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Abstract

Motor cortex is important for motor skill learning, particularly the dexterous skills necessary for 

our favorite sports and careers. We are especially interested in understanding how plasticity in 

motor cortex contributes to skill learning. Although human studies have been helpful in 

understanding the importance of motor cortex in learning skilled tasks, animal models are 

necessary for achieving a detailed understanding of the circuitry underlying these behaviors and 

the changes that occur during training. We review data from these models to try to identify sites of 

plasticity in motor cortex, focusing on rodents as a model system. Rodent neocortex contains well-

differentiated motor and sensory regions, as well as neurons expressing similar genetic markers to 

many of the same circuit components in human cortex. Furthermore, rodents have circuit mapping 

tools for labeling, targeting, and manipulating these cell types as circuit nodes. Crucially, the 

projection from rodent primary somatosensory cortex to primary motor cortex is a well-studied 

corticocortical projection and a model of sensorimotor integration. We first summarize some of the 

descending pathways involved in making dexterous movements, including reaching. We then 

describe local and long-range circuitry in mouse motor cortex, summarizing structural and 

functional changes associated with motor skill acquisition. We then address which specific 

connections might be responsible for plasticity. For insight into the range of plasticity mechanisms 

employed by cortex, we review plasticity in sensory systems. The similarities and differences 

between motor cortex plasticity and critical periods of plasticity in sensory systems are discussed.
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INTRODUCTION

Clinicians, neuroscientists, and the laity hope to understand how the brain learns and 

generates the amazing range of complex motor behaviors necessary for dance, music, 

martial arts, and surgery. This is of interest not only as a pursuit of pure knowledge, but also 
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because of the absence of effective ways to address the fragility of our brains in cases of 

aging, injury, and neurodegeneration. The major brain areas involved in motor control and 

procedural skill learning, including primary motor cortex (M1), have been identified via 

electrical microstimulation, lesions, neurophysiological recordings, imaging, and more 

targeted manipulations. Each brain area (see “Descending Motor Command Pathways for 

Reaching”) consists of multiple intermingled cell types connected in specific ways. 

Neuroscientists generally agree that motor skill learning (also called procedural learning) 

occurs via changes in the underlying circuitry, such as changes in circuit connectivity, 

synaptic strength, and neuronal excitability, but many specifics have thusfar been elusive. In 

part, this is because the underlying circuitry is not fully known.

M1 contains a vast array of pyramidal neuron types, organized by cortical layer and 

projection target, as well as many types of local inhibitory interneurons. The responses of 

these cell types change during learning. We hypothesize that changes in circuit connectivity 

in M1 contribute to the changes in neuronal responses during procedural learning. 

Identifying changes in connectivity and excitability of these cell types has been difficult 

since these changes may involve only a subset of neurons specifically involved in the 

behavior. Thus, our review focuses on the local and long-range connectivity of M1, as well 

as how it might change during motor skill learning.

Although humans and primates display a much richer diversity of skilled movements, rodent 

models present an advantageous model for elucidating relevant circuit changes during motor 

learning. Like primates, rodents have an agranular M1 and the rodent cortex contains the 

same major laminae as primate neocortex. But unlike primates, specific mouse lines exist to 

label, excite, and manipulate genetically defined cell types, including the major classes of 

interneurons and pyramidal cells. Adjacent forelimb M1 has similar local circuit 

connectivity to whisker M1 (Hooks et al., 2011; Lefort et al., 2009; Weiler et al., 2008) and 

thus both are attractive research areas. Furthermore, rodent M1 has prominent long-range 

input from many of the same brain areas as primate, including motor thalamus and 

somatosensory cortex. These projections are useful for studying cell-type specific 

connectivity of these areas. Thus, mouse M1 will provide much of the background for this 

review.

DEFINITION OF MOTOR SKILL LEARNING

Motor skill learning, also known as procedural learning, is the improvement in speed, 

accuracy, or consistency of a movement with training. For some tasks, this is preceded by 

perceptual training (to distinguish between cues) and learning of sensorimotor association 

(to link the stimulus to the proper behavioral output) that involve different circuits (Makino 

et al., 2016). Sensorimotor aspects include the integration of incoming sensory information 

(extero- or intero-receptive) into movement execution to produce a consistent movement or 

to adapt to changing demands online. During motor skill learning, forward models assist in 

generating an estimate of the body’s state during movement as well, though at a faster 

timescale than integration of sensory information (Scott, 2016).
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Learning is strongly associated with changes in the brain’s processing. Learning dexterous 

movements, such as reaching, coincides with plasticity in motor cortex (M1). Coarsely, this 

plasticity includes increases in M1 representation area for the trained muscles associated 

with the skill. At the systems level, motor skill learning may result in changes in the locus of 

action selection from cortical to subcortical circuits. At the local circuits level, 

representation of movements in specific cell types, including corticospinal-projecting 

pyramidal cells, are enhanced, and reweighting of synaptic connections occurs, including 

changes in excitatory corticocortical and thalamocortical inputs as well as plasticity in local 

interneurons. Though these general principles seem to hold across different types of motor 

skill learning, procedural memories form over multiple timescales and different types of 

skills may require input from different structures or plasticity at different foci in M1.

A RANGE OF SKILL LEARNING TASKS

Motor skills vary in the precision and accuracy required to complete the task, the complexity 

of the planned movement sequence, and the musculature involved in movement execution. 

Thus, these skills may engage distinct neural mechanisms for learning and control. Motor 

skills are linked with behaviors requiring motor coordination, manual dexterity, or balance. 

Increased difficulty leads to longer training to a specified performance criterion, and the 

fewer individual subjects will reach that criterion across a population. Expertise in motor 

skill performance can be defined as a task that is so difficult that only a select few in a 

population can execute it, even after extensive training.

Different types of motor skills have evolved in mammals and they can be categorized by the 

ways in which the nervous system implements them. Locomotion is an example of a 

phylogenetically primitive motor skill, but is unique as it is achieved through specialized 

spinal cord central pattern generators (MacKay-Lyons, 2002). Despite this property, in rats 

and mice acrobatic tasks requiring balance and coordination (e.g. the rotarod task) have 

successfully been used to study motor skill learning (Carrillo et al., 2013; Jones et al., 1999; 

Lee et al., 2013; Shiotsuki et al., 2010). Another primitive motor skill is reaching, having 

evolved in mammals from behaviors such as scooping and wiping in frogs and mammals 

(Iwaniuk and Whishaw, 2000). Reaching is deceptively simple, involving both proximal and 

distal musculature, as well as grasping behavior (Whishaw and Pellis, 1990). With the 

evolution of increasing dexterity in the primate hand, came unique topographic organization 

of M1 (Rathelot and Strick, 2009), and the ability to perform skilled, complex motor 

sequences with the fingers, such as finger tapping (Yu and Tomonaga, 2015). This ability 

seems to be unique to primates; however, rodents can produce limited individuated digit 

movement (Alaverdashvili and Whishaw, 2008). The ability to learn ethologically relevant 

skilled motor sequences for reward has been demonstrated in pigeons (Helduser and 

Gunturkun, 2012) and rodents (Robbins, 2002). Working dogs and pets are also capable of 

learning to perform a series of tricks in order to earn a range of rewards.

