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Procedural learning refers to the ability 
to gradually improve the performance of 
a newly acquired skill, usually over mul-
tiple training sessions. It has been known 
for decades that procedural learning can 
occur in both the perceptual and motor 
domains1,2, with the resulting improvement 
in the baseline performance of a particular 
skill lasting for lengthy periods of time. 
These different forms of procedural learn-
ing have been studied across a wide range 
of disciplines, and these investigations have 
improved our understanding of the pro-
cesses involved.

Intriguingly, the characteristics of per-
ceptual, notably visual, and motor memory 
formation show striking similarities across 
the various stages of learning. Fast learning 
develops during the first training session 
when individuals practise a new visual or 
motor task and leads to the initial encod-
ing or acquisition of a memory. Learning 
in this first session usually involves rapid 
improvements in the performance of the 
task3–10. Following termination of prac-
tice, a learnt memory can stabilize — a 
phenomenon referred to as consolidation 
— which allows the memory to become 
resistant to interference by competing 
stimuli or tasks and prevents its decay 
(that is, forgetting)11–16. Such stabilization 
involves modifications in the intracellular 
signal transduction cascades at the synap-
tic level and neuronal protein synthesis, 
as well as reorganization of the neural 
networks that represent the memory17. In 
the context of procedural learning in the 
visual and motor domains, consolidation 
does not only refer to stabilization of the 
acquired memory but also to improve-
ments in performance that occur after the 

end of practice (so-called offline gains), 
which become evident in subsequent test 
sessions. These offline gains occur in the 
absence of additional practice3,4,18–24 and are 
influenced by sleep stages4,21,25–30. Indeed, 
previously consolidated memories may be 
reactivated during sleep or wakefulness, 
resulting in memory modification that may 
be mediated by a process of reconsolida-
tion31–34. Thus, modification of a previ-
ously consolidated memory may result in 
its degradation, maintenance or further 
strengthening12,20. Long-term retention of 
a memory refers to the ability to maintain 
the acquired performance levels following 
a period of weeks to months without addi-
tional training3,18,35–37.

The goal of this article is to explore the 
commonalities in the characteristics of 
visual and motor memory formation in 
humans that have been outlined above. 
We also discuss similarities between learn-
ing in the motor and visual domains in 
relation to the involvement of primary 
cortical areas and top-down attentional 
mechanisms, as well as the conditions 
under which learning generalizes (trans-
fers) to the untrained eye or hand or to an 
untrained stimulus or movement. Most 
of the similarities that we discuss have 
emerged from the evaluation of texture 
discrimination and motor sequence learn-
ing tasks18,19 (BOX 1). When relevant, we 
mention procedural learning paradigms 
other than these tasks, although we do not 
elaborate on motor adaptation paradigms, 
in which individuals are subjected to 
externally induced perturbations and their 
return to pre-perturbation performance 
levels for a task is evaluated (for a review of 
these paradigms, see REF. 38).

  O P I N I O N

Common mechanisms of human 
perceptual and motor learning
Nitzan Censor, Dov Sagi and Leonardo G. Cohen

Abstract | The adult mammalian brain has a remarkable capacity to learn in both 
the perceptual and motor domains through the formation and consolidation of 
memories. Such practice-enabled procedural learning results in perceptual and 
motor skill improvements. Here, we examine evidence supporting the notion that 
perceptual and motor learning in humans exhibit analogous properties, including 
similarities in temporal dynamics and the interactions between primary cortical 
and higher-order brain areas. These similarities may point to the existence of a 
common general mechanism for learning in humans.
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Commonalities in learning stages
Fast learning. Acquisition of a simple motor 
or visual skill starts with within-session 
fast learning, which is commonly observed 
when an individual is initially exposed to a 
new task and involves a rapid improvement 
in task performance3–10 (FIG. 1). In the visual 
domain, individuals can improve their 
performance in the texture discrimination 
task from ~50% to 100% correct responses 
over a timescale of several minutes3. Over a 
similar time period, in the motor domain, 
individuals can show large improvements 
(of 40–60%) in the number of correct 
sequences executed in a sequential finger-
tapping task4. 

Various processes may influence fast 
learning in both modalities, including top-
down mechanisms that engage attentional 
and executive resources1–3,9,10,18,39–43. In the 
visual domain, the involvement of top-down 
processing in fast learning is supported by 
data showing that learning of a texture dis-
crimination task in one eye rapidly reaches 
asymptotic performance and transfers from 
the trained to the untrained eye (but not to 
the untrained visual field or stimulus orien-
tation)3. In motor sequence learning, studies 
in non-human primates and neuroimaging 
data in humans indicate that fast learning 
involves a frontoparietal-associative  
striatum–cerebellar circuit that also engages 
attentional and executive resources, such 
as the prefrontal cortex2,9,10,39,41,42,44,45. 
Neuroimaging studies involving positron 
emission tomography (PET) and/or func-
tional MRI (fMRI) have shown that reaction 
times and the accuracy of force production 
in fast sequence learning relate to activ-
ity in frontoparietal networks9,10,41. Thus, 

interregional coupling associated with top-
down processing may be important for early 
skill learning41.

Stabilization of memories. The classi-
cal notion of memory consolidation was 
proposed by Müller and Pilzecker in 1900 
(REF. 46) and refers to the stabilization of 
memories over time, which reduces their 
susceptibility to interference. Indeed, studies 
have shown that when a second, competing 
memory is formed during a limited time win-
dow of several hours after encoding the first 
memory, it can interfere with consolidation of 
the original memory, disrupting learning20,47. 
Such interference (FIG. 1) is evident in different 
motor learning paradigms14,15 and has been 
shown to occur in classic perceptual learn-
ing as well11,16,48. For example, in the motor 
domain, performance of a novel sequence of 
finger movements following training in a dif-
ferent motor sequence interfered with learn-
ing of the original sequence20. Similarly, in the 
visual domain, texture discrimination learn-
ing was disrupted when a novel orientation of 
the texture elements in the visual pattern was 
introduced after training with the original 
texture11.

An additional shared property of learn-
ing in the visual and motor domains is 
the ability of memories that have already 
been consolidated to undergo further 
modification upon their retrieval through 
reconsolidation17. This process of modify-
ing transiently reactivated memories can 
result in degradation, maintenance or 
further strengthening of the reactivated 
memory17,20,32–34. Modification of perceptual 
memories was shown to occur in a face 
recognition task in which participants were 

required to identify whether the presented 
face was similar to the face that they had 
originally memorized. It was demonstrated 
that when observers were presented with a 
sequence of similar but not identical faces 
over many days, memories of the faces 
became merged, resulting in novel faces 
being identified as already familiar49,50. In 
the motor domain, it was shown that follow-
ing reactivation of an already consolidated 
motor sequence memory, training with a 
new motor sequence negatively affected 
memory modification and resulted in its 
degradation, demonstrating the lability 
of reactivated memories20. The primary 
motor cortex (M1) has a crucial role in 
modification of previously consolidated 
motor sequence memories12. Indeed, it was 
recently demonstrated that modification 
of a reactivated, previously consolidated 
motor sequence memory was blocked by a 
‘virtual’ lesion in M1, which was induced by 
the application of inhibitory 1 Hz repetitive 
transcranial magnetic stimulation (rTMS)12.

