible to transfer to

novel conditions (e.g., a novel sequence) in children compared to

adults [11,13,15–16,20,23,27,38].

Altogether, our results show that children before the onset of

adolescence show no advantage in the acquisition and retention

of a given sequence of movements compared to young adults.

Moreover, our results show that, in children, motor performance

continues to improve in the post-training interval, indicating the

existence of a memory consolidation phase, similar to the one

Memory Consolidation
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recently described in adults. However, our results also suggest that

rather than having less effective motor skill learning or memory

consolidation processes per-se, adults may be more selective in

terms of procedural memory consolidation compared to children,

as evidenced by their susceptibility to interference. This may

account in part for the discrepancy between the notion of critical

periods and maturational windows of opportunity in the acquisi-

tion of skills on the one hand and the accumulating evidence for

very effective skill learning, both motor and perceptual, in adults,

on the other [11–13,15,17,19–20,23,27,38].

MATERIALS AND METHODS

Participants
Seventy four participants took part in Experiment 1: Group 1–9-

year-olds (10 girls and 11 boys, M = 8.55 years, range = 8.24–9.2),

Group 2–12-year-olds (10 girls and 11 boys, M = 11.51 years,

range = 11.2–12.2), Group 3–17-year-olds (10 girls and 10 boys,

M = 16.63 years, range = 16.33–17.5). An additional group of 17-

year-olds (7 girls and 5 boys, M = 16.47 years, range = 16.33–

16.66) served in the control experiment (Group 4). Fifty four

participants took part in Experiment 2: Group 5–9-year-olds (8

girls and 8 boys, M = 8.58 years, range = 8.43–8.81), Group 6–12-

year-olds (9 girls and 10 boys, M = 11.874 years, range =

11.5–12.25), Group 7–17-year-olds (9 girls and 10 boys,

M = 16.894 years, range = 16.6–17.5). Participants were right-

handed, had no medical conditions that could impair fine motor

performance, reported at least 6 hours of sleep per night, and had

no sleep–wake-cycle disruptions. Inclusion criteria were identical

for both experiments: a) a thumb movement rate above 60, 70 or

80 movements in a 30 sec measurement interval (for the 9-year-

olds, 12-year-olds and the 17-years-olds, respectively) using a

thumb movement counter, and b) 5/5 digits remembered in

a forward digit span test. Participants with special finger motor

skills (blind typing or keyboard or string instrument playing) were

excluded. The experiment was approved by the University of

Haifa ethics committee as well as the Ministry of Education, and

informed parental consent was obtained.

The task
The motor task was the finger-to-thumb opposition sequence

learning task as previously described [13,15,37]. Participants were

instructed to oppose the fingers of the left (non-dominant) hand to

the thumb in a given 5 movement sequence ‘‘as fast and accurately

as possible’’ (Figure 1, inset). Two sequences of equal length and

complexity were used, each the reverse of the other. The specific

training sequence was randomly assigned. The participants

performed the instructed movements while lying supine with the

hand positioned on the subject’s chest with the elbow flexed, in

direct view (palm-facing) of a video camera, to allow recording of

all digit finger movements. Visual feedback was not afforded. The

training for all age-groups was administered during the morning

hours, 9am–12noon.

Procedure
Experiment 1 included three videotape-recorded sessions in three

successive days. In the first session (day 1) each participant

underwent training that consisted of 20 blocks each constituting

a 30 sec interval. The initiation of each block and it’s termination

were cued by an auditory signal. Participants were instructed to

tap the movement sequence continuously until given the stop

signal, and if any error occurred to continue with the task without

pause, as smoothly as possible. The breaks between blocks were no

longer than 20 sec long. Before each block the participants

repeated the assigned sequence three times, freely, as a means for

maintaining their attention on the task, and as a practice run. No

feedback on any performance measure was provided, but for

general encouragement. In the second session (day 2, 24 hours

after session 1) and in the third session (day 3, 48 hours post-

training) participants were tested in 4 successive blocks identical to

the blocks used in the first session. 48 participants (19, 18, 11 from

the 9 12 and 17-year-old groups respectively) were tested for

retention of the performance gains at 6 weeks post-training.