In studying motor skill learning, Doyon and Ungerleider emphasize the distinction between 

sequential movements and motor adaptation (Doyon, 2002). Sequential movements require 

learning short sequence elements and chaining them together into an action sequence 

(Diedrichsen and Kornysheva, 2015) while motor adaptation requires the use of sensory and 
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proprioceptive feedback to adapt to changing environmental conditions. Examples of motor 

skill tasks that have sequential movement components are finger tapping (Karni et al., 1995) 

and the serial reaction time task (Robertson 2007). Examples of motor adaptation tasks are 

prism adaptation, reaching in force fields, visuomotor adaptation, and grip force adaptation 

(Doyon, 2002). Reaching requires sequential coordination of distal and proximal muscles, 

including the muscles of the shoulder, arm, and hand, but its individual components can be 

made subject to motor adaptation (i.e. reaching in force fields). The synaptic loci of motor 

skill learning in M1 may differ depending on the requirements of sequential movements 

versus motor adaptation.

In a recent paper from the Olveczky laboratory, rats were trained to press a lever after an 

interval of 700 ms following an initial lever press, a skilled motor sequence task. Lesions of 

M1 after attaining asymptotic performance did not affect performance of this task. However, 

lesions made prior to learning prevented rats from learning the appropriate interval (Kawai 

et al., 2015). Interestingly, to learn the interval time, individual animals repeated different 

forelimb motor patterns in between the two lever presses, preventing comparison of 

stereotyped trajectories across animals. As the individual’s motor skill became more 

‘procedural’ or ‘habitual’ with repeated across-session experience, the cortical contribution 

to execution may have diminished. Consistent with this, dopamine in M1 has been shown to 

be necessary for learning a skilled reaching task, but not performance of the task once 

learned (Hosp et al., 2011). Across-session training in the lever press task may have 

emphasized corticothalamic pathways, particularly those connecting M1 to dorsolateral 

striatum (Yin et al., 2009). The study by Kawai et al. establishes that M1 is required to learn 

but not execute motor sequences that do not involve dexterous movements; however, a 

different story emerges for the execution of dexterous tasks involving forelimb reaching.

An important property of motor skill learning is that it can be ‘cached’ into a stored 

stimulus-response sequence that follows the top-down command of M1. By this, it is meant 

that M1 can ‘release’ an action sequence (Redish, 2013) stored in the synaptic weights of 

motor pathways. In support of this view, Guo et al. found that optogenetically releasing M1 

from inhibition often triggered a reaching event in well-trained mice even in the absence of 

sensory cues (Guo et al., 2015). Their results demonstrated that M1 activity is necessary and 

sufficient for executing a dexterous motor skill.

TIME COURSE OF LEARNING

For complicated skills requiring multiple sessions of training to acquire, improvements can 

be observed both during a single session (within-session learning) as well as across sessions 

(across-session learning; Dayan and Cohen, 2011; Karni et al., 1998; Luft and Buitrago, 

2005; Figure 1). Generally, smaller incremental improvements in performance are observed 

within-session while larger more stable improvements in performance are observed across-

session. Depending on the difficulty of the task, within-session learning may only be 

observable during the first session (easy task), or across multiple early sessions (difficult 

task). Corresponding physiological changes presumably underlie these improvements, but 

these changes may occur at different connections within the circuit or in different brain 

structures.
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For both the within- and across-session components, there is evidence that M1 plays a 

crucial role in learning. Recordings from mouse M1 during initial learning of a rotarod task 

show increased recruitment of task-related M1 neurons during the first session of training 

(Costa et al., 2004). During earlier sessions on a sequential finger tapping task, it was found 

that a larger extent of human M1 was activated by the first of two sequences in a trial, but 

that during later sessions BOLD activity in M1 was higher for the trained sequence 

regardless of whether it occurred first or second in the set (Karni et al., 1995). This work 

suggests that during earlier sessions a ‘habituation-like’ mechanism dominated M1 

activation, resulting in reduction of activity from a second (similar) finger tapping sequence, 

but that this effect was replaced during later sessions as more M1 neurons were recruited 

into a network specific to the trained motor sequence. These results suggest that there are 

two phases of learning, a within-session component that is sequence-dependent and an 

across-session component that is sequence-independent. In the human finger tapping task, 

the disappearance of sequence-dependent activation occurred over a similar timescale to 

activity changes in areas projecting to M1, suggesting that the switch from sequence-

dependent to -independent reflected a change in inputs to M1. Long-term potentiation (LTP) 

in M1 has been linked to the within-session component of motor skill learning. Within-

session improvements in M1 TMS-evoked training-dependent movements were blocked by 

administration of an NMDA receptor blocker or GABAA receptor-activating drug (Butefisch 

et al., 2000), suggesting that within-session improvements in performance were due to LTP 

in M1. Drugs were administered systemically, and the effects in M1 could be a result of 

primary changes outside of M1, though the authors suggest that the similarities in training 

kinematics and baseline TMS-evoked potentials across conditions argue against the 

possibility of nonspecific global changes in cortical or subcortical excitability. Furthermore, 

reduction in local inhibition in M1 using the GABA antagonist bicuculine in anesthetized 

rats resulted in modification of movement evoked from intracortical electrical stimulation on 

a short timescale (Jacobs and Donoghue, 1991), similar to the reorganization seen after 

motor skill learning (see “Circuit Loci for Learning in Motor Cortex”). The expansion of 

motor maps as a result of motor skill learning persists in M1 for several days following skill 

acquisition, but is reversible (Nudo et al., 1996) and transient (Molina-Luna et al., 2008), 

suggesting that it is a labile process. Within-session learning effects may likewise be labile. 

For example, human subjects’ reaching performance in a resistive force field was impaired 

after training in a second force field, if training in the second condition occurred within 5 

hours (Shadmehr and Brashers-Krug, 1997).

The within-session component of learning is limited by factors including attention, fatigue, 

and motivation. One difficulty in interpretation of within-session learning is ‘warm-up’ 

effects. These likely have physiological and attentional causes. An abrupt increase in activity 

from rest can perhaps cause physiological changes in response properties of stretch receptors 

in tendons or muscles that alter primarily proprioceptive feedback from Golgi organs or 

muscle spindles (Hoffman, 2002). The attentional component of motor skill learning is 

particularly important in tasks requiring coordination or timing, such as sequential finger 

tapping tasks or fixed-interval lever press tasks, but increased attention may not be beneficial 

for performance of other types of skilled learning tasks (Wulf, 2007). Attentional 

improvement versus detriment may parallel the classification of sequential movements 
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versus motor adaptation. Motivation may likewise influence the time course of learning 

(Haibach, 2011; Mosberger et al., 2016).