Between-session learning. The ability not 
only to stabilize a memory but also to 
enhance it offline (in the absence of practice) 
is an important feature of perceptual and 
motor learning. These offline gains could 
be mediated by memory consolidation and 
reconsolidation31 (FIG. 1). In the framework  
of reconsolidation, it is possible that each 
additional training session for an already 
consolidated perceptual or motor task 
involves retrieval of the consolidated mem-
ory and integration of inputs available dur-
ing the additional training sessions, resulting 
in improved performance12.

Between-session learning has been fre-
quently shown in texture discrimination and 
motor sequence learning tasks3,4. Offline 
improvements in texture discrimination 
thresholds or in the speed and accuracy of 
the performed motor sequence can occur 
following a delay of hours without additional 
training3,4. In both domains, these improve-
ments, which were evident in the following 
training session, were of lower magnitude 
than the improvements that occurred during 
within-session fast learning. Of note, offline 
improvements may be influenced by practice 
schedule and between-session sleep1,21–23,51–54 
and by the specific features and context of 
the trained stimulus or task3,18,19,51,55–57. The 
neural substrates associated with offline 
between-session improvements in visual and 
motor tasks include the primary visual cor-
tex (V1) and M1, respectively3,12,18,19,56,58–61.

In the visual domain, offline between-
session improvements in performance are 

Box 1 | Texture discrimination and sequential finger-tapping tasks

In the texture discrimination task, individuals are presented briefly with a three-diagonal-line 
target array (which is embedded in a background of horizontal lines) on a monitor and are then 
asked whether the array has a vertical or horizontal orientation. In order to monitor that subjects 
are fixating their gaze at the centre of the visual field and minimizing their eye movements, 
subjects are also required to discriminate between the letters ‘T’ and ‘L’ at the centre of the 
display18. Following presentation of the array (the target stimulus), a brief patterned mask appears 
on the screen. The time interval between presentation of the target stimulus and presentation of 
the mask (stimulus-to-mask onset asynchrony (SOA)) is gradually decreased within the session, 
increasing the difficulty of the task. The performance outcome measure, the SOA discrimination 
threshold (which is measured in milliseconds), is the interval at which approximately 80% of the 
target stimulus responses are correct18.

In the sequential finger-tapping motor learning task, individuals are asked to tap, usually with 
their left, non-dominant hand, a five-digit sequence as quickly and accurately as they can during a 
limited time period19. Trials are usually separated by short breaks. Performance outcome measures 
include the average number of correct sequences performed per trial and the number of errors. In 
implicit finger-tapping tasks (such as the serial reaction time task), subjects may not be informed of 
the presence of a repeating sequence and are instructed to respond to visual cues on the screen by 
tapping the appropriate key on a response box22. Thus, performance improvements may evolve in 
the absence of declarative knowledge of the repeating sequence22.
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often specific to features, such as retinal 
location and stimulus orientation, and to 
the trained eye3,18,56. Such improvements 
are associated with plasticity in V1, in 
which neurons are differentially tuned to 
each of these features3,18. Consistent with 
V1 involvement in learning, increases in 
blood-oxygen-level-dependent (BOLD) 
activity in specific subregions of V1 were 
observed following training in the texture 
discrimination task58,59. In addition, the 
amplitude and latency of visually evoked 
potentials recorded over V1 using electro-
encephalography (EEG) correlated with 
texture discrimination performance follow-
ing training60,61. In the motor domain, offline 
performance gains that are specific to the 
trained hand and the practiced sequence 
engage M1 (REFS 12,19,24,41), which is in 
line with animal studies demonstrating 
that protein synthesis in this brain region is 
required for successful motor learning62. The 
involvement of M1 in offline motor learn-
ing was supported by a study showing that 
the BOLD signal increased in this region 
following 4 weeks of training to perform a 
sequence of finger movements19. Indeed, 
this study showed that M1 had undergone 

experience-dependent reorganization and 
that this reorganization persisted for several 
months, along with the behavioural gains 
in task performance19. Between-session 
learning in a different motor sequence task 
(the serial reaction time task (SRTT)) was 
also shown to rely on M1 processing. In this 
study, inhibitory 1 Hz rTMS was applied to 
participants immediately after practising 
the task to create a virtual lesion in M1. This 
lesion blocked subsequent offline learning 
when test sessions were conducted within 
the same day24.

In addition to its role in offline motor 
sequence learning, M1 contributes to the 
learning of non-sequential ballistic finger 
movements13 and to adaptation to novel 
movement dynamics63. Moreover, facilita-
tory transcranial direct current stimulation 
(tDCS) of M1 simultaneously with motor 
practice consistently improved offline learn-
ing of a sequential visuomotor task64.

Together, these studies suggest that 
offline learning in the visual or motor 
domain is associated with plasticity in the 
relevant primary cortical areas. As discussed 
in the following sections, such learning is 
also associated with interactions between 

these primary cortical areas and higher-
order brain regions39,65–71.

Generalization of learning. Various studies 
have shown that procedural learning that 
occurs over several training sessions is spe-
cific to the trained eye or hand and to the 
physical features of the task and does not 
generalize3,18,19,51,55–57. Other studies, how-
ever, have shown that generalization of such 
learning is possible in both the visual and 
motor domains.

In the visual domain, generalization 
of learning can occur if a double-training 
paradigm is used72,73. In these studies, indi-
viduals were first trained so that they were 
able to successfully discriminate different 
contrasts of a visual stimulus at a certain 
location in their visual field. These individu-
als then underwent training in a different 
task (orientation discrimination) at a differ-
ent location in the visual field. Subsequently, 
individuals were tested on their ability to 
perform the first task at the second location. 
Strikingly, they were able to perform this 
task successfully, with a level of performance 
that matched the level of performance at the 
original visual field location, showing that 
transfer of learning had occurred.

These results challenged the notion of 
limited generalization in visual perceptual 
learning and suggested that higher non-
retinotopic brain regions and possibly recur-
rent interactions between these higher-order 
brain areas and V1 contribute to location 
transfer72,73. Interestingly, shorter texture dis-
crimination training sessions result in more 
efficient perceptual learning and a larger 
degree of generalization23,74,75. The extent of 
learning generalization could depend on the 
efficiency of the networks that are engaged 
in the formation of early local sensory repre-
sentations and the readout of these networks 
by higher-order brain areas76. 

Several studies have shown that motor 
sequence learning can undergo intermanual 
transfer, which is a form of generalization, 
and that this process relies on activity in 
non-primary frontal regions39,66,67 as well as 
in M1 (REF. 66). Such intermanual transfer has 
also been shown to occur in between-session 
offline learning77–79. Thus, in both motor and 
visual domains, it is possible that generaliza-
tion of learning involves plastic interactions 
between the relevant primary cortical region 
and higher-order brain areas74.

