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Summary

To date, studies have demonstrated the dynamic influence of exogenous environmental stimuli on 

multiple regions of the brain. This environmental influence positively and negatively impacts 

programs governing myelination, and acts on myelinating oligodendrocyte (OL) cells across the 

entire human lifespan. Developmentally, environmental manipulation of OL progenitor cells 

(OPCs) has profound effects on the establishment of functional cognitive, sensory, and motor 

programs. Furthermore, central nervous system (CNS) myelin remains an adaptive entity in 

adulthood, sensitive to environmentally induced structural changes. Here, we discuss the role of 

environmental stimuli on mechanisms governing programs of CNS myelination under normal and 

pathological conditions. Importantly, we highlight how these extrinsic cues can influence the 

intrinsic power of myelin plasticity to promote functional recovery.

Why study the environmental effects on myelination and myelin 

generation?

The strength, duration, and timing of environmental experience influences plasticity in brain 

circuitry [1,2]. This complex circuitry is comprised of a network of communication cables 

called axons- which connect neurons in one region of the brain to another, and are coated in 

a fatty substance called myelin. By ensheathing axons in multiple concentric layers of 

membrane, myelin allows for the rapid and accurate conduction of nerve impulses [3]. 

Myelin is crucial for proper brain function throughout life and its integrity is continuously 

refined in response to environmental stimuli [4]. Importantly, loss of or damage to myelin 

impairs nerve conduction and often leads to cognitive, motor, and behavioral deficits [5], 

which constitute substrates of a wide variety of neurological diseases. The majority of 

neurodevelopmental disorders are associated with defects in microstructural organization of 

the white matter (WM) - likely involving abnormalities in developmental myelination [6]. In 

the vertebrate CNS, new myelin is made by OLs that derive from a large pool of precursors 

called oligodendrocyte progenitor cells (OPCs) [7]. Proliferation and differentiation of OPCs 

into myelin producing cells continues well into adulthood [8]. Myelin growth can also be 

reinitiated from OPCs in the adult, as mature myelin sheaths are wrapped with additional 

layers of membrane [9]. Alterations in myelin are modifiable by environmental experience 
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during critical windows of structural remodeling and functional adaptation (Box 1.). This 

plasticity is regulated by intrinsic and extrinsic signals that coordinate to control myelination 

programs in both the healthy and pathological brain [10], and are key to optimizing myelin 

function.

This concept of adaptive myelination - the OL as a plastic entity, is in stark contrast to our 

traditional understanding of OLs as “second fiddle” to other central cell types, and capable 

only of passive electrical insulation of axons [11]. In fact, we have readily departed from the 

“limitations” of OLs as a static cell type; rather, we now understand that OLs establish a 

crucially important partnership with axons to modulate their metabolic function [12], and 

that myelin participates in the remodeling of brain circuitry according to experience [4]. 

Changes in myelin thickness also influence the velocity of neuronal communication [13]. 

This dynamic feedback loop between myelin plasticity and neuronal excitability is crucial 

for the elaboration and stabilization of neuronal circuitry, helps strengthen motor and 

cognitive function, and permits the acquisition of new skills and memories in children and 

adults. However, the influence of the environment on myelination is not yet fully 

understood. This review aims to underscore the inherent dynamic capabilities of OLs, and to 

further elucidate programs of environmentally-induced myelin plasticity in brain. 

Championing the environment to empower the structure and function of WM provides an 

avenue through which experiences become embedded in measurable patterns of myelination.

Oligodendrocyte development

In humans, OL development occurs between 23 and 37 weeks gestational age, and continues 

postnatally until adolescence [14]. In the postnatal brain, OPCs undergo a highly regulated 

yet impressionable developmental process to become mature, myelinating cells that closely 

interact with axons to facilitate the process of myelination. Many of these OPCs migrate into 

a region of the brain called white matter (WM), which occupies almost half the volume of 

the human brain [15]. Region-specific patterns of myelination correspond to developmental 

behavioral and functional milestones, starting with homeostatic function of the brain and 

later progressing to cognitive and executive function [16]. Advancement through this 

developmental series is orchestrated by multiple cues - both cell autonomous and non-

autonomous - that facilitate OL lineage progression in a timely fashion. This transcriptional 

system of checks and balances include, but are not limited to- DNA binding proteins, micro-

RNAs, and transcription factors mediated by changes to the chromatin architecture. As 

reviewed by Mitew et al., OPCs and OLs also receive important developmental signals from 

other cells in the WM that activate intracellular pathways and OL transcription (Mitew, 

2014). These coordinated efforts work to activate genes that promote differentiation, and 

repress those genes that prevent it [17].