In contrast to within-session learning, the across-session component of motor skill learning 

is hypothesized to be dependent on practice (physical repetition of trials or mental practice), 

consolidation during sleep, and physiological limitations on peak performance. Mental 

practice is thought to improve motor skill performance, depending on the task (Driskell, 

1994). Sleep has been shown to lead to large improvements in a sequential finger-tapping 

task in a manner independent of the amount of practice-dependent learning (Walker et al., 

2003). An equivalent amount of non-practice time without sleep did not lead to the 

improvement in performance that was observed following sleep (Walker et al., 2002). Over 

many repetitions of a motor task, subcortical habitual decision-making mechanisms in 

striatum may be engaged, which allow faster, more stereotyped movements (van der Meer et 

al., 2012). Indeed, a literature beyond the scope of this review exists that studies the 

differences in striatal processing as a function of training time (Lehericy et al., 2005; 

Miyachi et al., 2002; Yin et al., 2009).

Since within-session and across-session components of motor skill learning seem to occur 

on distinct timescales, it is likely that the underlying neural mechanisms and, possibly, the 

loci of plasticity are different. Many studies in mice are designed to better capture these 

longer timescale processes, as invasive assessments of changes in rodent circuitry generally 

occur at the end of training paradigms. The question of how stable representations are during 

performance and training has long been of interest (Chestek et al., 2007; Li et al., 2001; 

Padoa-Schioppa et al., 2004; Schmidt et al., 1976). More recently, chronic tracking of 

structural (Xu et al., 2009; Yang et al., 2009) and physiological changes (Chen et al., 2015; 

Huber et al., 2012; Peters et al., 2014) permit examination of these changes at multiple 

phases of learning.

DESCENDING MOTOR COMMAND PATHWAYS FOR REACHING

Contralateral forelimb M1 lesions impair forelimb dexterity in rodents, specifically forelimb 

reaching. This includes, in the rodent, an inability to pronate the paw over the food and an 

inability to supinate the paw to place food into the mouth. Perhaps surprisingly, in the 

Whishaw lesion studies grasping is spared (Whishaw, 2000; Whishaw et al., 1991). This 

contradicts the finding that inactivation of the rodent rostral forelimb area with a cooling 

probe (Brown and Teskey, 2014) produces specific deficits in grasping, independent of 

reaching deficits observed during inactivation of the caudal forelimb area. In the Whishaw 

(2000) study, increasing lesion size produces larger performance deficits, though all lesions 

targeted both rostral and caudal forelimb areas. In monkeys, an M1 lesion disrupts grasping 

in a more pronounced way than in rodent, though the deficit is dependent on the type of 

grasping (e.g. precision grasping versus power grasping; Savidan et al., 2017). Depending on 

the extent of cortical damage, partial recovery of reaching success can be achieved by use of 

compensatory movements of the shoulder and trunk (Cirstea and Levin, 2000; Whishaw, 

2000). Use of mirror movements of the opposite hand can also facilitate recovery (Cauraugh 

and Summers, 2005; Whishaw, 2000). These compensatory movements may be more 
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effective for shorter-distance reaches, as specific deficits in longer-distance reaches were 

observed following M1 lesions (Montoya et al., 1991).

Recent work suggests that the reticulospinal tract (originating in the brainstem pontine 

reticular formation) mediates this functional recovery after corticospinal tract damage 

(Baker, 2011), but see (Alstermark and Pettersson, 2014) for evidence that reticulospinal 

pathways are necessary and sufficient for successful reaching behavior in rodents. 

Alternately, side switching of ipsilateral corticospinal tract fibers by blocking Nogo-A in the 

cervical spinal cord followed by training on a forelimb reaching task results in nearly 

complete functional recovery (Wahl et al., 2014). Unilateral lesion of the corticospinal tract 

at the level of the medullary pyramid (pyramidal tract) in rats causes a permanent (~20–

40%) decrease in skilled reaching performance (Whishaw et al., 1993). However, this lesion 

may have also disrupted cortical input to reticulospinal neurons (e.g. the pontine reticular 

formation). Similarly, in monkeys, lesion of the pyramidal tract (Figure 2) cause muscle 

weakness and permanent impairments to fine motor movements, including grasping and 

reaching (Lawrence and Kuypers, 1968; Lemon et al., 2012).

The interplay between direct innervation of motoneurons and indirect motor commands via 

spinal interneurons may differentially mediate reaching behavior in rodent versus primate. In 

primates, propriospinal neurons receive convergent input from the four major descending 

motor pathways: the cortico-, rubro-, reticulo-, and tectospinal tracts (Alstermark and Isa, 

2012). There is also direct cortical innervation of motoneurons (Landgren et al., 1962). In 

rodents, there is some evidence for direct cortical innervation of motoneurons (Grinevich et 

al., 2005; Hori et al., 2002; Liang et al., 1991), but these results are controversial 

(Alstermark et al., 2004; Yang and Lemon, 2003). A recent study suggests that direct 

cortical innervation of motoneurons exists in juvenile mice but that these connections are 

pruned during development. These connections persist into adulthood in a genetically 

modified strain of mouse that lacks PlexA1 signaling (Gu et al., 2017). PlexA1 mice were 

found to have superior manual dexterity than wild type controls. However, another study that 

severed corticospinal pathways at the level of the C1–C2 spinal segment suggests that 

reaching in rodents is not even dependent on the corticospinal tract at all, and may be wholly 

dependent on reticulospinal pathways (Alstermark and Pettersson, 2014). From this 

standpoint, disruption of M1 would affect reaching only indirectly, through modulation of 

reticulospinal brainstem pathways. Clearly further research is necessary to clarify the role of 

the rodent corticospinal pathways in reaching behavior.

In rodents, different cortical and subcortical circuits mediate the reach phase versus the 

grasp phase of skilled reaching. During the reach phase of forelimb reaching, limb position 

is regulated by feedback signals through cerebellar circuits. A subset of excitatory 

propriospinal interneurons in the C2-Th1 level of the spinal cord (V2a interneurons) 

innervate both motor neurons of the forelimb and, through an ascending pathway, the 

precerebellar lateral reticular nucleus. The Jessell lab (Azim et al., 2014) showed that 

ablation of these V2a interneurons impaired reaching but preserved digit extension and 

horizontal ladder walking movements in mice, revealing that skilled forelimb reaching 

includes an ascending cerebellar relay. In contrast, the grasp phase of forelimb reaching is 

mediated by Ia3 glutamatergic interneurons of the spinal cord, which receive cutaneous 
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afferent input from the forelimb. Genetic removal of glutamate transmission from Ia3 

interneurons results in deficits in grip strength in adults and the forepaw grasp reflex in 

neonatal animals (Bui et al., 2013). Descending motor commands from the medullary 

reticular formation ventral part (MvdM) have also been shown to be necessary for the grasp 

phase of skilled reaching. MvdM, which connects to specific forelimb motor neuron pools as 

well as cervical glutamatergic spinal interneurons (likely including Ia3 interneurons), sends 

descending excitatory input from L5 M1 cells, superior colliculus, red nucleus, and deep 

cerebellar nuclei. Silencing of glutamatergic output from MvdM results in decreased 

performance on accelerating rotarod and in the grasping phase of a single-pellet reaching 

task (Esposito et al., 2014). The differentiation between reach and grasp phases is preserved 

at different stages of the motor hierarchy, potentially including cortex. A dissociation of 

reaching and grasping was observed following inactivation of the rostral forelimb area 

(causing grasping impairment) versus the caudal forelimb area (causing reaching 

impairment) using a cooling probe (Brown and Teskey, 2014), further suggesting that 

different circuitry is required for reaching and grasping.