The specific conditions under which 
motor and perceptual learning generalize are 
incompletely understood and require addi-
tional investigation. Understanding these 
conditions may have clinical implications for 

Figure 1 | Perceptual and motor learning. The texture discrimination and sequential finger-
tapping tasks (BOX 1) are commonly used to study visual and motor procedural learning, respec-
tively. Both tasks are characterized by within-session fast learning, which involves rapid 
improvements in performance3–10. Depending on the training conditions, the memory can be sus-
ceptible to interference for a limited time window of several hours following its acquisition11,20,47, 
and deterioration in performance can develop across wakefulness23,81–83,93,94. The memory also under-
goes the competing process of consolidation after acquisition, which involves stabilization of the 
memory (enabling its resistance to interference by competing stimuli or tasks11,13–16,24) and offline 
gains in performance3,4,18,19,20–24. Slow wave sleep and rapid eye movement sleep involve memory 
reactivation, downscaling of synaptic strength and long-term synaptic plasticity-related processes. 
These processes support recovery from performance deterioration and offline learning4,21,25,75 by 
stabilizing and further enhancing the memory through consolidation. Reactivation of the memory 
during sleep or wakefulness (for example during re-testing on the task) can lead to memory modi-
fication, which involves the integration of new information12,98.
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the rehabilitation of neurological disorders 
that are characterized by deficits in motor 
or perceptual functions. For example, fol-
lowing stroke, functional recovery of a weak 
hand might be facilitated by training the 
non-paralysed hand80.

The role of sleep
Sleep has an important role in perceptual 
and motor learning, as it promotes consoli-
dation (FIG. 1). It has been reported that sleep 
can promote performance improvements 
and protect against interference1,11,26. One 
example of such protection against interfer-
ence is that sleep is thought to prevent dete-
rioration in performance that can develop 
during waking hours23,75,81–83 (see REF. 54 
for a review). Both consequences of sleep 
depend on training intensity23,84. The role 
of sleep in protection against interference 
has been shown in texture discrimination 
tasks but remains to be investigated in motor 
sequence tasks.

Sleep-dependent consolidation promotes 
offline perceptual learning. Indeed, a sleep 
study showed that overnight improvements 
in texture discrimination following train-
ing are strongly dependent on rapid eye 
movement (REM) sleep25. REM sleep may 
contribute to offline improvements through 
modulation of cholinergic neurotransmis-
sion85, possibly promoting long-term poten-
tiation (LTP)- and long-term depression 
(LTD)-related mechanisms84,86–88. Such mech-
anisms may also be active during other sleep 
stages82,89, as some studies have shown that 
the extent of texture discrimination learning 
is proportional to the duration of slow wave 
sleep (SWS) in the first quarter of the night 
and the duration of REM sleep in the last 
quarter of the night21,27. Additionally, it has 
been shown that these sleep effects are pre-
sent even after a 60–90-minute nap as long as 
it contains both SWS and REM sleep28.

In motor sequence learning, individu-
als can be explicitly informed before com-
mencing the task that they will be presented 
with a repeating sequence. For example, in 
a sequential finger-tapping task19, individu-
als are asked to tap a keyboard sequence 
that is displayed on a monitor as quickly 
and accurately as possible4. Offline motor 
sequence learning (explicit offline learn-
ing) that occurs in this paradigm relies on 
between-session sleep4,26,29,30, which suggests 
that higher-order brain areas associated 
with declarative knowledge (such as the hip-
pocampus) are involved in consolidation of 
the trained memory65,68.

In contrast to participants in this sequen-
tial finger-tapping task, individuals in the 

SRTT are not typically informed of the pres-
ence of a repeating sequence. Instead, they 
are instructed to respond to visual cues on a 
screen by tapping the appropriate  
key on a response box22. Offline learn-
ing that occurs in this paradigm (which is 
referred to as implicit offline learning) does 
not benefit from sleep90 but depends on the 
passage of time22. However, when the same 
SRTT is manipulated so that individuals 
gain explicit knowledge of the performed 
sequence, offline learning becomes sleep-
dependent22. Interestingly, implicit and 
explicit learning in the SRTT engage differ-
ent neural substrates9,91. For example, in a 
motor sequence learning study, the reaction 
time during implicit learning was associ-
ated with increased activity in the primary 
sensorimotor cortex, whereas during explicit 
learning, the reaction time correlated with 
activity in a frontoparietal network9,91. Such 
dissociation between the effects of sleep 
on explicit and implicit knowledge of the 
learned skill remains to be explored in the 
perceptual domain92.

As mentioned above, another facet of 
sleep’s influence on learning is its ability to 
allow recovery from the deterioration in 
performance that develops during waking 
hours23,82,83. Intensive perceptual training in 
texture discrimination can lead to a deterio-
ration in performance occurring between 
sessions that are separated by a few hours81,93 
and within a single training session23,94. This 
phenomenon is not due to local fatigue  
of the eye, as performance deterioration 
in the trained eye can be transferred to 
the untrained eye93,94. It was suggested that 
such deterioration in performance occurs 
when neural networks in early cortical 
visual areas become gradually saturated or 
undergo adaptation with repeated testing. 
The involvement of early visual areas in 
performance deterioration is supported by 
the finding that changes to the retinal area 
or stimulus orientation that are used in the 
task, which are both represented by early 
visual areas, prevent further deterioration 
in performance93,94. SWS during naps81 and 
overnight sleep74,75 prevented deterioration 
in the texture discrimination task. It has 
been proposed that SWS reduces percep-
tual deterioration through the downscaling 
of synaptic strength (which increases and 
saturates over wakefulness) to a level that is 
sustainable in terms of energy and tissue vol-
ume demands (this proposal is known as the 
synaptic homeostasis hypothesis74,75,54,95,96). 
Recently, it has been reported that perfor-
mance of motor sequences also deteriorates 
across waking hours and recovers after 

sleep83. Similar deterioration has also been 
reported using a tracking isometric pinch 
force task35, in which participants were 
trained to hold a force transducer between 
the right thumb and index finger in order to 
maintain a red cursor within a moving blue 
target on a computer screen. Participants 
exhibited reduced performance after 6 hours 
of training.

SWS may also enable efficient systems 
level consolidation by reactivating neuronal 
circuits implicated in the initial memory 
encoding, possibly promoting reorganization 
of the memory trace, which leads to more 
persistent memory representations17,54,97–99. 
As discussed above, generalization of learn-
ing may be achieved through interactions 
between M1 or V1 and higher-order brain 
regions68–71,86. In the visual domain, coor-
dinated interactions between V1 and the 
hippocampus during sleep100 may explain 
sleep-dependent generalization of learning74. 
Interestingly, it has also been shown that 
functional interactions involving the hip-
pocampus and striatum determine overnight 
consolidation of procedural motor memo-
ries65,68. Overall, sleep has an important role 
in both perceptual and motor learning not 
only by stabilizing the acquired memory and 
producing offline gains in performance but 
also by enabling a spatially distributed repre-
sentation of the encoded information across 
the brain54.