Chromatin remodeling regulates OL development by either covalent modification of 

histones to activate/silence genes, or ATP-dependent remodeling. The latter is facilitated by 

enzymes that restructure the nucleosome to alter DNA accessibility during transcription, 

replication, and DNA repair [18,19]. In the former, histone deacetylation is induced by 

secreted morphogens like Sonic hedgehog (Shh)- which promotes OL differentiation, and 

blocked by bone morphogenic proteins (BMPs), such as BMP4, that opposes Shh and 
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inhibits OL specification. [20,21]. This differential regulation of histone acetylation and 

chromatin structure is important in OL lineage progression during development and 

remyelination efficiency in disease. Further, these epigenetic changes are dynamic, and 

strongly influenced by environmental factors like social isolation [22].

OL lineage gene expression is controlled by a host of transcription factors. These work in 

unison to engineer the specification, differentiation, and maturation of OLs in a stage-

specific manner during normal development. Transcriptional regulation of OL development 

has been recently and comprehensively reviewed [17]; therefore, we will only briefly 

highlight a transcription factor that plays in essential role in generating OLs during 

development, and is critical for myelin plasticity. The transcription factor Myelin Gene 

Regulatory Factor (MYRF) is a master regulator of myelin gene expression that confers 

transcriptional control on progression through the OL lineage. Its gene expression in 

postmitotic OLs precedes that of major myelin genes like PLP and MBP, and is required for 

both the maintenance of myelin and mature OL identity in the adult CNS [23]. In the 

absence of MYRF, OPCs differentiate into a pre-myelinating state, but they fail to mature 

and instead undergo apoptosis [24]. Ablation of MYRF in OPCs also leads to a reduction in 

expression of myelin genes, including PLP, MAG, MBP, and MOG, and has been 

demonstrated in mice to prevent the production of new OLs in adulthood during an activity 

dependent task [25].

Neuronal influence on oligodendrocyte development and myelination

Neuronal activity also plays a substantial role in oligodendrogenesis, myelin remodeling, 

and related behavioral phenotypes. Pioneering work established that OPC proliferation was 

reduced by blockade of action potential propagation in the optic nerve [26] and 

demonstrated that OPCs receive functional synapses from neurons both in gray and white 

matter regions [27,28,29,30]. Hence, myelin is partly regulated by functional neuronal 

inputs, and can therefore participate in activity-dependent CNS plasticity.

OPCs are electrically responsive cells, and the synaptic input they receive steers epigenetic 

changes in gene expression patterns and chromatin remodeling in response to neuronal 

activity [31]. Recently, Hines et al. found that selective myelination of axons is a refinement 

response to neuronal activity. In vivo time-lapse microscopy demonstrated that activity-

evoked secretion by axons promoted additional stabilization of myelin sheath formation. 

Conversely, removal of this secretory input shortened extension of myelin sheaths and led to 

a higher rate of retraction [32]. This discovery supports the notion that neuronal activity 

enhances myelin plasticity, and biases which axons become myelinated during a critical 

period of environmental influence. Interestingly, pharmacological induction of brain activity 

promotes the formation of excess myelin sheaths [33]. Sheath formation by individual OLs 

was increased by neuronal stimulation of the synaptic vesicle. Conversely, blocking vesicle 

release with a tetanus toxin reduced the myelinating capacity of OLs [33]. This complex 

interplay within the neural circuit is crucial for normal brain development, and often leads to 

neurological impairment and disability when compromised.
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Neuronal regulation of adaptive myelinogenesis has also been demonstrated in the healthy 

adult brain [34]. Optogentic stimulation of layer V projection neurons in awake, young-adult 

mice provided direct evidence of neuronal-excitation-evoked oligodendrogenesis and 

myelination in the premotor cortex and subcortical WM. This led to an associated 

improvement in corresponding limb motor function that was suppressible by epigenetic 

modification of OL differentiation. In summary, neural circuit plasticity is a dynamic sum of 

its moving parts - each component synchronously adapting to augment circuit function and 

ultimately behavior. Dysregulation of the oligodendroglial/myelin component has significant 

clinical ramifications throughout the human lifespan [35,36], but the potential of modulating 

myelogenic cells to influence behavior, cognition, and neural regeneration is an exciting 

clinical prospect.

Myelin plasticity throughout life

OLs inherently adapt to the ever-changing dynamics of the CNS, including specific 

responses to environmental cues. This operative response to exogenous environmental 

stimuli widely influences myelin plasticity at various stages of development, health, and 

disease (Figure 1.).

Development/Adolescence

In utero genetic programs determine the initial architecture of WM infrastructure. However, 

construction of dendritic complexity, synaptic connectivity, and myelination during early 

development is readily influenced by a multitude of environmental cues [37]. Various tools 

are used to study these malleable determinants of WM structure, integrity, and function. 

These include, but are not limited to, genetic modifications in rodents that target OLs [38], 

WM-dependent animal neurobehavioral tests [25,39], and advanced neuroimaging 

techniques (Box 2.) combined with cognitive behavioral tests to assess macroscopic changes 

in human myelination [40,41].