ORGANIZATION OF EXCITATORY CONNECTIVITY IN MOTOR CORTEX

Local circuits

Differences in local circuit organization of primary motor and sensory cortices are of interest 

in understanding the degree to which different cortical areas are specialized for different 

tasks. Motor cortex is cytoarchitecturally distinct from adjacent posterior S1 due to the 

absence of a granular L4 (Shipp, 2005). This is in contrast to sensory areas, where L4 is the 

principal thalamorecipient layer (Sherman and Guillery, 2006). The major intracortical 

connections of sensory areas, including somatosensory (Lefort et al., 2009) and visual 

cortices (Binzegger et al., 2004; Douglas and Martin, 2004), are characterized by a powerful 

translaminar projection from L4 to L2/3. A modified version of the ascending L4 to L2/3 

projection exists from RORβ+ neurons (a marker for L4 cells), which are present, though 

not tightly packed in a granular layer, in lateral motor cortical regions (Yamawaki et al., 

2014). The local circuitry of M1 (Figure 3) is thus modified compared to S1 and other 

sensory areas, with the major translaminar projection originating in a relatively thin L2/3 

(Brodmann, 1909) and projecting to L5 (Weiler et al., 2008). This recapitulates the L2/3 to 

L5 projection found across cortical areas (Hooks et al., 2011; Figure 3B). Local circuitry, 

however, is quite layer- and cell-type specific. The descending L2/3 projection targets lower 

L5A corticostriatal neurons and upper L5B corticospinal neurons (Anderson et al., 2010), 

but not the lower L5B neurons. These two classes of cells, also called intratelencephalic (IT-

type) and pyramidal tract-type (PT-type; Shepherd, 2013) respectively, are hierarchically 

organized to funnel M1 signals to output neurons (PT-type cells). The distinct output 

pathways of IT- and PT-type neurons are shown in Figure 2. IT-type cells can be subdivided 

by layer, as neurons with IT-type projections are found in L2/3, L5A, L5B, and L6 (Figure 

3C). IT-type neurons in L5A and L5B form connections with other IT-type neurons, and 

project to PT-type cells, but PT-type neurons do not connect to L5 IT-type cells (Kiritani et 

al., 2012). Collectively, this suggests that M1 is organized such that some local processing 

can occur in upper layers, before being fed forward to corticofugal output neurons. A similar 
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local circuit funnels the output of local IT-type cells to L6 corticothalamic (CT-type) 

neurons.

Long range inputs

During motor skill learning, procedural memories are thought to be encoded in changes to 

the synaptic weights of M1 inputs as well as its local circuits. Although long-range inputs to 

M1 have been studied for many decades (Strick, 1970), the advent of ChannelRhodopsin-2 

(ChR2; Boyden et al., 2005) for circuit mapping has made the quantification of functional 

input strength for specific classes of input quite accessible. ChR2 can be introduced into 

neurons by viral vectors, in utero electroporation, or transgenic expression. Specificity can 

be achieved by either stereotaxic injections or Cre-dependent mechanisms combined with 

Cre-driver lines (Atasoy et al., 2008). Following sufficient opsin expression and axonal 

transport, long-range projections are excitable even in in vitro slice preparations (Petreanu et 

al., 2007) and can be quantified to assess synaptic connectivity. This is especially useful in 

cortical areas, as these areas contain a variety of cell types in different layers and a wide 

range of cortical and thalamic inputs. Recordings from individual neurons are helpful in 

elucidating the specific connectivity since, for many cell types, the strength of connectivity 

is highly specific and not simply proportional to the overlap of axons and dendrites 

(Shepherd et al., 2005). Defining baseline strength is somewhat difficult for cell types whose 

inputs show a great deal of paired-pulse facilitation and depression (Beierlein et al., 2003). 

Thus it is useful to have some idea of the short-term plasticity of the connections as well.

With the exception of brainstem neuromodulatory systems, virtually all long-range input to 

M1 originates in thalamus or other cortical areas, and is exclusively glutamatergic. A 

number of retrograde tracing studies have helped to identify the major inputs to M1. In 

rodents, these thalamic inputs include motor thalamic nuclei such as VA-VL, posterior 

sensory nuclei including PO, and ventromedial (VM) thalamus (Deschenes et al., 1998; 

Herkenham, 1980; Kuramoto et al., 2009; Kuramoto et al., 2015; Ohno et al., 2012). These 

are of interest because they are the main conduit through which the output of subcortical 

motor learning systems such as basal ganglia and cerebellum will influence cortical 

computations (Alexander et al., 1986; Kuramoto et al., 2009; Middleton and Strick, 2000). 

These axons differentially target distinct layers of M1 (Herkenham, 1980; Hooks et al., 

2013; Kuramoto et al., 2009; Yamawaki and Shepherd, 2015), with weights indicated for 

pyramidal neurons in Figure 3. Synaptic weights for VM input are not included. In general, 

sensory projections (PO) target upper layers (L2/3 and L5A), while motor thalamic output 

also targets deeper layers (L5B; Hooks et al., 2013). As will be detailed below, 

thalamocortical inputs have different plasticity rules than corticocortical inputs. Although 

only a subset of these inputs have been studied in learning paradigms, they, along with 

cortical inputs described below, are included in our figure of putative sites for synaptic 

plasticity in M1 during motor skill learning (Figure 3).

Corticocortical inputs to M1 include posterior-originating cortical inputs thought to convey 

somatosensory information, the most numerous originating in primary (Mao et al., 2011) 

and secondary (Suter and Shepherd, 2015) somatosensory cortex. Spatial information from 

dorsal hippocampus can reach M1 via retrosplenial and posterior parietal cortex (Yamawaki 
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et al., 2016). This information may be useful for aiming during reaching by processing 

proprioceptive feedback (Desmurget et al., 1999). Visual information also reaches rodent 

M1, including Area A of the dorsal stream (Wang et al., 2012). As in primate, frontal cortex 

projects to primary motor areas in rodents, including dorsal regions as well as orbitofrontal 

ones (Reep et al., 1990; Rouiller et al., 1993). Of interest, these frontal areas specifically 

target different pyramidal neuron populations than sensory inputs, including cell types 

conveying descending output to the thalamus, brainstem, and spinal cord (Hooks et al., 

2013). It is worth noting that these frontal areas (M2 and OC in Figure 3) are hierarchically 

similar to premotor areas in primate, though not quite equivalent to secondary 

somatosensory (S2) or visual (V2) areas in sensory processing. M1 integrates a wide range 

of cortical and thalamic inputs, which impinge on excitatory (and potentially inhibitory) cell 

types in each layer and offers many putative sites for plasticity during motor learning.