Importantly, the role of sleep stages in 
motor and perceptual learning may vary 
according to the study design and task. 
Although it is unreasonable to assume a 
complete dissociation between the roles 
of different sleep stages in learning, avail-
able data suggest that SWS may be more 
important in preventing perceptual memory 
deterioration, whereas REM sleep may have 
a more prominent role in enhancing offline 
improvements in perceptual skills. In the 
motor domain, SWS may have a role in 
strengthening visuomotor rotation learn-
ing95,101, whereas REM sleep and additional 
stages of non-REM sleep may be essential for 
motor sequence learning4,22,29,88,102.

Engaging higher-order brain areas
We have discussed the involvement of V1 and 
M1 regions in perceptual and motor learning, 
respectively3,12,13,19,58–61, and their contribu-
tion to learning specific physical properties 
or features of a task1,18,19,56,103–107. Nevertheless, 
as mentioned above, recent evidence has 
documented generalization of learning in 
both domains. In the visual system, per-
ceptual learning may transfer to untrained 
locations and orientations72–74, suggesting a 
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rule-based learning model in which higher-
order processing brain areas learn the rules 
of reweighting V1 inputs through training108. 
In the motor domain, intermanual transfer 
of motor sequence learning involves frontal 
regions, such as the supplementary motor 
area (SMA) and premotor cortex, as well as 
M1 (REFS 39,66,67,77) . Thus, interactions 
between primary cortical areas and higher-
order brain regions may contribute to the 
generalization of learning in both perceptual 
and motor domains66,67,72,73,77.

Such interactions may conceivably con-
tribute to the beneficial effects of reinforce-
ment or reward on procedural learning35,92. 
In the visual domain, individuals that had 
been deprived of food and water showed 
improved learning on a grating orienta-
tion discrimination task when training was 
paired with rewarding drops of water92. In 
the motor domain, individuals who were 
trained to pinch a force transducer in order 
to track a moving cursor when a monetary 
reward was given based on achieved per-
formance showed improved consolidation 
and long-term retention of performance 
gains measured 30 days after training35. 
The mechanisms underlying this effect may 
include the engagement of higher-order 

frontal areas that are involved in decision-
making in combination with M1 (REF. 109). 
It remains to be determined whether the 
effects of reward on consolidation, which are 
measured the day after the initial training 
day, and on long-term retention are driven 
by common mechanisms.

Higher-order brain areas are engaged dur-
ing motor learning as well as during percep-
tual learning of tasks that require processing 
of early visual representations69–71. Perceptual 
learning models proposed that changes in 
synaptic weighting influence the interaction 
between low- and high-level visual repre-
sentations73,108,110. These models may explain 
results showing that perceptual learning is 
more pronounced for stimuli that are pre-
sented at locations in the visual field to which 
a subject’s attention is directed111,112, suggest-
ing that attention mediated by higher-level 
visual areas determines which representa-
tions in lower visual areas undergo plasticity, 
thereby gating learning113. Thus, attention 
may guide plasticity in lower visual areas, 
which in turn enables learning.

The visual system has the ability to per-
ceive and recognize whole objects composed 
of basic individual visual elements by using 
visual cues (which are known as Gestalt 

Figure 2 | Interplay between primary cortical processing and higher-order brain areas. The 
primary visual cortex (V1) and primary motor cortex (M1) have important roles in perceptual and 
motor learning, respectively, by contributing to the retention of specific physical properties or fea-
tures of a task. Learning-induced modulation of tuning curves determines the preferred orientation 
for responding to lines and bars in V1 cells103 and the preferred direction for reaching movements 
in M1 cells106. However, higher-order brain areas involved in decision-making and reinforcement are 
also engaged in between-session performance improvements, enabling rule-based learning and 
generalization. In the motor domain, frontal regions such as the supplementary motor area (SMA) 
and premotor cortex (PMC), as well as M1, are involved in intermanual transfer of motor sequence 
learning39,66,67,77. The striatum and hippocampus, which are involved in offline motor learning, show 
sleep-dependent increased activity, as measured by functional MRI65,68. This engagement of higher-
order brain areas, which is well documented in motor learning, has also been shown in learning 
perceptual tasks that require processing in early visual areas69–71. Thus, perceptual learning engages 
not only areas within the ventral stream (for example, V4) and dorsal stream (for example, the medial 
temporal area) but also areas involved in decision-making, such as the lateral intraparietal area (LIP) 
and the anterior cingulate cortex (ACC).

grouping mechanisms). For example, it has 
been shown that detection of a visual target 
is facilitated by attention to nearby visual 
stimuli oriented similarly114. Therefore, the 
discussed interactions between early brain 
processing areas (such as V1) and higher-
order brain regions may contribute to 
perceptual learning by engaging attentional 
mechanisms that enhance the perception of 
whole objects using Gestalt grouping cues115. 
In motor learning, interactions between 
early and higher-order brain areas may sup-
port learning of complex sequences from 
discrete chunks (groups) of single move-
ments116. Thus, although the related primary 
cortical regions have an important role 
in consolidation of perceptual and motor 
learning, interactions between primary and 
higher-order brain regions may contribute to 
other aspects of learning, such as the ability 
to generalize the learnt information to differ-
ent or more complex stimuli or movement 
sequences (FIG. 2). More evidence in both 
domains is required to test this hypothesis.

Conclusions and future directions
As discussed here, motor and perceptual 
procedural learning show various similari-
ties. Thus, understanding the mechanisms 
underlying procedural learning in the motor 
domain may help to gain insight into the 
mechanisms that underlie procedural learn-
ing in the perceptual domain, and vice versa. 
Of note, it would be interesting to study the 
extent to which perceptual learning induces 
anatomical changes in the brain, which have 
been reported to occur in the microstructure 
of white matter during motor and spatial 
learning117–119. In addition, it would be inter-
esting to see whether our current knowl-
edge of perceptual learning could provide 
guidance as to the amount of training that 
is needed to optimize lasting retention of 
newly acquired motor skills74,75 and to exam-
ine how motor learning in one task can gen-
eralize to untrained tasks72,73,110. Developing a 
better understanding of learning generaliza-
tion could be of great relevance to clinical 
neurorehabilitation.

The similarities between visual and 
motor learning also suggest that procedural 
learning in humans follows a general mecha-
nism. Thus, it would be of interest to exam-
ine whether some of the between-domain 
similarities reviewed here are relevant to 
other sensory domains. For example, to 
what extent are the primary olfactory, tactile 
and auditory cortical regions involved in 
learning in their respective domains120–123? 
Commonalities in learning across vari-
ous sensory systems might have functional 
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advantages, allowing, for example, cross-
modal plasticity, in which plasticity in one 
modality could influence performance in 
a different modality124–128. Such plasticity 
could conceivably be facilitated by top-down 
attentional feedback control of interactions 
between higher-order brain areas and  
primary sensory cortices129.
Nitzan Censor is at the Human Cortical Physiology and 

Stroke Neurorehabilitation Section, National Institute 
of Neurological Disorders and Stroke, National 

Institutes of Health, Bethesda, Maryland 20892, USA.

Dov Sagi is at the Department of Neurobiology,  
Brain Research, The Weizmann Institute of Science, 

Rehovot, Israel.