Activity-dependent crosstalk between OPCs and axons helps steer the developmental 

trajectory, in part by preferential myelination of electrically active axons [42]. This 

discrimination enables environmental modulation of neural circuits that shape our 

phenotypes in response to experiential input [43]. It is important to consider that these 

changes occur within a critical period of experience-dependent plasticity (Box 1.). 

Microstructural alterations in distinct WM regions, including the corpus callosum (CC), 

occur in response to changes in altitude [58]. This is especially evident in adolescents that 

have migrated (for educational purposes) from high altitude to sea level during peak periods 

of brain development [59]. Most children demonstrated an increase in fractional anisotropy 

(FA) (Box 2.) in ten major WM tracts versus a high-altitude-only control group, indicative of 

a widespread increase in myelinated fiber numbers and therefore enhancement of 

myelination.

Social environment also influences early myelin plasticity. Juvenile mouse studies of the 

prefrontal cortex demonstrated that two weeks of social isolation led to alterations in OL 

morphology, a reduction in myelin thickness, and deficits in working memory and 

sociability [51]. In early post-weaning mice, changes in myelination were not reversed by 
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reintroduction into a social environment. Interestingly, isolation in adult mice had little effect 

on myelin content as these cohorts fully recovered [51], defining an important critical period 

in which juvenile social experience readily impacts regional brain development. Human 

studies on institutionally reared children demonstrate that severe neglect in early life 

compromises WM microstructure throughout the brain [67]. However, early removal from 

adverse conditions and subsequent placement into high-quality foster care promotes more 

normative WM development, and therefore may support long-term motor, cognitive, and 

sensory remediation [67].

Adult

The ubiquitous OPC presence in the adult rodent brain imparts neuronal influence on OL 

plasticity and myelination beyond the juvenile period. Studies have demonstrated that 

approximately one third of all myelinating OLs in the adult mouse CC are generated after 7 

weeks of age in the murine brain [68], suggesting that this new population of OLs may 

shape environmental influence on myelin plasticity. Quantification of OPC division and OL 

production in the mature rodent CNS reveals that OPCs continue to divide with regional 

heterogeneity into adulthood, although rates of cell division universally decline with age 

[69]. Newly generated OLs also help facilitate the maintenance and remodeling of existing 

myelin sheaths [69]. Presumably, this recalibrates axonal myelination to modify brain 

circuitry according to present experiences, such as learning a new task or compensating for 

the burden of injury or disease. Adult-born OLs are necessary to learn a new motor skill, and 

their ablation in mice prevents mastery of an activity-dependent novel task [25]. Further, 

neuroimaging reveals that complex visuo-motor skill training modifies WM architecture in 

healthy human adults [64], and working memory conditioning regionally increases 

myelination [70]. As humans age, cognitive function deteriorates in response to aberrations 

in WM integrity [71]. Age-related WM decline is especially pronounced in the anterior brain 

[72], and these anatomical deficits correlate to reduced cognition [73].

Injury and Disease

Adult OPCs are mitotically active and can differentiate in response to injury and disease 

[74]. Many of the signaling pathways and trophic factors important in the specification, 

proliferation, and differentiation of OPCs during development also play a crucial role in 

repair of the adult injured brain [75,76]. In vivo time-lapse imaging in mice revealed that 

adult OPCs migrate to areas of focal demyelination and participate in tissue repair by 

generating new OLs to restore myelin [7]. Remyelination, a form of myelin plasticity, is 

impaired in progressive multiple sclerosis (MS), which consequently leads to neurological 

disability. Cognitive impairment partly derives from a lack of structural and trophic support 

from OLs to axons, which fail to adequately remyelinate, thereby leading to axonal 

degeneration and disease progression [77]. In traumatic brain injury (TBI), myelin plasticity 

and remodeling influence recovery of WM integrity and resynchronization of cortical 

circuits [78,79]. Further, microstructural WM damage sustained during TBI can have lasting 

effects on cognition [80], behavior [81], and increase susceptibility to psychiatric [82] and 

neurodegenerative disorders like Parkinson’s disease [83].
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Environmentally influenced changes in myelin structure and function

Here, we dissect the complexity of environmental cues influencing adaptive myelination in 

the CNS, and identify avenues to capitalize on glial plasticity. Clinical manipulation of the 

environment is an intriguingly viable, noninvasive therapeutic approach to improve WM 

health, either alone or in combinatorial fashion with other cellular or pharmacological 

modalities (Figure 1.). To date, myelin’s response to environmental influence has largely 

been measured using advanced neuroimaging techniques (Box 2.) and cellular and molecular 

methods. But, are we really harnessing myelin’s full potential? To comprehensively 

understand how the environment directs these plastic changes, we must pair the macroscopic 

with the microscopic, and utilize these tools in parallel. New molecular tools like gene 

trapping and single-cell RNA sequencing have helped to clear the picture, but a better 

understanding of the roles that OLs play in the context of dynamic brain remodeling will 

allow us to target environmental factors as therapies.