CIRCUIT LOCI FOR LEARNING IN MOTOR CORTEX

One major means by which we hypothesize motor learning is stored in motor circuitry is via 

long-lasting changes in the strength and connectivity of synapses (Kandel and Spencer, 

1968). Circuit mapping helps provide putative sites of changes, but identifying the actual 

loci of these changes is difficult. The challenges include (1) identifying the specific 

connection to examine and (2) accurately identifying the pre- and postsynaptic cell types by 

genetic means, laminar position, projection pattern, or response pattern. An additional hurdle 

is that changes may be specific to subsets of neurons involved in the task, not general to all 

neurons of a given type, which makes identifying the neuron’s response type or task 

involvement important. Thus tools that allow the labeling and manipulation of specific 

subsets of neurons defined by their pattern of activity will be valuable (Barth et al., 2004; 

Fosque et al., 2015; Hayashi-Takagi et al., 2015; Ramirez et al., 2015; Sorensen et al., 2016; 

Wang et al., 2017). Furthermore, while following response patterns over time is possible 

with long-term imaging or chronic recording methods, tracking changes in connectivity as a 

function of learning is difficult, since whole cell recording in vivo is only possible for a short 

period of time. Insight into M1 plasticity at the systems level is possible without methods 

that address plasticity at the synaptic level, however. Large scale changes in M1 

representations occur with substantial manipulations or injuries, resulting in cortical 

remapping to alter the representation of the affected body (Wittenberg, 2010). Below we 

discuss mechanisms of cortical remapping in M1 as a result of task-specific manipulations.

Following training on a skilled reaching task, the caudal forelimb area of rat M1 shows an 

increase in the representation of the digit and wrist areas in response to intracortical 

microstimulation (Kleim et al., 1998). Similar expansion in the monkey forelimb area (at the 

expense of digit representation) of M1 has been observed following training on a key-

turning task, whereas increased digit expansion is observed (at the expense of forearm 

representation) following a small object retrieval task requiring manual dexterity (Nudo et 

al., 1996). Depending on the parameters of this intracortical microstimulation, simple or 

complex movements may be elicited (Bonazzi et al., 2013; Brown and Teskey, 2014; Kleim 

et al., 2002a). Blocking intracortical glutamate transmission prevents elicitation of complex 

movements from intracortical microstimulation without eliminating basic motor map 

topography (Harrison et al., 2012). It is not known whether intracortical microstimulation 
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activates synaptic afferents to M1 neurons (Jankowska et al., 1975; Tehovnik, 1996; Tolias et 

al., 2005), directly activates M1 neurons (Histed et al., 2009), or, more likely, both at 

differing ratios depending on stimulus parameters such as stimulus intensity, frequency, and 

electrode placement. Future testing with optogenetic methods combined with biophysical 

modeling may be able to clarify this point. Importantly, the expansion in M1 representation 

is not simply a result of increased use, as lever-pressing (Kleim et al., 1998) and wheel 

running (Kleim et al., 2002b) or reaching for an unattainable pellet (Kleim et al., 2004) do 

not result in increased forelimb representation in M1.

Additionally, ablation of basal forebrain cholinergic inputs prevents map reorganization and 

impairs learning on a skilled reaching task (Conner et al., 2003). This data suggests that 

motor skill learning is accompanied by an expansion in the somatotopically-related M1 

region in an acetylcholine-dependent manner, though it is still unclear how this functional 

organization might represent a motor engram for procedural learning, as has been suggested 

(Whishaw, 2000; Monfils et al., 2005). It may be that a greater percentage of the total 

computational power of M1 is brought to bear during learning a new task. The increased 

output from M1 L5 might, in turn, be necessary for driving plasticity in downstream 

structures or for initiating consolidation. The role of complex movement elicitation, while 

unclear, seems more consistent with M1 ‘releasing’ a stored action (Guo et al., 2015) when 

the cortex is released from inhibition.

It also remains to be seen whether expansion of motor cortical maps is a short term 

phenomena or whether it persists and is intimately tied to long term gains in performance. 

Our prediction is that previously established expansions will be ‘masked’ following 

retraining on a different task but ‘re-emerge’ quickly following renewed training on a 

previously learned task (Linkenhoker and Knudsen, 2002; Linkenhoker et al., 2005). It 

seems possible that M1 can handle multiple competing representations simultaneously 

depending on the current demands placed on the animal, and that it would be able to flip 

back and forth between learned states, expanding its representational space (and therefore its 

processing power) to flexibly adapt to changing demands.

Hyperpolarization-activated Cyclic Nucleotide–gated (HCN) channels (Ih current), which 

are highly expressed in L5 pyramidal cells, especially corticospinal neurons (Sheets et al., 

2011), may be necessary to induce a dynamic cortical state where cortical representations 

become more labile during learning, allowing functional expansion of cortical motor maps. 

Infusion of an HCN blocker into the caudal forelimb area of rat M1 causes an increase in 

errors in a skilled reaching task, as well as eliciting more complex movements as a result of 

intracortical microstimulation (Boychuk et al., 2017). The errors were primarily in the reach 

advance and grasping phases, with errors in grasping potentially suggesting that the rostral 

forelimb area was also impacted by the HCN blocker. It is not known whether these errors 

were a result of an inability to learn the proper reaching sequence or if HCN blockers would 

have impaired performance of pre-trained animals as well, since infusion of saline and drug 

was done in a counterbalanced manner across days and not sequentially. We suggest that the 

HCN blockade interfered with learning a skilled reaching sequence by preventing ‘fine 

tuning’ of synaptic weights onto L5 M1 corticospinal neurons. Implicit in this suggestion is 
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that increased cortical representations, in fact, hide more complex dynamics, revealed by an 

evaluation of spine plasticity.

The mechanisms underlying M1 remapping may include changes in dendritic or axonal 

arborization and connectivity. Large scale changes in dendritic arborization have been shown 

in L2/3 and L5 pyramidal neuron populations during motor learning (Greenough et al., 

1985; Withers and Greenough, 1989), and these changes are specific to the pyramidal 

neurons involved in the task (Wang et al., 2011; Figure 4A). However, these are difficult to 

integrate into our understanding of circuit changes since the associated changes in 

connectivity are not clear. However, structural correlates of motor learning certainly do 

suggest changes in connectivity. Specifically, dendritic spines are among the likely structural 

substrate of changes in excitatory connectivity subserving long-term memories (Yang et al., 

2009). The ability to image spines chronically during learning has led to the insight that new 

spine formation is associated with motor learning. New spines form and persist on pyramidal 

neurons involved in motor tasks across a range of skills, from reaching and grasping (Xu et 

al., 2009) to lever pressing (Peters et al., 2014) to locomotion on the rotarod (Hayashi-

Takagi et al., 2015; Yang et al., 2009). Note that this contrasts with the motor map expansion 

data which does not show an increase in represented area during lever pressing (Kleim, et al, 

1998). One explanation is that the degree of large scale reorganization varies with the 

demands of the task, and that changes in connectivity associated with spine dynamics are 

sufficient to support learning some skills, such as lever pressing, but not others, such as 

forelimb reaching. Spine plasticity also involves both L2/3 (Peters et al., 2014) and L5 

pyramidal neurons (Xu et al., 2009; Yang et al., 2009). New spines associated with these 

tasks are clustered on the same dendritic branch (Fu et al., 2012), and acquisition of distinct 

skills leads to clustering on distinct dendritic branches (Yang et al., 2014; Figure 4B).