Leonardo G. Cohen is at the Human Cortical Physiology 
and Stroke Neurorehabilitation Section, National 

Institute of Neurological Disorders and Stroke, 
National Institutes of Health, Bethesda,  

Maryland 20892, USA.

Correspondence to N.C. or L.G.C.  
e-mails: censorn@ninds.nih.gov; cohenl@ninds.nih.gov

doi:10.1038/nrn3315

1. Sasaki, Y., Nanez, J. E. & Watanabe, T. Advances in 
visual perceptual learning and plasticity. Nature Rev. 
Neurosci. 11, 53–60 (2010).

2. Dayan, E. & Cohen, L. G. Neuroplasticity subserving 
motor skill learning. Neuron 72, 443–454 (2011).

3. Karni, A. & Sagi, D. The time course of learning a 
visual skill. Nature 365, 250–252 (1993).

4. Walker, M. P., Brakefield, T., Morgan, A., Hobson, J. A. 
& Stickgold, R. Practice with sleep makes perfect: 
sleep-dependent motor skill learning. Neuron 35, 
205–211 (2002).

5. Lehéricy, S. et al. Distinct basal ganglia territories are 
engaged in early and advanced motor sequence 
learning. Proc. Natl Acad. Sci. USA 102,  
12566–12571 (2005).

6. Miyachi, S., Hikosaka, O., Miyashita, K., Kárádi, Z. & 
Rand, M. K. Differential roles of monkey striatum in 
learning of sequential hand movement. Exp. Brain 
Res. 115, 1–5 (1997).

7. Costa, R. M., Cohen, D. & Nicolelis, M. A. Differential 
corticostriatal plasticity during fast and slow motor 
skill learning in mice. Curr. Biol. 14, 1124–1134 (2004).

8. Yin, H. H. et al. Dynamic reorganization of striatal 
circuits during the acquisition and consolidation of a 
skill. Nature Neurosci. 12, 333–341 (2009).

9. Honda, M. et al. Dynamic cortical involvement in 
implicit and explicit motor sequence learning. A PET 
study. Brain 121, 2159–2173 (1998).

10. Floyer-Lea, A. & Matthews, P. M. Distinguishable  
brain activation networks for short- and long-term 
motor skill learning. J. Neurophysiol. 94, 512–518 
(2005).

11. Yotsumoto, Y., Chang, L. H., Watanabe, T. & Sasaki, Y. 
Interference and feature specificity in visual perceptual 
learning. Vision Res. 49, 2611–2623 (2009).

12. Censor, N., Dimyan, M. A. & Cohen, L. G. Modification 
of existing human motor memories is enabled by 
primary cortical processing during memory 
reactivation. Curr. Biol. 20, 1545–1549 (2010).

13. Muellbacher, W. et al. Early consolidation in human 
primary motor cortex. Nature 415, 640–644 (2002).

14. Brashers-Krug, T., Shadmehr, R. & Bizzi, E. 
Consolidation in human motor memory. Nature 382, 
252–255 (1996).

15. Cohen, D. A. & Robertson, E. M. Preventing 
interference between different memory tasks. Nature 
Neurosci. 14, 953–955 (2011).

16. Hung, S. C. & Seitz, A. R. Retrograde interference in 
perceptual learning of a peripheral hyperacuity task. 
PLoS ONE 6, e24556 (2011).

17. Dudai, Y. The neurobiology of consolidations, or, how 
stable is the engram? Annu. Rev. Psychol. 55, 51–86 
(2004).

18. Karni, A. & Sagi, D. Where practice makes perfect in 
texture discrimination: evidence for primary visual 
cortex plasticity. Proc. Natl Acad. Sci. USA 88,  
4966–4970 (1991).

19. Karni, A. et al. Functional MRI evidence for adult 
motor cortex plasticity during motor skill learning. 
Nature 377, 155–158 (1995).

20. Walker, M. P., Brakefield, T., Hobson, J. A. &  
Stickgold, R. Dissociable stages of human memory 
consolidation and reconsolidation. Nature 425,  
616–620 (2003).

21. Stickgold, R., James, L. & Hobson, J. A. Visual 
discrimination learning requires sleep after training. 
Nature Neurosci. 3, 1237–1238 (2000).

22. Robertson, E. M., Pascual-Leone, A. & Press, D. Z. 
Awareness modifies the skill-learning benefits of sleep. 
Curr. Biol. 14, 208–212 (2004).

23. Censor, N., Karni, A. & Sagi, D. A link between 
perceptual learning, adaptation and sleep. Vision Res. 
46, 4071–4074 (2006).

24. Robertson, E. M., Press, D. Z. & Pascual-Leone, A.  
Off-line learning and the primary motor cortex. 
J. Neurosci. 25, 6372– 6378 (2005).

25. Karni, A., Tanne, D., Rubenstein, B. S., Askenasy, J. J. 
& Sagi, D. Dependence on REM sleep of overnight 
improvement of a perceptual skill. Science 265,  
679–682 (1994).

26. Korman, M. et al. Daytime sleep condenses the time 
course of motor memory consolidation. Nature 
Neurosci. 10, 1206–1213 (2007).

27. Stickgold, R., Whidbee, D., Schirmer, B., Patel, V. & 
Hobson, J. A. Visual discrimination task improvement: 
a multi-step process occurring during sleep. J. Cogn. 
Neurosci. 12, 246–254 (2000).

28. Mednick, S., Nakayama, K. & Stickgold, R. Sleep-
dependent learning: a nap is as good as a night. 
Nature Neurosci. 6, 697–698 (2003).

29. Nishida, M. & Walker, M. P. Daytime naps, motor 
memory consolidation and regionally specific sleep 
spindles. PLoS ONE 2, e341 (2007).

30. Fischer, S., Nitschke, M. F., Melchert, U. H.,  
Erdmann, C. & Born, J. Motor memory consolidation in 
sleep shapes more effective neuronal representations. 
J. Neurosci. 25, 11248–11255 (2005).

31. Nader, K., Schafe, G. E. & Le Doux, J. E. Fear 
memories require protein synthesis in the amygdala 
for reconsolidation after retrieval. Nature 406,  
722–726 (2000).

32. Lee, J. L. Memory reconsolidation mediates the 
strengthening of memories by additional learning. 
Nature Neurosci. 11, 1264–1266 (2008).

33. Forcato, C. et al. Reconsolidation of declarative memory 
in humans. Learn. Mem. 14, 295–303 (2007).

34. Hupbach, A., Gomez, L., Hardt, O. & Nadel, R. 
Reconsolidation of episodic memories: a subtle 
reminder triggers integration of new information. 
Learn. Mem. 14, 47–53 (2007).

35. Abe, M. et al. Reward improves long-term retention of 
a motor memory through induction of offline memory 
gains. Curr. Biol. 21, 557–562 (2011).

36. Romano, J. C., Howard, J. H. Jr & Howard, D. V. One-
year retention of general and sequence-specific skills 
in a probabilistic, serial reaction time task. Memory 
18, 427–441 (2010).

37. Savion-Lemieux, T. & Penhune, V. B. The effects of 
practice and delay on motor skill learning and 
retention. Exp. Brain Res. 161, 423–431 (2005).