Positive influences- chalk it up to experience

Enriched Environment—One of the oldest and most widely used experimental 

approaches to study the influence of experience on the brain is exposure to an enriched 

environment. Environmental enrichment (EE) refers to a complex and stimulating domain 

that challenges an organism to continuously adapt to its surroundings in a social, physical, 

and experiential manner. In animal models, EE more closely emulates the natural 

environment than a standard research vivarium by incorporating novel objects, physical 

activity, and a larger number of cagemates to increase socialization. It is therefore a useful 

means to study conditions that simultaneously influence sensory, motor, and cognitive 

changes in the brain.

Early EE studies demonstrated widespread effects on numerous CNS cell types and under 

varied physiological conditions in both small and large mammals [84,85,86,87,88]. 

Differential rearing in infant rhesus monkey shows that animals raised in larger groups 

demonstrate expansion of the CC and sustained improvement in cognitive performance 

versus age-matched, individually raised controls [89]. EE is not strictly a developmental 

phenomenon either. In a model of Parkinson’s disease, young adult mice demonstrated an 

increase in new OLs in the substantia nigra after a month of enriched housing [90]. 

Similarly, EE increases OPC proliferation [91], and influences OPC number and cell fate in 

the amygdala of adult mice [92]. EE also improves spatial learning in aged rats by increasing 

the volume and length of myelinated fibers, volume of myelin sheaths, and total CC volume 

[93]. Further, EE promotes progenitors derived from an endogenous pool of neural stem 

cells to generate OLs in a murine model of multiple sclerosis (MS), with consequent 

enhanced remyelination of lesions and reduced functional impairment [94]. In summary, EE 

globally supports brain health, and is a promising modality to treat a number of traumatic 

and neurodegenerative disorders, especially those of the WM.

Music, practice makes perfect—Music is a multisensory form of EE that imparts 

cognitive (learning), auditory (listening), and motor (playing) stimulation, whereby 

simultaneous collaboration between multiple areas of the brain coordinate an organized 
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response [95]. Musical performance alters WM architecture [96,97]. Professional pianists 

who began playing during adolescence demonstrate improved WM integrity [98] and WM 

plasticity, as shown by diffusion tensor imaging (DTI) [99]. DTI studies also revealed that 

these WM changes are relative to the amount of time spent practicing, and that specific WM 

regions are uniquely sensitive to piano playing during childhood, adolescence, and 

adulthood [100]. This suggests age-specific regional plasticity in myelinating tracts, and 

functional adaptation within a critical period of development in WM undergoing maturation. 

Further, despite less overall training hours than adults, the larger number of involved brain 

regions correlated with practice during childhood, reinforcing the influence of early 

experience on WM plasticity. Pragmatically, these WM changes serve as a foundation to 

build upon with future experience [101]. This adaptive response to music also occurs in the 

WM tracts of the adult [102], and in disease [103], emphasizing how life experiences - in 

this case learning -, alter myelination and are influenced by the environment.

Learning—Interacting with and adapting to our environment forms the basis for learning. 

Dynamic and influential learning involving WM occurs throughout life, but is especially 

critical during development, as organisms establish the infrastructure and patterns of 

circuitry in the brain. Spelling impairment is associated with DTI differences in WM 

integrity [104], and five weeks of remediation improved spelling and reading comprehension 

versus controls [105]. This increase in WM FA in language relevant networks highlights the 

importance of WM plasticity in cognitive learning.

Academic pursuits also require the adult brain to change. Neuroimaging studies reveal that 

WM plasticity is key in adults learning a second language [65,106] and who learn to read 

late in life [107]. Training a novel, complex visuo-motor skill (i.e. juggling) also modifies 

WM architecture in the healthy adult brain [64]. In rodent models, simple motor training 

stimulates functional myelin plasticity in the motor cortex [108], and in turn, myelin 

plasticity enhances and is required for motor learning [25]. Ablation of key regulatory 

transcription factors such as MYRF prevents generation of new OLs, and hinders adult mice 

from mastering an activity-dependent task without affecting either preexisting OLs or 

myelin [25]. Additionally, this generation of new OLs influences both early and late stage 

motor skill learning [109], which has important implications in aging and disease. The 

pursuit of “brain fitness”- cognitive training and stimulation to confer improved mental 

function, shapes and preserves WM integrity in the aging individual [110], and is implicated 

as a means to potentially stave off pathological states like Alzheimer’s disease [111].