It is of interest then, to identify the presynaptic partners of these new contacts and from the 

range of inputs seen in Figure 3, and understand how they are potentiated. For example, both 

S1 and motor thalamus (VL) projections to M1 have inputs whose responses are plastic in 

response to patterned stimulation or motor learning (Baranyi and Feher, 1981; Sakamoto et 

al., 1987). The suggested learning rule is that S1 inputs to L2/3 pyramidal neurons undergo 

synapse-specific plasticity, while inputs from thalamus require paired stimulation with S1 

inputs (Iriki et al., 1989; Kaneko et al., 1994). Interestingly, these changes in synaptic 

strength are restricted to a subset of neurons (Baranyi and Feher, 1978): the M1 neurons 

involved in the movement (Biane et al., 2016). Local excitatory circuit changes in vitro are 

also implicated in the neural substrate of motor skill learning (Aroniadou and Keller, 1995), 

such as changes in synaptic strength of L2/3 horizontal connections. Skilled reaching results 

in increased amplitude of evoked field excitatory post-synaptic potentials (fEPSPs) in 

pyramidal cells of the forelimb area of L2/3 rat M1 compared to untrained controls (Rioult-

Pedotti et al., 1998). In a follow up study, evoked long term potentiation in trained rats was 

smaller, and evoked LTD was larger, indicating that the larger fEPSPs were due to LTP 

induction (Rioult-Pedotti et al., 2000). Furthermore, this plasticity is regulated by inhibitory 

transmission (Hess et al., 1996; Hess and Donoghue, 1994). This data suggests that 

strengthening of local connections within M1 is a result of motor skill learning.
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In contrast to excitatory connectivity, synaptic changes in inhibitory circuitry during motor 

skill learning have received less attention (though note Hess et al., 1996; Hess and 

Donoghue, 1994). The local connectivity of interneurons in L5 of M1 is described (Apicella 

et al., 2012), though a comprehensive map across all layers is lacking. As inhibition is 

critical in regulating plasticity in sensory areas (see below), we hypothesize that inhibition 

plays a comparable role in regulating M1 plasticity. Interneurons in cortex do not have 

spines, but changes in their synaptic output can be monitored by imaging their axons and 

quantifying changes in axonal bouton density and persistence. For example, while learning a 

lever press task, axonal boutons of somatostatin-positive (SOM+) neurons in M1 were 

generally eliminated during the early sessions of task learning (Chen et al., 2015). These 

neurons are low-threshold spiking cells whose axons typically target distal dendrites of 

pyramidal neurons. In contrast, axonal boutons of fast-spiking parvalbumin-positive (PV+) 

neurons are generally added during the early phases of skill learning, only to later be 

eliminated. This suggests that plasticity in multiple interneuron classes might play a role in 

regulating M1 plasticity, though distal dendritic spines (in similar laminae to SOM+ axons) 

show greater dynamics during learning than proximal (perisomatic) ones (Chen et al., 2015). 

SOM dynamics may be part of the neural instantiation of motor skill learning in M1, while 

PV+ interneurons may be more involved in maintaining homeostatic plasticity (Chen et al., 

2015), synchronizing inputs across structures (Bartos et al., 2007), or facilitating ongoing 

network consolidation (Ognjanovski et al., 2017).

PLASTICITY IN SENSORY CORTICES

How do the specific synaptic changes in M1 associated with motor skill learning compare to 

plasticity in other cortical areas as a result of learning? It is well established that plasticity in 

sensory cortex occurs during specific windows in early life called critical periods (Hensch, 

2004). Is cortical plasticity in M1 also subject to a critical period during development, or is 

plasticity in M1 able to be turned on and off throughout the lifetime of the animal?

In either case, we can potentially learn a great deal about plasticity in M1 by studying the 

mechanisms of plasticity in sensory areas. The mechanisms of cortical plasticity have 

received great attention in sensory areas, especially primary visual and somatosensory areas. 

In part, this is due to the ease of developing extreme modulations of incoming sensory 

activity for these areas, including those designed to (1) block most of the incoming sensory 

information, as by visual deprivation or whisker trimming, as well as (2) those designed to 

establish an activity-dependent competition between sources of input, such as monocular 

deprivation or single whisker trimming (Hubel and Wiesel, 1970; Simons and Land, 1987). 

Although the early work in these systems was done in a range of mammals, such as cat, 

ferret, primate, and rodent, studies are now converging on mice, as the genetic tools for cell-

type specific recording and manipulation proliferate in this model, and advantages remain in 

the accessibility for imaging, recording, and injection. The developmental critical periods 

are well-defined in primary visual (V1) and somatosensory (S1) cortices across a variety of 

species (Hensch, 2004). These have not been as well defined for motor skills, though there is 

a convincing relationship between expertise and the age at which skill learning begins 

(Ericsson, 1993). Indeed, it is interesting to speculate whether or not M1 has an analogous 

critical period. Our speculation is that the developmental timing of circuit plasticity in M1 
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may be of longer duration, perhaps throughout the lifespan of the animal. Furthermore, the 

degree of plasticity that can be evoked may differ across motor areas from sensory areas.

As in M1, the large numbers of cortical circuit elements and interconnections raises the 

possibility that changes at many synapses underlie the plasticity associated with sensory 

deprivation. Within V1 and S1, these include three major feedforward excitatory connections 

(the principal thalamocortical inputs to L4, the ascending L4->L3 connections, and the 

descending L2/3->L5 projection), three major within-layer connections (horizontal 

connections of L4, L2/3, and L5), and the ascending projection from L5 to L2/3 (Binzegger 

et al., 2004; Douglas and Martin, 2004; Hooks et al., 2011; Lefort et al., 2009). These 

connections are proposed as possible loci of changes in synaptic weights.

The major manipulation used to induce plasticity in V1, monocular deprivation (MD), 

establishes competition between the inputs of the deprived and non-deprived eye in regions 

of V1 where they overlap. MD then causes a shift in the degree to which a given V1 neuron 

responds to the deprived and non-deprived eye, generally with a gain of responsiveness to 

the non-deprived eye, while losing responsiveness to the deprived eye. This shift is called 

ocular dominance (OD) plasticity. OD plasticity is much greater during a developmental 

critical period (Hubel and Wiesel, 1970). OD plasticity onsets rapidly (<1 day of 

deprivation) in layers extragranular layers (L2/3 and L5/6; Trachtenberg et al., 2000). 

