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Abstract

The human brain contains 100 billion neurons, and each neuron can have up to 200,000 

connections to other neurons. Recent advancements in neuroscience—ranging from molecular 

studies in animal models to behavioral studies in humans—have given us deeper insights into the 

development of this extraordinarily intricate system. Studies show a complex interaction between 

biological predispositions and environment; while the gross neuroanatomy and low-level functions 

develop early prior to receiving environmental inputs, functional selectivity is shaped through 

experience, governed by the maturation of local excitatory and inhibitory circuits and synaptic 

plasticity during sensitive periods early in development. Plasticity does not end with the closing of 

the early sensitive period – the environment continues to play an important role in learning 

throughout the lifespan. Recent work delineating the cascade of events that initiates, controls and 

ends sensitive periods, offers new hope of eventually being able to remediate various clinical 

conditions by selectively reopening plasticity.
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Introduction

Cortical functions are developed through a complex interaction between genetic 

predispositions and the environment. Recent findings, ranging from the study of molecules 

in animal models to behavior in humans, have given us a better understanding of the 

principles that govern the development and plasticity in the brain. Critical insights have been 

identified in four key areas (Figure 1): (1) the neuroanatomical and low-level functional 
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organization that matures early in development, (2) the excitatory and inhibitory circuits 

that, in conjunction with synaptic sculpting, enable, control and eventually limit the fine-

tuning of cortical functions based on experience, and (3) the effect of the environment, 

including (4) the manipulations such as sensory deprivation, on these processes.

We begin by summarizing the evidence for how these mechanisms control plasticity 

throughout development, then review the attempts to induce plasticity outside of the 

sensitive window. Finally, we discuss the limits of developmental plasticity by examining the 

effects of early visual deprivation. While excellent recent reviews exist describing 

developmental plasticity from the perspective of cellular and molecular mechanisms (e.g., 

[1]), our goal in this review is to summarize the key points within that literature and how 

they can provide insight into what is known about plasticity in humans.

We center our discussion on the visual system—a region that has long been a focus of 

experimental studies of plasticity: due to being a particularly well characterized sensory 

system in which deprivation manipulations (e.g., eyelid suture in animal models) are 

relatively straightforward.

In this review, we refer to both critical and sensitive periods. Critical periods are well-

defined limited time windows in development during which neural substrates or behaviors 

can be irreversibly disrupted by the absence of normal input. We use the term ‘sensitive 

period’ more loosely to refer to any one of three types of developmental event: (1) when 

normal development is most rapid, (2) periods when a system is susceptible to deprivation or 

damage (which includes critical periods, but also includes developmental periods where 

neural disruptions occur, but are reversible), and (3) periods during which recovery from 

deprivation or damage is still possible with the resumption of normal sensory experience. 

The sensitive periods for recovery are likely to depend not only on the brain area in question, 

but also on the environmental disruption that has occurred.

Neuroanatomical development precedes experience

The gross physiological architecture of the brain is determined early in development. For 

example, recent neuroimaging work in humans shows that both the major visual white 

matter tracts linking occipital cortex to other regions of the brain, and the connectivity 

patterns underlying the retinotopic topography of early visual areas (V1–V2–V3) begin to 

develop in the second trimester of gestation [2], even before the axons from the optic 

radiations innervate cortex. Labelling studies in infant monkeys also have demonstrated that 

adult-like V1–V2 connectivity exists by 2 weeks postnatally, with further refinement 

between 2–8 weeks of age [3]. Thus, the major pathways that connect visual cortical regions 

are established before the onset of visual experience. These early processes are largely 

guided by molecular signaling (as reviewed in [4,5]), although work in non-human primates 

has shown that spontaneous retinal activity during the third trimester clearly plays an 

important role in refining these connections [6].

Recent neuroimaging studies in humans demonstrate that the development of white matter 

structure preceding experience can also be observed outside the canonical visual areas. For 

Park and Fine Page 2

Curr Opin Physiol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



instance, a recent study [7] found that the location of the visual word form area in older 

children who can read could be accurately predicted by its connectivity to low-level visual 

areas measured during their pre-reading years. Consistent with the notion of white matter 

structure developing prior to experience, functional magnetic resonance imaging (fMRI) 

found no evidence of functional selectivity for words or letters in the visual word form area 

at these earlier ages.