Experiment 2 included three videotape-recorded sessions on two

successive days. On day 1, the first session was identical to the first,

training, session of experiment 1, but was followed by a second

training session, 2 hours later. The latter session was identical to

the first, except that the trained sequence was the reverse of the

one used in the first session (Figure 1, inset). On the following day,

in the third session, participants were tested on 4 blocks of the

initially trained sequence using the trained hand.

Two dependent variables were measured and analyzed

separately: a) performance speed–the mean number of correct

sequences tapped during each block (30 sec interval); b) accuracy–

the mean number of sequencing errors (wrong finger opposition

order) during each block. Except for age-group and experiment

which constituted between-subject factors, all other factors were

considered as within-subject factors in the analyses of variance.

ACKNOWLEDGMENTS

Author Contributions

Conceived and designed the experiments: SD EA AK. Performed the

experiments: SD AK. Analyzed the data: SD EA AK. Wrote the paper: SD

EA AK.

REFERENCES
1. Gathercole SE (1999) Cognitive approaches to the development of short-term

memory. Trends Cogn Sci. 3: 410–419.

2. Harrison RV, Gordon KA, Mount RJ (2005) Is there a critical period for cochlear

implantation in congenitally deaf children? Analyses of hearing and speech

perception performance after implantation. Dev Psychobiol. 46: 252–261.

3. Perez LA, Peynircioglu ZF, Blaxton TA (1998) Developmental differences in

implicit and explicit memory performance. J Exp Child Psychol. 70: 167–185.

4. Siegel DJ (2001) Memory: an overview, with emphasis on developmental,

interpersonal, and neurobiological aspects. J Am Acad Child Adolesc Psychiatry

40: 997–1011.

5. Helmstaedter C, Reuber M, Elger CC (2002) Interaction of cognitive aging and

memory deficits related to epilepsy surgery. Ann neurol 52: 89–94.

6. Hensch TK (2004) Critical period regulation. Annu Rev Neurosci 27:

549–579.

7. Hubel DH, Wiesel TN (1970) The period of susceptibility to the physiological

effects of unilateral eye closure in kittens. J Physiol. 206: 419–436.

8. Knudsen EI, Knudsen PF (1989) Vision calibrates sound localization in

developing barn owls. J Neurosci. 9: 3306–3313.

9. McGaugh JL (2000) Memory- A century of consolidation. Science. 287:

248–251.

10. Gleissner U, Sassen R, Lendt M, Clusmann H, Elger CE, et al. (2002) Pre- and

postoperative verbal memory in pediatric patients with temporal lobe epilepsy.

Epilepsy Res. 51: 287–296.

11. Fischer S, Hallschmid M, Elsner AL, Born J (2002) Sleep forms memory for

finger skills. PNAS USA, 99: 11987–11991.

12. Karni A, Sagi D (1993) The time course of learning a visual skill. Nature, 365:

250–252.

13. Karni A, Meyer G, Rey- Hipolito C, Jezzard P, Adams MM, et al. (1998) The

acquisition of skilled motor performance: Fast and slow experience–driven

changes in primary motor cortex. PNAS USA, 95: 861–868.

14. Kleim JA, Hogg TM, Vandenberg PM, Cooper NR, Bruneau R,

et al. (2004) Cortical synaptogenesis and motor map reorganization occur

Memory Consolidation

PLoS ONE | www.plosone.org 5 February 2007 | Issue 2 | e240



during late, but not early, phase of motor skill learning. J Neurosci, 24:

628–633.

15. Korman M, Raz N, Flash T, Karni A (2003) Multiple shifts in the representation

of motor sequence during the acquisition of skilled performance. PNAS USA,

100: 12492–12497.

16. Maquet P, Laureys S, Perrin F, Ruby P, Melchior G, et al. (2003) Festina lente:

evidences for fast and slow learning processes and a role for sleep in human

motor skill learning. Learn Mem. 10: 237–239.