Depression of deprived eye responses is the most rapid (Mrsic-Flogel et al., 2007), while 

potentiation of the non-deprived eye responses occur over several days (Frenkel and Bear, 

2004). LTD of inputs in both L4 and L2/3 is occluded in V1 following visual deprivation 

(Heynen et al., 2003), though evidence connecting these long-term changes in synaptic 

strength to specific presynaptic inputs is not yet conclusive. At least in part, this due to 

reorganization of connectivity within L2/3 pyramidal cells, which show significant increases 

in connectivity between neurons with similar orientation preference in the two weeks 

following eye opening (Ko et al., 2013; Ko et al., 2011), and this connectivity can be 

manipulated by visual deprivation (Ko et al., 2014). Lateral connectivity in L2/3 is also 

implicated in barrel cortex plasticity (reviewed in Fox, 2002). Visual deprivation also alters 

excitatory synaptic strength between L4 neurons, though only early in development (Maffei 

et al., 2006; Maffei et al., 2004). Changes in thalamocortical input do occur (Antonini et al., 

1999; Antonini and Stryker, 1993), but these gross changes occur more slowly than changes 

in local circuit connectivity. Long-range corticocortical connectivity between higher visual 

areas and V1 (Glickfeld et al., 2014; Wang and Burkhalter, 2007) is beginning to be 

described, and it will be exciting to see how plasticity in these long-range pathways 

contributes to V1 plasticity.

One of the most exciting findings in V1 plasticity is that the triggering of the critical period 

for plasticity is dependent on the development of GABAergic inhibition (Fagiolini and 

Hensch, 2000; Hensch et al., 1998). Specifically, enhancement of early GABAergic 

development or developmental delays could manipulate the opening and subsequent closure 

of the critical period. Consistent with this, visual deprivation strengthens inhibitory 

connections between fast-spiking (presumed PV+) interneurons and L4 cells (Maffei et al., 

2006). In vivo observations during deprivation suggest the change in responsiveness is due 

to a reduction in local excitatory input to PV+ interneurons (Kuhlman et al., 2013). 
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Coincidentally, plasticity in inhibitory output from PV+ neurons, but not SOM+ cells, is also 

activity regulated (Xue et al., 2014). Thus, there is considerable reason to believe that 

GABAergic circuitry will play an important role in M1 plasticity as well (Hess and 

Donoghue, 1994). An important question to address is, ‘How does GABAergic connectivity 

and processing in M1 differ from that in V1 such that new motor skills can be learned 

throughout life?’ Alternately, during perceptual learning, ‘Is there an analogous increase in 

the computational output from V1 as demonstrated by increased representation in L5, as is 

seen in M1?’

FUTURE PROSPECTS FOR UNDERSTANDING THE CIRCUIT MECHANISMS 

OF MOTOR CORTEX PLASTICITY

There is a substantial gap between our current knowledge and what we seek to understand 

about the mechanisms of plasticity underlying motor skill learning in M1. In the future, we 

would like to understand how plasticity is regulated at each node of the circuit across 

different timescales of skill learning, possibly involving independent mechanisms across 

varying brain structures. For clinical reasons, this might be useful in helping patients recover 

function following a stroke or lesion. In other disorders, such as focal motor dystonias, 

aberrant sensorimotor plasticity may contribute to the dysfunction (Hamani et al., 2006; 

Lenz et al., 1999). This understanding might more generally provide insight into the means 

by which the cortex retains plasticity in the adult, since our experience suggests that humans 

learn new motor skills long past the critical period of V1.

So, what questions can be answered in the near term? We need 1) to use motor skills such as 

dexterous reaching that highlight the unique contribution of M1 and the descending 

corticospinal tract, 2) to identify synaptic changes in M1 responsible for within-session 

versus across-session learning and 3) to use mapping approaches that examine multiple loci 

simultaneously. First, we focus on tasks of sufficient skill that M1 is required for rodents to 

learn and execute them. This may more closely approximate the situation in humans, who 

suffer profound deficits following M1 stroke late in life. Second, it would be best to know 

these changes for a given point in the learning curve, starting with the mechanisms 

responsible for across-session improvements in performance, as these are thought to be more 

permanent. Similar methodologies might later be helpful in elucidating transient changes 

during within-session improvements, as might occur during an initial training session. It is 

of general interest how performance varies throughout a training session, as understanding 

the neural basis of performance as a function of time would be valuable in a number of 

competitive athletic endeavors. Third, we need mapping approaches that examine multiple 

loci – the inputs from defined presynaptic populations to defined postsynaptic targets. In 

mice, Cre-driver lines make an excellent start for interneurons (Hippenmeyer et al., 2005; 

Taniguchi et al., 2011) as well as pyramidal cells (Gerfen et al., 2013). But more rapid 

methods for quantification of synaptic strength would be desirable to test multiple inputs 

simultaneously. A means of tracking synaptic strength changes over time to a given neuron 

would be at the top of the neuroscience tools wish list. Furthermore, although genetic 

specificity is helpful, it would be ideal to know about changes in connectivity to neurons 
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with defined responses, as has been accomplished in challenging experiments in visual areas 

(Bock et al., 2011; Ko et al., 2011).

Studies already completed have suggested these changes will occur at many loci, and thus, 

knowing the details of the molecular mechanisms underlying them will be useful, especially 

if they occur at neuron types with specific genetic subtypes that offer the chance for 

manipulation. In the near future, the synaptic changes in which we are most interested are 

those involving specific interneuron subtypes. Since GABAergic cells are already 

established as crucial determinants of the onset and closure of plasticity in S1, it will be 

interesting to learn if they play a similar role in agranular M1, or whether the role of 

GABAergic activity in M1 is fundamentally different. Furthermore, as it is not clear that M1 

has a sharply defined critical period closure, it will also be interesting to learn how plasticity 

in M1 might be differentially developmentally regulated. As some of the technology and 

models available for circuit investigation include those for targeting GABAergic neurons, 

the next decade of work may illuminate this issue.
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ABBREVIATIONS

AAV Adeno-associated virus

C2 Second cervical (level of spinal cord)

ChR2 ChannelRhodopsin-2 (light-sensitive ion channel)

fEPSP Field Excitatory Post-Synaptic Potential

GABA gamma-Aminobutyric Acid (an inhibitory neurotransmitter)

HCN Hyperpolarization-activated cyclic nucleotide-gated (a class of ion channels)

IT Intratelencephalic-type pyramidal neuron (One subtype of L5 pyramidal 

neuron)

L2/3 Cortical layer 2/3 (also L4, L5A, L5B, L6)

LTD Long-term depression

LTP Long-term potentiation

ms Millisecond

M1 Primary motor cortex

M2 Secondary motor cortex (a frontal cortical area)