Neuroimaging findings in neonatal primates [8] have shown that resting state BOLD 

correlations are stronger within than across visual areas, and differences in resting state 

fluctuations between ventral and dorsal areas could be observed. These patterns indicate that 

the hierarchy of visual areas may be differentiated at birth. The study also observed the 

correlations in the resting state activity matched retinotopic organization measured later in 

life. However, it is worth noting that the correlations in resting state activity might also arise 

as a result of vascular organization [9].

Thus, on the whole, the evidence suggests that early white matter formation and initial 

functional specification precedes sensory experience. In the normal course of development, 

this large-scale scaffolding, together with a generic fine-scale canonical microarchitecture 

consisting of microcircuits of precisely interconnected excitatory neurons (rodents, [10]), 

constrains later experience-dependent plasticity. As discussed below, while the overall 

structure of this scaffold seems to persist, it can be successfully repurposed for novel 

functions in the case of early lesions or sensory deprivation.

The role of experience

Experience modulates and refines a pre-existing architecture. Since the classic work of 

Hubel and Wiesel, a large body of work in rodents, cats and primates has demonstrated a 

sculpting of the neuronal architecture in primary visual cortex that refines selectivity for low 

level properties, such as spatial frequency, orientation and eye of origin (i.e., ocular 

dominance; OD), with the onset of visual experience. This process takes place during a 

developmental sensitive period which can easily be disrupted by environmental 

manipulations.

Unsurprisingly, several recent studies in both humans and animals suggest that the period of 

sensitivity to visual experience differs across visual hierarchy. The effects of early bilateral 

cataracts suggest that dorsal tasks (e.g., global motion) develop more rapidly than 

comparable form tasks (e.g., global form) [11]. Similarly, recent findings in mice show 

qualitative differences in the development of higher visual areas across dorsal and ventral 

streams. In the dorsal stream, the overall magnitude of the visual response [12] and the 

functional segregation of areas [13] slowly develop over 10–14 days after the onset of visual 

experience. In the ventral stream, cells show strong responses shortly after eye opening, 

although orientation tuning becomes sharper and receptive field sizes gradually increase 

after the onset of visual experience [12].

Interestingly, in infant macaques, receptive field properties of individual neurons in 

extrastriate areas rapidly develop almost adult-like tuning for properties such as disparity, 
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motion and object selectivity. On the other hand, the ability to perform the equivalent 

behavioral tasks develops over a much longer time scale [14]. It has been suggested that 

population-level analyses provide a more accurate basis for linking neural development to 

behavior [15]. Consistent with this, a recent fMRI study in macaques found a comparable 

time course between behavioral sensitivity to Glass patterns and the development of distinct 

multivoxel patterns of BOLD activity in V4 and MT [16]. Recent work has also 

demonstrated that more subtle population-level tuning properties, such as feature-selective 

spike synchrony, are also shaped by early visual experience (rodents, [17]).

The development during early sensitive periods also seem to have cascading effects 

throughout the visual hierarchy—visual experience immediately after birth is required to 

establish the neural architecture that mediates more complex aspects of vision that develop 

later in infancy. For example, in humans, it has been shown that the development of 

configural face processing is disrupted by early bilateral cataracts [18]. However, specialized 

processing areas also require specialized input: exposure to faces is necessary to develop 

face-selectivity in macaque inferotemporal cortex [19].

The sensitive period for higher visual areas that subserve more complex visual functions 

based on specialized visual input may extend later in development. Using fMRI, population 

receptive field properties (a marker for visual receptive field size) are shown to mature by 

age 5 in early visual processing areas, whereas the population receptive field structure of 

category-selective areas in the ventral visual stream continue to develop till at least the 

teenage years [20]. Similarly, the sensitive period for reading extends until well into 

adolescence, showing a progressive development of the visual word form area along with the 

development of reading skills [21].