Meditation—Like music, meditation offers a wealth of benefits for the body and mind 

[112,113,114]. Many of these effects on physical and mental health involve alterations in 

WM. DTI studies demonstrate that 4 weeks of integrative body-mind training alters 

myelination [115], especially in WM tracts involved in self control [116]. These changes in 

WM efficiency occur quickly, and are heightened in the anterior cingulate cortex- an area of 

the brain surrounding the frontal CC associated with higher-level functions like self-

regulation, impulse control, and emotion. This implicates meditation as a short-term means 

to alter the long-term trajectory of disorders of the mind [117]. Not surprisingly, experienced 
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meditators also have structural differences in WM [118], emphasizing the utility of 

meditation on cognitive and behavioral performance throughout life.

Exercise—Physical activity extensively impacts mammalian brain function and cognition 

[119,120,121], as well as protects the brain from the detriments of aging [122]. Animal 

models that study the effects of physical activity on brain often rely on a voluntary wheel 

running paradigm. Although reductionist, these models somewhat mimic the human 

experience, as conscious decisions are made with regards to speed, duration, distance, and 

ultimately, whether to run at all. Voluntary exercise in mice enhances differentiation of 

OPCs into mature OLs [123], and increases oligodendrogenesis in the intact thoracic spinal 

cord after only a week of activity [124]. Recent studies also confirm an impact of 

cardiorespiratory fitness on WM in older humans. DTI established a positive relationship 

between fitness and spatial working memory that is mediated by WM microstructure [125]. 

On the contrary, sedentary behavior in adults reduces WM integrity, but avoidance of this 

practice (i.e. exercise) is beneficial for WM health [126], and memory-related brain 

networks [127].

Negative influences- an albatross around the neck

Neural plasticity pioneer Marian Diamond was the first to demonstrate that the environment 

strongly influences the brain. Her research established the notion that our brains change 

throughout the lifetime- they shrink with impoverishment and grow in an enriched 

environment. She identified five essentials for a healthy brain: newness, challenge, exercise, 

diet, and love: quite literally changing the landscape in many arenas of health. Modern 

investigation reveals that without these five essentials, an organism may lose the ability to 

carry out basic motor and cognitive functions. As such, many of these effects are a direct 

result of damage to the OL population, particularly during critical neurodevelopmental 

periods (Box 1.). OLs are a vulnerable cell population, particularly sensitive to 

environmental signals in the postnatal brain, and compounding factors like poor nutrition, 

behavioral disorders (Table 1.), disease, and unfavorable social setting can contribute 

significantly to their myelinating potential, or lack thereof.

Poor Diet/Nutrition

The nutritional environment impacts brain structure and function, and gross deviations in 

nutritional status are implicated in many neurological disorders [144]. OLs, especially 

OPCs, have tremendous energy requirements [145]. Synthesis and maintenance of myelin by 

OLs is a metabolically taxing process, and thus, adequate dietary intake of a number of key 

elements is crucial to successful myelination.

Iron deficiency is the most common nutritional health problem in the world [146], and has 

been linked to persistent hypomyelination. This has important clinical implications during 

development, as the neurological sequelae (behavioral disorders, decreased cognitive ability, 

poor school performance) are long-lasting [147,148,149]. Developmental disturbances in 

myelin synthesis and composition are not corrected with iron repletion [150]. In models of 

MS, MRI and histological iron distribution reveal that iron maintains myelin integrity and 

plays an important role in remyelination and repair [151]. Interestingly, age-related iron 
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accumulation in the striatum is linked to demyelination and a reduction in declarative 

memory [152]. This indicates both a pathogenic and reparative role for iron in OL activity 

and integrity

Essential fatty acids (EFAs) also play a key role in the structural integrity of myelin. 

Because the body cannot synthesize EFAs, they must be obtained from dietary intake. EFAs 

help build the myelin sheath, and their deficiency during infancy can delay brain 

development [153], as well as accelerate the deterioration of cognitive processing in the 

adult [119].

Additionally, obesity is associated with reduced myelin (Table 1.). BMI is negatively 

correlated to WM integrity in multiple regions of the brain, including the CC [133], and has 

been implicated in the reduction of OL and OPC numbers in the murine spinal cord [134]. 

Encouragingly, 7 weeks of exercise training reversed these reductions in the OL population. 

Obesity-related loss of WM integrity is prevalent in the limbic system and tracts connecting 

the frontal and temporal lobes [154], and could compound the effects of age-related 

cognitive decline. The reciprocal relationship between diet, exercise, and myelinogenesis 

highlights that adequate nutrition is required for normal brain development, plays a central 

role in myelin homeostasis, and importantly, should be self-imposed.

Social isolation and neglect

Socialization tremendously impacts neurological development. Environmental resources like 

healthcare, education, and housing have a cause and effect relationship on the brain 

throughout life, and individual differences in cognition, emotion, and psychological well-

being can be attributed to deviations in these social parameters [155,156].