38. Krakauer, J. W. & Mazzoni, P. Human sensorimotor 
learning: adaptation, skill, and beyond. Curr. Opin. 
Neurobiol. 21, 636–644 (2011).

39. Grafton, S. T., Hazeltine, E. & Ivry, R. B. Motor 
sequence learning with the nondominant left hand. A 
PET functional imaging study. Exp. Brain Res. 146, 
369–378 (2002).

40. De Weerd, P. et al. Posttraining transcranial magnetic 
stimulation of striate cortex disrupts consolidation 
early in visual skill learning. J. Neurosci. 32,  
1981–1988 (2012).

41. Sun, F. T., Miller, L. M., Rao, A. A. & D’Esposito, M. 
Functional connectivity of cortical networks involved in 
bimanual motor sequence learning. Cereb. Cortex 17, 
1227–1234 (2007).

42. Miller, E. K. & Cohen, J. D. An integrative theory of 
prefrontal cortex function. Annu. Rev. Neurosci. 24, 
167–202 (2001).

43. Ahissar, M. & Hochstein, S. Attentional control of 
early perceptual learning. Proc. Natl Acad. Sci. USA 
90, 5718–5722 (1993).

44. Hikosaka, O., Nakamura, K., Sakai, K. & Nakahara, H. 
Central mechanisms of motor skill learning. Curr. 
Opin. Neurobiol. 12, 217–222 (2002).

45. Doyon, J. & Benali, H. Reorganization and  
plasticity in the adult brain during learning of  
motor skills. Curr. Opin. Neurobiol. 15, 161–167 
(2005).

46. Müller, G. Z. & Pilzecker, A. Experimental 
contributions to the science of memory. Z. Psychol. 1, 
1–300 (1900).

47. Seitz, A. R. et al. Task-specific disruption of  
perceptual learning. Proc. Natl Acad. Sci. USA 102,  
14895–14900 (2005).

48. Been, M., Jans, B. & De Weerd, P. Time-limited 
consolidation and task interference: no direct link. 
J. Neurosci. 31, 14944–14951 (2011).

49. Blumenfeld, B., Preminger, S., Sagi, D. & Tsodyks, M. 
Dynamics of memory representations in networks with 
novelty-facilitated synaptic plasticity. Neuron 52, 
383–394 (2006).

50. Preminger, S., Blumenfeld, B., Sagi, D. & Tsodyks, M. 
Mapping dynamic memories of gradually changing 
objects. Proc. Natl Acad. Sci. USA 106, 5371–5376 
(2009).

51. Zhang, J. Y. et al. Stimulus coding rules for perceptual 
learning. PLoS Biol. 6, e197 (2008).

52. Tanaka, S., Honda, M., Hanakawa, T. & Cohen, L. G. 
Differential contribution of the supplementary motor 
area to stabilization of a procedural motor skill 
acquired through different practice schedules. Cereb. 
Cortex 20, 2114–2121 (2009).

53. Song, S., Sharma, N., Buch, E. R. & Cohen, L. G.  
White matter microstructural correlates of superior 
long-term skill gained implicitly under randomized 
practice. Cereb. Cortex 22, 1671–1677 (2011).

54. Diekelmann, S. & Born, J. The memory function of 
sleep. Nature Rev. Neurosci. 11, 114–126 (2010).

55. Adini, Y., Sagi, D. & Tsodyks, M. Context-enabled 
learning in the human visual system. Nature 415, 
790–793 (2002).

56. Fahle, M. Perceptual learning: a case for early 
selection. J. Vis. 4, 879–890 (2004).

57. Rand, M. K., Hikosaka, O., Miyachi, S., Lu, X. & 
Miyashita, K. Characteristics of a long-term procedural 
skill in the monkey. Exp. Brain Res. 118, 293–297 
(1998).

58. Schwartz, S., Maquet, P. & Frith, C. Neural correlates 
of perceptual learning: a functional MRI study of visual 
texture discrimination. Proc. Natl Acad. Sci. USA 99, 
17137–17142 (2002).

59. Yotsumoto, Y., Watanabe, T. & Sasaki, Y. Different 
dynamics of performance and brain activation in the 
time course of perceptual learning. Neuron 57,  
827–833 (2008).

60. Censor, N., Bonneh, Y., Arieli, A. & Sagi, D. Early-
vision brain responses which predict human visual 
segmentation and learning. J. Vis. 9, 1–9 (2009).

61. Pourtois, G., Rauss, K. S., Vuilleumier, P. &  
Schwartz, S. Effects of perceptual learning on primary 
visual cortex activity in humans. Vision Res. 48, 
55–62 (2008).

62. Luft, A. R., Buitrago, M. M., Ringer, T., Dichgans, J. & 
Schulz, J. B. Motor skill learning depends on protein 
synthesis in motor cortex after training. J. Neurosci. 
24, 6515–6520 (2004).

63. Richardson, A. G. et al. Disruption of primary motor 
cortex before learning impairs memory of movement 
dynamics. J. Neurosci. 26, 12466–12470 (2006).

64. Reis, J. et al. Noninvasive cortical stimulation 
enhances motor skill acquisition over multiple days 
through an effect on consolidation. Proc. Natl Acad. 
Sci. USA 106, 1590–1595 (2009).

65. Albouy, G. et al. Both the hippocampus and striatum 
are involved in consolidation of motor sequence 
memory. Neuron 58, 261–272 (2008).

66. Perez, M. A. et al. Neural substrates of intermanual 
transfer of a newly acquired motor skill. Curr. Biol. 17, 
1896–1902 (2007).

67. Perez, M. A., Tanaka, S., Wise, S. P., Willingham, D. T. 
& Cohen, L. G. Time-specific contribution of the 
supplementary motor area to intermanual transfer of 
procedural knowledge. J. Neurosci. 28, 9664–9669 
(2008).

68. Debas, K. et al. Brain plasticity related to the 
consolidation of motor sequence learning and motor 
adaptation. Proc. Natl Acad. Sci. USA 107,  
17839–17844 (2010).

69. Law, C. T. & Gold, J. I. Neural correlates of perceptual 
learning in a sensory-motor, but not a sensory, cortical 
area. Nature Neurosci. 11, 505–513 (2008).

70. Law, C. T. & Gold, J. I. Reinforcement learning can 
account for associative and perceptual learning on a 
visual-decision task. Nature Neurosci. 12, 655–663 
(2009).

71. Kahnt, T., Grueschow, M., Speck, O. & Haynes, J. 
Perceptual learning and decision-making in  
human medial frontal cortex. Neuron 70, 549–559 
(2011).

P E R S P E C T I V E S

NATURE REVIEWS | NEUROSCIENCE  VOLUME 13 | SEPTEMBER 2012 | 663

© 2012 Macmillan Publishers Limited. All rights reserved



72. Xiao, L. Q. et al. Complete transfer of perceptual 
learning across retinal locations enabled by double 
training. Curr. Biol. 18, 1922–1926 (2008).