The sensitive period involves a cascade of structural and neurochemical 

events

Studies in animal models have provided extraordinary insight into the molecular cascade 

that controls cortical plasticity during the sensitive period soon after eye opening (for recent 

reviews: [1,22–24]). As discussed later, the findings have important implications for 

understanding how plasticity might eventually be restored outside of the normal sensitive 

period in humans.

Figure 2 shows the time course of various markers of developmental plasticity, measured 

across a variety of species. To integrate developmental timelines across species, we 

normalized postnatal days (PN) for each species to a timeline based on rat postnatal days 

using the Workman translating time model [25]. Based on 18 mammalian species and 271 

developmental events, this model has been shown to predict developmental time courses 

with high accuracy. Equivalent human postnatal years are shown in brackets. Figure 3 

illustrates some of the structural changes discussed below.

Maturation of the excitatory network

Until relatively recently, work done in a variety of animal models suggested that both the 

structural (also see Figure 3) and the functional properties of excitatory pyramidal cells 
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mature rapidly after eye opening. For example, pyramidal spine density [PYR: Spine 

Density, macaque [26]], the conversion of pyramidal cells to their mature stellate form 

[PYR: Conversion to Stellate, ferrets [27]], expression of NMDA (N-methyl-D-aspartate) 

receptor subunit GluN1 [NMDA: GluN1, mice [28]] and the shape of the excitatory 

postsynaptic potential [NMDA: EPSP, cats [29]] become close to adult-like approximately 

20 days (rat) after eye opening (Figure 2A) corresponding to the first postnatal year in 

humans.

Maturation of the inhibitory network

Early synaptic activity within the excitatory system helps trigger the development of 

inhibitory pathways in a number of ways. First, excitatory activity triggers the 

downregulation of PSA-NCAM (polysialic acid on neural cell adhesion molecule) 

expression, thereby releasing a brake on precocious plasticity [PSA, mice, [30]] (Figure 2B). 

Excitatory activity also triggers the production of brain-derived neurotrophic factor (BDNF, 

mice, [31]; Figure 2D) which, in conjunction with neural activity, actively promotes the 

maturation of inhibitory GABAergic parvalbumin (PV)-containing interneurons. Similarly, 

the onset of visual experience triggers the transport of orthodenticle homeobox 2 (Otx2) 

from retinal to PV cells, where it promotes PV cell maturation (mice, [32]).

While visual experience acts as a trigger for maturation, innate timing mechanisms also 

influence the maturation of PV neurons: A recent study in mice has shown that transplanted 

PV neurons mature based on their intrinsic age, rather than that of the host animal [33].

Although PV cell numbers [PV: Number, mouse, [31]] and their GABA-Aα1 subunits [mice, 

[28]] mature rapidly, the full development of GABA-ergic transmission between PV and 

pyramidal cells takes longer to establish [GABA: GAD65, mice, [34]. GABAergic processes 

are regulated by molecular signaling, each governing different types of inhibitory 

interneurons (e.g., NRG1/Erb4 for PV neurons [35] and IGF1 gene for vasoactive intestinal 

peptide-expressing neurons [36] in mice).

E/I Balance

One major mechanism thought to be partially responsible for controlling the sensitive period 

is the changing balance between excitatory/inhibitory (E/I) responses in neural circuitry 

[24], [E/I Ratio, rodents, [37]] (Figure 2C). According to the E/I model of plasticity, early in 

development, excitation appears to dominate cortical circuits, which facilitates the 

heightened plasticity of the critical period. As inhibitory processes approach maturation, 

synaptic drive transitions from dominant excitation to dominant inhibition, helping to trigger 

the end of the sensitive period [38].

Maturation of silent synapses

Although many aspects of the excitatory network develop very quickly after eye-opening, 

recent work in rodent models has demonstrated that the maturation and pruning of pyramidal 

‘silent synapses’ plays a key role in network refinement over a considerably longer timescale 

(see [1], for a more detailed review). In the mature animal, most excitatory synapses contain 

both AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA 
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receptors. However, at eye opening, over 50% of primary visual cortex synapses lack AMPA 

receptors, and as a result, are functionally inactive [28,39].