Early environmental adversity studies by Harry Harlow demonstrated that rhesus monkeys 

raised in isolation are detached from the environment, hostile, and cannot form adequate 

social attachments [157]. Similarly, recent studies investigating social influence on WM 

plasticity found that monkeys exposed to early life stress, particularly a disrupted infant-

mother bond, demonstrate reductions in myelin and WM integrity, and elevations in plasma 

cortisol levels after maltreatment [158]. These WM alterations are especially evident in 

regions of the brain associated with motor integration and emotional regulation. Murine 

studies also implicate neglect as a cause of reduced myelination in the prefrontal cortex 

[22,51]. Two weeks of social impoverishment reduced myelin thickness and simplified OL 

morphology, and importantly, social reintegration in young adult mice did not lead to 

recovery. Further, DTI of language and limbic pathways reveals microstructural WM 

abnormalities in orphanage-reared children [159]. Importantly, these changes correlate to the 

period of deprivation and time spent in the orphanage, i.e. in a deprived environment, and 

could misshape the trajectory of cognitive and behavioral neurodevelopment.

Encephalopathy of prematurity

In mammalian development, pre- and early postnatal periods are heavily influenced by 

environmental experience. These periods are characterized by rapid alterations in CNS 

organization, including gliogenesis and glial maturation, that shape developmental outcome. 
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Approximately ten percent of all children are born premature-defined as birth occurring at 

less than 37 weeks gestational age [160]. Most of these infants survive; however, many are 

burdened with a complex array of sensory, cognitive, and behavioral impairments 

[35,44,161]. A number of simultaneous comorbidities contribute to diffuse brain injury in 

the premature infant [162]. Ordinarily, the OPC pool rapidly expands in the critical period 

surrounding birth, but is also particularly sensitive to excitotoxic, oxidative, and 

inflammatory insult [45,163]. Significant loss of the progenitor pool and gross reductions in 

the number of myelinating OLs underlies the maturation blockade seen with injury. Apneic, 

ischemic, and inflammatory events cause a delay maturation of neuronal and glial cell 

populations, and diffuse abnormalities in WM that result in a reduced capacity to synthesize 

myelin [46,164]. Accordingly, the resultant diffuse WM injury is believed to be a major 

cause of disability in survivors [165].

Vasculature in the preterm brain is anatomically immature. As such, the meager blood 

supply to the developing cerebrum amounts to a marked susceptibility of neurovascular 

perfusion, and a reduced capacity to adequately respond to changes in hemodynamics [166]. 

Inflammation and oxidative stress also play a key role- not only in susceptibility to 

additional insults, like hypoxic brain injury, but also in disruption of OL developmental 

programs [167], and related delays in myelination [168]. A ubiquitous OPC presence 

heightens susceptibility to oxidative damage and free radical injury, and contributes to a 

marked reduction in total WM volume in the preterm brain [169].

Compounding this array of intrinsic damage is a barrage of extrinsic, environmental factors. 

Levels of maternal care [170,171], nutritional status [172], housing [173], exposure [174], 

anesthesia [175], and stress [176] all provide an additional basis for many of the cognitive 

and behavioral changes seen in WM injury. Recent neuroimaging studies recognize neonatal 

alterations in WM that are associated with impaired cognitive, motor [63] and emotional 

development [177], and reduced social skills during childhood. [178]. These 

neuroanatomical changes highlight the chronic impact of WM injury in preterm birth, as 

well as the usefulness of early imaging studies as predictive markers of future disability [60].

In spite of these challenges, neurodevelopment is also a period of adaptation. Myelin 

plasticity regulated by alternative activities or experiences can evoke reorganization of brain 

circuitry to reduce disability in children born preterm [179]. The strongest indicators of 

long-term neurological outcome in preterm infants are the level of maternal education and 

the presence of a two-parent household [180], highlighting the utility of environmentally 

dependent changes in brain to yield greater developmental progress.

Concluding remarks and future perspectives

Even the simplest single cell organisms respond to environmental cues. In mammals, these 

signals are more complex, and the environment evokes short- and long-term chemical, 

electrical, and behavioral responses that shape the trajectory of brain development and 

beyond. This task is facilitated by the myelination of axons, which occurs throughout life, 

and continues in response to the demands of development, health, and disease. Preservation 

and reparation of WM integrity is crucial. Gross disturbances in myelination contribute to 
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aberrations of the developmental process [44], neuropsychiatric illness (see table), and can, 

unfortunately, add insult to injury in the process of aging [71]. These experiences shape our 

environment, and our environment then returns the favor. Therefore, we must continue to 

program the environmental experience- first recognizing the environment as an efficacious 

means to modulate WM integrity; and second, capitalizing on the environment as a powerful 

tool to induce myelin plasticity.

Clinical studies and animal models alike have demonstrated a robust and reproducible 

response to environmentally based alterations in WM. This reorganization occurs in a 

region-specific manner as our brain adjusts to the timing, intensity and duration of the 

driving experience, and manifests as a behavioral phenotype in the context of changing 

environment. While analysis in previous studies has been crucial in identifying many of the 

cellular, molecular, and functional benefits of environmental influence on brain myelin, 

important gaps in knowledge still remain (Box 3).