73. Zhang, J. Y. et al. Rule-based learning explains visual 
perceptual learning and its specificity and transfer. 
J. Neurosci. 30, 12323–12328 (2010).

74. Censor, N. & Sagi, D. Global resistance to local 
perceptual adaptation in texture discrimination.  
Vision Res. 49, 2550–2556 (2009).

75. Censor, N. & Sagi, D. Benefits of efficient 
consolidation: short training enables long-term 
resistance to perceptual adaptation induced by 
intensive testing. Vision Res. 48, 970–977 (2008).

76. Harris, H., Gliksberg, M. & Sagi, D. Generalized 
perceptual learning in the absence of sensory 
adaptation. Curr. Biol. (in the press).

77. Japikse, K. C., Negash, S., Howard, J. H. Jr &  
Howard, D. V. Intermanual transfer of procedural 
learning after extended practice of probabilistic 
sequences. Exp. Brain Res. 148, 38–49 (2003).

78. Cohen, D. A., Pascual-Leone, A., Press, D. Z. & 
Robertson, E. M. Off-line learning of motor skill 
memory: a double dissociation of goal and movement. 
Proc. Natl Acad. Sci. USA 102, 18237–18241  
(2005).

79. Witt, K., Margraf, N., Bieber, C., Born, J. & Deuschl, G. 
Sleep consolidates the effector-independent 
representation of a motor skill. Neuroscience 171, 
227–234 (2010).

80. Lin, K. C., Chen, Y. A., Chen, C. L., Wu, C. Y. &  
Chang, Y. F. The effects of bilateral arm training on 
motor control and functional performance in chronic 
stroke: a randomized controlled study. Neurorehabil. 
Neural Repair 24, 42–51 (2010).

81. Mednick, S. C. et al. The restorative effect of naps on 
perceptual deterioration. Nature Neurosci. 5,  
677–681 (2002).

82. Vyazovskiy, V. V., Cirelli, C., Pfister-Genskow, M., 
Faraguna, U. & Tononi, G. Molecular and 
electrophysiological evidence for net synaptic 
potentiation in wake and depression in sleep. Nature 
Neurosci. 11, 200–208 (2008).

83. Brawn, T. P., Fenn, K. M., Nusbaum, H. C. & 
Margoliash, D. Consolidating the effects of waking and 
sleep on motor-sequence learning. J. Neurosci. 30, 
13977–13982 (2010).

84. Walker, M. P. A refined model of sleep and the time 
course of memory formation. Behav. Brain Sci. 28, 
51–104 (2005).

85. Marrosu, F. et al. Microdialysis measurement of 
cortical and hippocampal acetylcholine release during 
sleep–wake cycle in freely moving cats. Brain Res. 
671, 329–332 (1995).

86. Mukai, I. et al. Activations in visual and attention-
related areas predict and correlate with the degree of 
perceptual learning. J. Neurosci. 27, 11401–11411 
(2007).

87. Frey, U. & Morris, R. G. Synaptic tagging and long-
term potentiation. Nature 385, 533–536 (1997).

88. Rasch, B., Gais, S. & Born, J. Impaired off-line 
consolidation of motor memories after combined 
blockade of cholinergic receptors during REM sleep-
rich sleep. Neuropsychopharmacology 34,  
1843–1853 (2009).

89. Bergmann, T. O. et al. A local signature of LTP- and 
LTD-like plasticity in human NREM sleep. Eur. 
J. Neurosci. 27, 2241–2249 (2008).

90. Song, S., Howard, J. H. Jr & Howard, D. V. Sleep does 
not benefit probabilistic motor sequence learning. 
J. Neurosci. 27, 12475–12483 (2007).

91. Schendan, H. E., Searl, M. M., Melrose, R. J. &  
Stern, C. E. An FMRI study of the role of the medial 
temporal lobe in implicit and explicit sequence 
learning. Neuron 27, 1013–1025 (2003).

92. Seitz, A. R., Kim, D. & Watanabe, T. Rewards evoke 
learning of unconsciously processed visual stimuli in 
adult humans. Neuron 61, 700–707 (2009).

93. Mednick, S. C., Arman, A. C. & Boynton, G. M. The 
time course and specificity of perceptual deterioration. 
Proc. Natl Acad. Sci. USA 102, 3881–3885 (2005).

94. Ofen, N., Moran, A. & Sagi, D. Effects of trial 
repetition in texture discrimination. Vision Res. 47, 
1094–1102 (2007).

95. Huber, R., Felice Ghilardi, M., Massimini, M. &  
Tononi, G. Local sleep and learning. Nature 430, 
78–81 (2004).

96. Tononi, G. & Cirelli, C. Sleep function and synaptic 
homeostasis. Sleep Med. Rev. 10, 49–62 (2006).

97. Rasch, B., Büchel, C., Gais, S. & Born, J. Odor cues 
during slow-wave sleep prompt declarative memory 
consolidation. Science 315, 1426–1429 (2007).

98. Diekelmann, S., Büchel, C., Born, J. & Rasch, B. Labile 
or stable: opposing consequences for memory when 
reactivated during waking and sleep. Nature Neurosci. 
14, 381–386 (2011).

99. Gais, S. et al. Sleep transforms the cerebral trace of 
declarative memories. Proc. Natl Acad. Sci. USA 104, 
18778–18783 (2007).

100. Ji, D. & Wilson, M. A. Coordinated memory replay in 
the visual cortex and hippocampus during sleep. 
Nature Neurosci. 10, 100–107 (2007).

101. Landsness, E. C. et al. Sleep-dependent improvement 
in visuomotor learning: a causal role for slow waves. 
Sleep 32, 1273–1284 (2009).

102. Rasch, B., Pommer, J., Diekelmann, S. & Born, J. 
Pharmacological REM sleep suppression paradoxically 
improves rather than impairs skill memory. Nature 
Neurosci.12, 396–397 (2009).

103. Godde, B., Leonhardt, R., Cords, S. M. & Dinse, H. R. 
Plasticity of orientation preference maps in the visual 
cortex of adult cats. Proc. Natl Acad. Sci. USA 99, 
6352–6357 (2002).

104. Bejjanki, V. R., Beck, J. M., Lu, Z. L. & Pouget, A. 
Perceptual learning as improved probabilistic 
inference in early sensory areas. Nature Neurosci. 14, 
642–648 (2011).

105. Gilbert, C. D., Sigman, M. & Crist, R. E. The neural 
basis of perceptual learning. Neuron 31, 681–697 
(2001).

106. Paz, R., Wise, S. P. & Vaadia, E. Viewing and doing: 
similar cortical mechanisms for perceptual and motor 
learning. Trends Neurosci. 27, 496–503 (2004).

107. Krakauer, J. W., Pine, Z. M., Ghilardi, M. F. & Ghez, C. 
Learning of visuomotor transformations for vectorial 
planning of reaching trajectories. J. Neurosci. 20, 
8916–8924 (2000).

108. Dosher, B. A. & Lu, Z. L. Perceptual learning reflects 
external noise filtering and internal noise reduction 
through channel reweighting. Proc. Natl Acad. Sci. 
USA 95, 13988–13993 (1998).