In normal development, the proportion of these silent synapses declines over the first 

postnatal 30 days [SS: Propn Active, mice [28,39]] (Figure 2D). This process is experience 

dependent, since the proportion of silent synapses remains high in dark-reared animals 

(mice, [40]).

It is believed this decline in the proportion of silent synapses represents a combination of 

two processes. First, there is a developmental increase in both the amplitude of the unitary 

EPSC [39] as well as the amplitude of AMPA mediated EPSCs [40], suggesting that AMPA 

receptors are incorporated into silent synapses, making them functionally active. Second, it 

is suspected that experience dependent pruning also occurs, although the evidence for this is 

indirect. Within mice, it has been shown that, early in development, a large number of 

filopodia – transient dendritic protrusions – are generated. Some of these are converted to 

stable spines, but a significant proportion are eliminated [Spines/Filopodia %, mice, [41]] 

and eventually almost no filopodia remain.

The pace of silent synapse maturation appears to be controlled by a pair of DLG-MAGUK 

proteins – with PSD-95 [PSD-95, mice, [28]] promoting maturation and PSD-93 acting as a 

brake [39].

As described above, excitatory activity triggers the production of BDNF, which promotes the 

development of inhibitory cells. BDNF also plays a crucial role in maturing silent synapses 

[42] [BDNF, mice, [31]].

Structural stabilization

The maturation of inhibitory PV cells facilitates the gradual development of perineuronal 

nets (PNN)—net-like structures that typically sheathe PV cells in the primary visual cortex 

(mice [43]), resulting in synaptic stabilization [PNN, rodents, [44]] and structurally limiting 

the growth of novel synapses (Figure 2D). PNN, Otx2 and PV expression are mutually 

reinforcing. PNN permits the capture of Otx2, which serves to maintain both PV and PNN 

expression (mice, [45]). Thus, the maturation of inhibitory PV cells is intimately connected 

with the structural limits on plasticity provided by PNN and vice versa. Interestingly, the 

trajectory of PNN maturation closely matches that of visual acuity development (Figure 2E, 

[Visual Acuity, rats, [48]]), suggesting that structural stabilization only occurs once 

functional selectivity has been optimized.

Sensitive vs. critical periods

One thing worth noting in Figure 2 is that the critical period for monocular deprivation (i.e., 

the time in which the neural organization is most susceptible to change from environmental 

manipulations) occurs when neurochemical and structural plasticity is declining in the 

normally developing animal.

In normal development, excitatory networks are most plastic (slopes are steepest in our fitted 

curves) at day 14, and they show declining plasticity (reaching asymptote) between postnatal 
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day 17–19, inhibitory networks are most plastic around day 17, and begin to asymptote 

around PN day 23, and the conversion of silent synapses is most rapid at day 18, and is close 

to complete by day 28.

Similarly, experience dependent changes in tuning properties, such as the refinement of 

orientation selectivity [OSI, ferrets [46]] (Figure 2E), and the binocular matching of 

orientation preference (mice, [47]) show peak plasticity around day 17–18, and are close to 

mature by day 30.

In contrast, susceptibility to a 10-day deprivation (Figure 2E, gray shaded area) is relatively 

low for a period between 14–24 days as compared to a later window of 23–33 PN (Figure 

2E, [OD Sensitivity, rats, [48]), suggesting that the peak period of susceptibility to 

monocular deprivation is delayed compared to the period of maximum plasticity in the non-

deprived animal.

Why this discrepancy? As described above, many of these processes, including the 

maturation of both inhibitory PV cells and silent synapses are triggered by visual 

experience. As a consequence, the lack of visual experience (i.e., visual deprivation) 

significantly delays or prolongs the period of maximum plasticity for many processes, 

including BDNF in the rat [49], silent synapse maturation in the mouse [39], neuronal tuning 

(rat, [48]; mice, [50]) and visual acuity (mice, [50]). Thus, (as also argued by [1]), visual 

deprivation can be thought of as an experimental “Schrödinger’s cat” where the 

experimental manipulation of deprivation delays the timeline of the processes being 

observed.