The panorama of interventional strategies aimed at the preservation of WM integrity must 

employ the environment as a means to manipulate plasticity. Myelin plasticity alters 

conduction velocity in the neural circuit [13], which has a profound impact on the structure 

and function of brain throughout the lifetime. In fact, not only would stronger consideration 

of environmental influence on myelin play an important role in health and disease, but it 

could be the Archimedes’ Lever to appropriating WM development amongst a limited range 

of only partially efficacious treatment options.
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Trends box

• Environmental influence on myelination plays an important role in 

development, the aging brain, and in recovery from injury and disease.

• Structural and functional changes in white matter architecture occur in 

response to environmental stimuli, and have significant implications in 

cognition, behavior, and motor function.

• The brain is sensitive to manipulations of the environment during restricted 

temporal windows, and responds in a region-specific manner.

• Recent advances in technology have presented new and exciting opportunities 

to study developmental myelination and changes associated with neuronal 

activity, leading to myelin plasticity.
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Box 3

Outstanding Questions

• What are physiological limitations to environmentally-induced myelin 

plasticity?

• Do all OLs have the capacity for plasticity in response to environmental cues, 

or are subsets of OLs unresponsive?

• How reversible and lasting are WM changes induced by the environment?

• What are the cellular and molecular mechanisms that regulate the duration of 

the critical period?

• What are the developmental consequences of environmental overstimulation?

• How can we best implement standard research protocols of enriched and 

impoverished environments?

• How do we account for the lack of environmental stimuli in “standard” 

research animal facilities used to model the human condition?
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Box 1

Critical Windows of Plasticity

Environmental experience instructs WM plasticity during limited temporal periods. 

Within these critical windows, structural remodeling and functional adaptation of OLs 

and myelin occur with heightened sensitivity. These epochs of plasticity are particularly 

important during development, recovery from injury, and remodeling in the adult.

In preterm infants, damage to the developing WM commonly induces chronic 

neurological disability. Pathogenesis of this WM injury coincides with a critical window 

of gestational immaturity that precedes the onset of myelination [44] and is marked by 

regional distribution of vulnerable OPCs throughout the brain [45]. Diffuse WM damage 

evokes a disruption in maturation that renders OPCs unable to advance along their normal 

developmental trajectory, thus leading to myelination failure [46].

In the postnatal mouse brain, most OPCs differentiate within a specific temporal window 

of 3–8 days. Targeted ablation of these OPCs during a critical early postnatal period 

hinders brain remodeling after injury, which corresponds to myelin and motor deficits 

[39,47]. OPC maturation and survival also increases within this period in response to 

injury [48]. Chemical demyelination models identify windows of opportunity for 

remyelination of experimentally induced lesions. Outside of these windows (beyond 6 

weeks), demyelinated axons are functionally irreparable, despite the presence of 

myelinating OLs [49].

New myelin sheaths are constructed throughout adulthood by newly differentiating OLs 

[25]. In vivo imaging in zebra fish demonstrated that single OLs only generate myelin 

sheaths within a restricted five-hour period. [50]. This limited response to the cellular 

environment is an intrinsic feature of individual OLs, and is irrespective of the number of 

newly elaborated sheaths. Alterations in myelin sheath thickness also occur within 

established critical periods. Socially isolated juvenile mice exhibit irregularities in myelin 

and behavior that fail to normalize after social reintegration. However, individually 

housed adult mice display no persistent deficits, suggesting a critical period of 

environmental influence that occurs during adolescence [51].

The protracted progression to neuropsychiatric disorders is, to some extent, a product of 

destabilization that occurs during critical periods of development. Convergent evidence 

highlights a central role for OLs and myelin in schizophrenia (SZ) [52,53]. WM 

pathology during critical periods of adolescence heightens vulnerability to SZ [54], and 

contributes to disease-related abnormalities in synaptic formation and function [51], OL 

maturation and density [55], cell-cycle arrest genes [56], and axonal conduction velocity 

[57].

The brain is remarkably responsive to the environment. Future studies will surely 

continue to unravel the complexity of cellular and molecular mechanisms that underlie 

critical periods of plasticity in oligodendroglia under normal physiological conditions, 

and in injury and disease.
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Box 2

Neuroimaging white matter plasticity

Neuroimaging tools provide a powerful means to study environmental experience in the 

dynamic context of WM biology. These noninvasive techniques reveal structural and 

functional differences in response to a wide range of stimuli, and are an important 

prognostic indicator in WM development, injury, and disease [60].

One type of advanced neuroimaging is diffusion tensor imaging (DTI), a variant of 

magnetic resonance imaging (MRI). DTI relies on the directional profile of water 

diffusion throughout the brain. Since water diffusivity is sensitive to subtle differences in 

the composition of cellular membranes, it allows for three-dimensional characterization 

of changes in microstructural architecture, i.e. changes in WM integrity [61]. A common 

metric of DTI used to describe the direction of water diffusion is fractional anisotropy 

(FA), which increases with myelination, and decreases with hypomyelination or 

demyelination.