MD Monocular deprivation
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MvdM Medullary reticular formation (ventral part)

NMDA N-methyl-D-aspartate (a subset of ionotropic glutamate receptors)

OC Orbital cortex (a frontal cortical area)

OD Ocular dominance

PO Posterior thalamic nucleus (higher order somatosensory thalamus)

PT Pyramidal tract-type pyramidal neuron (One subtype of L5 pyramidal 

neuron)

PV Parvalbumin (a marker for a subset of cortical fast-spiking GABAergic 

interneurons)

RSC Retrosplenial cortex

S1 Primary somatosensory cortex

SOM Somatostatin (a marker for a subset of cortical regular-spiking GABAergic 

interneurons)

Th1 First thoracic (level of spinal cord)

TMS Transcranial Magnetic Stimulation

V1 Primary visual cortex

VA Ventral anterior thalamic nucleus (motor thalamus)

VL Ventrolateral thalamic nucleus (motor thalamus)

VM Ventromedial thalamic nucleus (motor thalamus)
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The highlights of this work include

• Description of motor learning tasks and the timecourse of acquisition

• Description of the major descending pathways involved in fine motor control

• Description of local and long-range connectivity of primary motor cortex

• Identification of loci where motor cortex circuitry may change during learning

• Comparison of motor cortex plasticity to critical period plasticity in sensory 

areas
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Figure 1. Timecourse of motor skill learning
During motor skill learning, the animal’s performance improves with an increase in spatial 

or temporal precision of the movement or success rate on the task. Improvement is not linear 

over all attempts, but shows certain variability in its timecourse. These variables include 

within-session learning (left), which may include a ‘warm-up’ effect. Within-session 

learning is expected to be the greatest during the initial training session (Karni et al., 1998). 

Across-session learning also occurs. This is believed to require rest or sleep to consolidate 

the gains of practice (Li et al., 2017; Yang et al., 2014). Within-session variation is possible, 

even after performance reaches a plateau due to factors such as attention and motivation.
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Figure 2. Major central nervous system regions involved in control of the motor system
The cortical region most directly involved in the initiation and control of movement is the 

primary motor cortex (M1). Its subcortical descending pathways, originating in L5 

pyramidal tract-type (PT-type, blue) neurons, contribute axons to the corticospinal tract 

which terminate on interneurons in the brainstem and spinal cord (and, in primates, may 

directly contact motoneurons that target the distal musculature controlling fingers). These 

axons also target subcortical motor nuclei, such as the red nucleus and brainstem reticular 

formation, which serve as the origin of the descending rubrospinal and reticulospinal tracts. 

Axonal collaterals target structures including the pontine nuclei, the superior colliculus, the 

basal ganglia, and the thalamus. Alternatively, intratelencephalic neurons (IT-type, green) in 

M1 target other cortical areas and ipsi- and contralateral striatum. Basal ganglia (red) and 

cerebellum (gold) form two major loops which via their output to motor thalamus can 

influence M1 and thus motor function. Arrows indicate the proposed laminae in M1 targeted 

by these areas (L2/3, L5A, and L5B, respectively).
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Figure 3. Major local and long-range excitatory connections in M1
(A) Local excitatory connections between pyramidal neurons are illustrated in a connectivity 

matrix based on laser scanning photostimulation with glutamate uncaging (Hooks et al., 

2011; Weiler et al., 2008). Presynaptic neurons are represented on the x-axis and 

postsynaptic pyramidal neurons are represented on the y-axis, with white lines marking 

rough laminar boundaries. The intense hotspot represents descending projections from L2/3 

to L5A and L5B. (B) The excitatory-excitatory connectivity map is drawn as a cartoon with 

intralaminar and translaminar connection strength illustrated as arrow thickness. Pyramidal 

neurons are color-coded by projection type, matching panel (C). (C) Local circuits include 

substantial cell-type specificity. Pyramidal neuron cell-type is illustrated with different 

colors for different neurons within different layers. Cell-types send long-rang projections to 

specific targets (bottom). The major local projections are indicated as arrows. Orange arrows 

from L2/3 neurons indicate intralaminar connectivity as well as outputs to L5A and L5B 

neurons. IT-type neurons are subdivided into groups by layer (2/3, 5A, 5B, and 6). PT-type 

neurons and CT-type neurons generally receive input from other cell-types but do not send 

strong output back to these neurons in the local circuit. Specific connectivity of distinct 

neuron types is reviewed in (Shepherd, 2013). (D) L2/3, L5A, and L5B (shades of gray) 

illustrated in pink (intralaminar connections) and gold (translaminar connections). L6 

neurons not illustrated. Long-range input from a number of thalamic and cortical projections 

is summarized. Sensory projections from parietal areas, including S1 (Mao et al., 2011), S2 

(Suter and Shepherd, 2015), and retrosplenial cortex (RSC; Yamawaki et al., 2016), as well 

as sensory thalamus (Hooks et al., 2013) are shown in cool colors at right. Frontal cortex 

projections from secondary motor cortex (M2) and orbital cortex (OC) as well as motor 
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thalamus (VA and VL; Hooks et al., 2013) are shown in hot colors at left. Size of arrowheads 

is proportional to amplitude of excitatory inputs to pyramidal neurons.
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Figure 4. Structural and synaptic sites of plasticity in M1 during motor skill learning
A range of sites for cortical plasticity have been examined. Structural sites include (A) 

changes in the size of the dendritic arbor (black arrows) of pyramidal neurons in the 

topographic region where plasticity occurs (Greenough et al., 1985; Withers and Greenough, 

1989). Gray arrow and arrowhead in (A) indicate addition and elimination of dendritic 

surface possible during plasticity. (B) Changes in spine addition (green and cyan), 

elimination (red X), and stabilization (Xu et al., 2009; Yang et al., 2009) occur, including 

differences in apical and basal locations (Peters et al., 2014) and branch specificity or 

clustering (dark green versus light green; Fu et al., 2012; Yang et al., 2014). (C) Structural 

changes in interneuron axons, including addition (+) or loss (X) in an interneuron subtype-

specific manner (Chen et al., 2015) are also reported. (D) We illustrate here the putative 

changes in local, horizontal, and long-range inputs as a result of motor skill learning. Long-

range inputs that may change include (1) S1 inputs to L2/3 neurons and (2) VL inputs to 

L2/3 neurons (Baranyi and Feher, 1981; Iriki et al., 1989; Kaneko et al., 1994; Sakamoto et 

al., 1987), albeit with distinct learning rules for corticocortical and thalamocortical plasticity. 

Changes within motor cortex include L2/3 (3) local (Aroniadou and Keller, 1995) and (4) 

long-range horizontal connections (Hess et al., 1996; Hess and Donoghue, 1994; Rioult-

Pedotti et al., 2000; Rioult-Pedotti et al., 1998). Other intralaminar (pink) and translaminar 

(gold) local connections are also putative sites of synaptic changes.
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