109. Kapogiannis, D., Campion, P., Grafman, J. & 
Wassermann, E. M. Reward-related activity in the 
human motor cortex. Eur. J. Neurosci. 27,  
1836–1842 (2008).

110. Hochstein, S. & Ahissar, M. View from the top: 
hierarchies and reverse hierarchies in the visual 
system. Neuron 36, 791–804 (2002).

111. Gutnisky, D. A., Hansen, B. J., Iliescu, B. F. & Dragoi, V. 
Attention alters visual plasticity during exposure-
based learning. Curr. Biol. 19, 555–560 (2009).

112. Kowler, E., Anderson, E., Dosher, B. & Blaser, E. The 
role of attention in the programming of saccades. 
Vision Res. 35, 1897–1916 (1995).

113. Baker, C. I., Olson, C. R. & Behrmann, M. Role of 
attention and perceptual grouping in visual statistical 
learning. Psychol. Sci. 15, 460–466 (2004).

114. Freeman, E., Sagi, D. & Driver, J. Lateral interactions 
between targets and flankers in low-level vision 
depend on attention to the flankers. Nature Neurosci. 
4, 1032–1036 (2001).

115. Wannig, A., Stanisor, L. & Roelfsema, P. R. Automatic 
spread of attentional response modulation along 
Gestalt criteria in primary visual cortex. Nature 
Neurosci. 14, 1243–1244 (2011).

116. Sakai, K., Kitaguchi, K. & Hikosaka, O. Chunking 
during human visuomotor sequence learning. Exp. 
Brain Res. 152, 229–242 (2003).

117. Landi, S. M., Baguear, F. & Della-Maggiore, V.  
One week of motor adaptation induces structural 
changes in primary motor cortex that predict long-

term memory one year later. J. Neurosci. 31,  
11808–11813 (2011).

118. Scholz, J., Klein, M. C., Behrens, T. E. &  
Johansen-Berg, H. Training induces changes in white-
matter architecture. Nature Neurosci. 12,  
1370–1371 (2009).

119. Sagi, Y. et al. Learning in the fast lane: new insights 
into neuroplasticity. Neuron 73, 1195–1203 (2012).

120. Zelano, C., Montag, J., Khan, R. & Sobel, N. A 
specialized odor memory buffer in primary olfactory 
cortex. PLoS ONE 4, e4965 (2009).

121. Jones, S. V., Choi, D. C., Davis, M. & Ressler, K. J. 
Learning-dependent structural plasticity in the adult 
olfactory pathway. J. Neurosci. 28, 13106–13111 
(2008).

122. Harris, J. A., Miniussi, C., Harris, I. M. & Diamond, 
M. E. Transient storage of a tactile memory trace in 
primary somatosensory cortex. J. Neurosci. 22, 
8720–8725 (2002).

123. Zhou, X. & Merzenich, M. M. Intensive training in 
adults refines A1 representations degraded in an early 
postnatal critical period. Proc. Natl Acad. Sci. USA 
104, 15935–15940 (2007).

124. Amedi, A., Floel, A., Knecht, S., Zohary, E. & Cohen, 
L. G. Transcranial magnetic stimulation of the occipital 
pole interferes with verbal processing in blind 
subjects. Nature Neurosci. 7, 1266–1270 (2004).

125. Bottari, D., Caclin, A., Giard, M. H. & Pavani, F. 
Changes in early cortical visual processing predict 
enhanced reactivity in deaf individuals. PLoS ONE 6, 
e25607 (2011).

126. Mao, Y. T., Hua, T. M. & Pallas, S. L. Competition and 
convergence between auditory and cross-modal visual 
inputs to primary auditory cortical areas. 
J. Neurophysiol. 105, 1558–1573 (2011).

127. Lomber, S. G., Meredith, M. A. & Kral, A. Cross-modal 
plasticity in specific auditory cortices underlies visual 
compensations in the deaf. Nature Neurosci. 13, 
1421–1427 (2010).

128. Cohen, L. G. et al. Functional relevance of cross-modal 
plasticity in blind humans. Nature 389, 180–183 
(1997).

129. McDonald, J. J., Teder-Sälejärvi, W. A., Di Russo, F. & 
Hillyard, S. A. Neural substrates of perceptual 
enhancement by cross-modal spatial attention. 
J. Cogn. Neurosci. 15, 10–19 (2003).

Acknowledgements
We thank E. Dayan for useful suggestions in relation to this 
manuscript. This work was supported by the Intramural 
Research Program of the National Institute of Neurological 
Disorders and Stroke (NINDS), US National Institutes of 
Health. N.C. was supported by an NINDS Competitive 
Fellowship.

Competing interests statement
The authors declare no competing financial interests.

FURTHER INFORMATION
Nitzan Censor’s homepage: http://neuroscience.nih.gov/
fellows/Fellow.asp?People_ID=2827
Dov Sagi’s homepage: http://www.weizmann.ac.il/home/
masagi/
Leonardo G. Cohen’s homepage: http://neuroscience.nih.
gov/lab.asp?Org_ID=71

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

P E R S P E C T I V E S

664 | SEPTEMBER 2012 | VOLUME 13  www.nature.com/reviews/neuro

© 2012 Macmillan Publishers Limited. All rights reserved

http://neuroscience.nih.gov/fellows/Fellow.asp?People_ID=2827
http://neuroscience.nih.gov/fellows/Fellow.asp?People_ID=2827
http://www.weizmann.ac.il/home/masagi/
http://www.weizmann.ac.il/home/masagi/
http://neuroscience.nih.gov/lab.asp?Org_ID=71
http://neuroscience.nih.gov/lab.asp?Org_ID=71

	Abstract | Fear is an emotion that has powerful effects on behaviour and physiology across animal species. It is accepted that the amygdala has a central role in processing fear. However, it is less widely appreciated that distinct amygdala outputs and do
	The amygdala as a switchboard for fear
	Figure 1 | Parallel circuits mediate fear of pain, predators and aggressive conspecifics. Fear of pain, fear of predators and fear of aggressive conspecifics are processed in three independent neural pathways that include subnuclei of the amygdala, hypoth
	Parallel downstream pathways for fear
	More to fear than fear
	A common system for fear memory
	Box 1 | Evolutionary conservation of fear circuits
	Implications for understanding human fear
	Abstract | The adult mammalian brain has a remarkable capacity to learn in both the perceptual and motor domains through the formation and consolidation of memories. Such practice-enabled procedural learning results in perceptual and motor skill improveme
	Commonalities in learning stages
	Box 1 | Texture discrimination and sequential finger-tapping tasks
	Figure 1 | Perceptual and motor learning. The texture discrimination and sequential finger-tapping tasks (BOX 1) are commonly used to study visual and motor procedural learning, respectively. Both tasks are characterized by within-session fast learning, w
	The role of sleep
	Engaging higher-order brain areas
	Figure 2 | Interplay between primary cortical processing and higher-order brain areas. The primary visual cortex (V1) and primary motor cortex (M1) have important roles in perceptual and motor learning, respectively, by contributing to the retention of sp
	Conclusions and future directions