WM integrity is a product of environmentally driven plasticity. This plasticity begins with 

microstructural changes in anisotropic myelin sheaths that shape the constitution of WM, 

which in turn alters neurocircuitry throughout the brain and manifests as a behavioral 

phenotype. Over the lifespan, DTI identifies marked increases in FA and reductions in 

diffusivity during normal development, and conversely, rising diffusivity and a decrease 

in FA during typical age-related demyelination [62]. Interestingly, DTI-detected 

microstructural alterations in WM during infancy are a useful indicator of executive and 

motor functioning during childhood [63].

Neuroimaging studies provide insight into the correlation between brain structure and 

function as it relates to experience [64]. For instance, FA demonstrates that learning a 

complex motor skill, such as juggling, alters WM architecture when practiced regularly 

[64]. Study of a second language in adults also influences WM plasticity as identified 

with DTI [65]. These changes reflect learning-related increases in myelination.

A major challenge in the diagnosis and treatment of neurological disorders is identifying 

imaging markers that accurately characterize disease while offering prognostic value. 

Multiple sclerosis (MS) is a chronic demyelinating disease, and as such, DTI has 

important utility in tracking microscopic changes in WM lesions. By assessing patterns 

of myelination, the distribution and severity of lesions are correlated to clinical signs and 

symptoms. This data, especially in parallel with histopathological evaluation of changes 

occurring at the cellular level, offers important insight into both disease progression and 

responsiveness to promyelinating therapies [66].
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Figure 1. Environmental influence promotes myelin plasticity to ensure brain health
Throughout the lifetime, environmental experience, myelin plasticity, and brain health 

function in a continuous response loop, as each event in the cycle reinvigorates the next.
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Figure 2. Environmental factors influencing myelination
Axons are wrapped in myelin sheaths as OPCs differentiate into mature, myelinating OLs. 

Positive environmental influences like meditation (A), musical practice (B), and 

environmental enrichment (C) promote myelination (top axon). Conversely, negative 

environmental influences like poor nutrition (D), premature birth (E), and social isolation 

(E) can cause abnormalities in myelination (bottom axon).
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Table 1

Neurobehavioral Abnormalities, Addictions, and Disorders of White Matter

Cohort Disorder Technique Important
Findings

Refs

Human Internet Addiction DTI Widespread ↓ FA in adolescents [128]

Human Gaming fMRI ↓ WM density in decision-making, behavioral inhibition, and 
emotional regulation brain regions

[129]

Human Impulsivity DTI WM connectivity associated with distinct impulsivity subtypes 
underlying motor and reward control

[130]

Human Gambling MRI ↓ FA in CC and SLF [131]

Human Mobile Phone Dependence DTI Abnormal WM integrity [128]

Human Kleptomania DTI ↓ WM integrity in inferior frontal brain [132]

Human Obesity DTI BMI correlates negatively with WM integrity in fornix and CC [133]

Mouse High Fat Diet qRT-PCR IHC High fat consumption plus SB promotes loss of OPCs and OLs. 
Exercise training attenuates negative effects of high fat diet on 
myelin.

[134]

Human Chronic Alcoholism DTI Widespread ↓ FA (frontal, temporal, parietal, Cerebellar WM 
tracts)

[135]

Human Adolescent Alcohol Abuse MRI Heavy drinking during adolescence negatively impacts WM 
maturation

[136]

Human Prenatal Alcohol Exposure DTI ↓ WM microstructural integrity [137]

Human Tobacco DTI ↓ FA in right CG, FA in left CG is negatively associated with # 
cigarettes smoked per day

[138]

Mouse Tobacco qRT-PCR Histology Second hand smoke exposure ↓ expression of genes for myelin 
synthesis and maintenance

[139]

Human Cannabis DTI ↑ cannabis use correlates to ↓ FA and impaired performance in 
verbal learning

[140]

Human Prenatal Cocaine Exposure DTI Altered WM development, ↓ FA [141]

Human Methamphetamine Dependence DTI Frontal WM changes and increased aggression [142]

Human Heroin Abuse DTI Extensive abnormal WM connectivity [143]

DTI, diffusion tensor imaging; FA, fractional anisotropy, qRT-PCR, quantitative real time polymerase chain reaction; MRI, magnetic resonance 
imaging; fMRI, functional magnetic resonance imaging
IHC, immunohistochemistry; BMI, body mass index
OPCs, oligodendrocyte progenitor cells; OLs, oligodendrocytes
CC, corpus callosum; WM, white matter; Cingulum, CG; SLF, superior longitudinal fasciculus
SB, sedentary behavior; MPD, mobile phone dependence; PCE, prenatal cocaine exposure
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