17. Stickgold R, James L, Hobson JA (2000) Visual discrimination learning requires

sleep after training. Nat Neurosci. 3: 1237–1238.

18. Walker MP (2005) A refined model of sleep and the time course of memory

formation. Behav Brain Sci, 28: 51–104.

19. AriEven Roth D, Kishon-Rabin L, Hildesheimer M, Karni A (2005) A latent

consolidation phase in auditory identification learning: Time in the awake state

is sufficient. Learn Mem. 12: 159–164.

20. Brashers-Krug T, Shadmehr R, Bizzi E (1996) Consolidation in human motor

memory. Nature, 382: 252–255.

21. Krakauer JW, Ghez C, Ghilardi MF (2005) Adaptation to visuomotor

transformations: consolidation, interference, and forgetting. J Neurosci. 25:

473–478.

22. Robertson EM, Press DZ, Pascual-Leone A (2005) Off-line learning and the

primary motor cortex. J Neurosci. 25: 6372–6378.

23. Walker MP, Brakefield T, Morgan A, Hobson JA, Stickgold R (2002) Practice

with sleep makes perfect: sleep-dependent motor skill learning. Neuron, 35:

205–211.

24. Fonseca R, Nagerl UV, Morris RG, Bonhoeffer T (2004) Competing for

memory: hippocampal LTP under regimes of reduced protein synthesis.

Neuron, 44: 1011–1020.

25. Fitts PM (1954) The information capacity of the human motor system in

controlling the amplitude of movement. J Exp Psychol, 47: 381–391.

26. Stelmach GE (1996) Motor learning: Toward understanding acquired

representation. In Acquisition of motor behavior in Vertebrates Bloedel J,
Ebner T & Wise SP Eds. (MIT Press, Cambridge, MA), pp. 392–407.

27. Walker MP, Brakefield T, Hobson JA, Stickgold R (2003) Dissociable stages of

human memory consolidation and reconsolidation. Nature, 425: 616–620.
28. Hauptmann B, Karni A (2002) From primed to learn: The saturation of

repetition priming and the induction of long-term memory. Brain Res Cogn
Brain Res. 13: 313–322.

29. Robertson EM (2004) Skill Learning: Putting Procedural Consolidation in

Context. Curr Biol. 14: R1061–R1063.
30. Sengpiel F (2001) Cortical plasticity: Learning while you sleep? Curr Biol. 11:

R647–R650.
31. Ellenbogen JM, Hulbert JC, Stickgold R, Dinges DF, Thompson-Schill SL

(2006) Interfering with theories of sleep and memory: Sleep, declarative
memory, and associative interference. Curr Biol. 16: 1290–1294.

32. Korman M, Tamir-Doljanski J, Carrier J, Doyon J, Dagan Y, Karni A (2006)

Learning, Memory, Cognition. J Sleep Res. 15: 230–234.
33. Gaudreau H, Carrier J, Montplaisir J (2001) Age-related modifications of

NREM sleep EEG: from childhood to middle age. J Sleep Res. 10: 165–72.
34. Tong C, Wolpert DM, Flanagan JR (2002) Kinematics and dynamics are not

represented independently in motor working memory: evidence from an

interference study. J Neurosci. 22: 1108–1113.
35. Verwey W, Wright D (2004) Effector-independent and effector-dependent

learning in the discrete sequence production task. Psychol Res 68: 64–70.
36. Meulemans T, Van Der Linden M, Perruchet P (1998) Implicit sequence

learning in children. J Exp Child Psychol. 69: 199–221.
37. Karni A, Meyer G, Jazzard P, Adams MM, Turner R, Ungerleider LG (1995)

Functional MRI evidence for adult motor cortex plasticity during motor skill

learning. Nature, 377: 155–158.
38. Shadmehr R, Holcomb HH (1997) Neural correlates of motor memory

consolidation. Science. 277: 821–825.

Memory Consolidation

PLoS ONE | www.plosone.org 6 February 2007 | Issue 2 | e240