Structural plasticity after the sensitive period

Plasticity does not end with the closing of the sensitive period. In humans, synaptic density 

has been shown to increase up until ~1.5 years of age (equivalent to PN 29 in the rat) then 

systematically declines with age [Synaptic Density, humans, [51]] (Figure 2F). It is assumed 

that this pruning is one of the mediators of the plasticity that is observed through the 

childhood and teenage years [52], fine-tuning neural capacities to reflect complex and 

specialized environmental demands.

Over the last decade, a variety of human studies have measured apparent cortical thickness 

in young children using non-invasive magnetic resonance imaging measurements. Most 

studies (participants are generally over the age of 4) show a monotonic decrease in measured 

apparent cortical thickness [53], and have attributed this to pruning [54]. However, ‘apparent 

cortical thickness’ as a function of age and across clinical populations is likely to also reflect 

differences in myelination, with increased myelination reducing gray-white contrast and 

thereby reducing the apparent cortical thickness as measured in 1mm MR images [55].

Environmental learning after early development

Learning continues throughout the lifespan, especially in complex and changing 

environments. Animals reared in an enriched environment with larger social groups, a 

variety of stimulating objects, and continued exercise demonstrate markers for enhanced 
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cortical development (for a review: [56]). Indeed, some of the effects of dark rearing may be 

attributable to a loss of enrichment rather than a loss of visual input; rats raised in standard 

cages have more occipital astrocytes than those reared in darkness, but with enriched 

environment as well as physical exercise, the animals reared in darkness have more 

astrocytes than those in the standard environment [57]. The role of exercise is consistent 

with the observation that physical exercise promotes plasticity in adult primary visual cortex 

by shifting the E/I balance towards a state of greater excitation (rodents, [58]; mice, [59]).

In humans, one powerful example of adult plasticity to meet specialized environmental 

demands comes from action video game playing, which seems to improve visual abilities in 

a variety of domains (for a review, [60]), including training to remediate amblyopia [61,62]. 

The heavy release of dopamine associated with these games may promote the generation of 

stimulus-reward associations [63], thereby facilitating the learning of task-related perceptual 

templates via re-weighting of connectivity across visual areas [64].

Advances in “reawakening” the sensitive period in humans

As scientists have begun to delineate the cascade of events that control the sensitive period, 

this has naturally led to an interest in reawakening plasticity after the sensitive period has 

ended. The goal has been to improve training-based clinical treatments for disorders such as 

amblyopia or visual field loss due to stroke (for reviews, amblyopia: [23]; stroke: [65]).

A variety of animal studies have hastened, extended or reawakened the critical period in 

regards to OD plasticity via direct pharmacological manipulation (such as activating 

inhibitory GABAA receptors with allosteric modulators such as benzodiazepines, increasing 

growth factor levels, removing cell adhesion or DNA binding proteins, see [24] for a 

review), or through transplantation of embryonic inhibitory neurons (mice, [66]). While 

many of these manipulations have been carried out with the motivation of understanding the 

critical period cascade, these findings have broader applications for ‘reawakening’ plasticity 

in humans.

Inspired by pharmacological successes in reawakening plasticity in animal models, some 

recent work has attempted to induce enhanced plasticity in adult humans via direct 

modulation of the E/I balance. One example is cholinergic enhancement via the use of 

pharmaceutical cholinesterase inhibitors, which some studies have suggested enhance visual 

perceptual learning [67]. Another potential method to transiently alter the E/I balance is via 

repetitive transcranial magnetic brain stimulation (rTMS). Indeed, daily rTMS has be shown 

to improve contrast sensitivity in amblyopia, with effects being surprisingly long lasting (on 

the order of weeks; [68]).

One of the simplest manipulations, brief sensory deprivation, is already being examined in 

the context of amblyopia. In humans, monocular patching for as short as three hours can 

alter the temporal dynamics of binocular rivalry in adults [69], with exercise during 

deprivation boosting the effect [70].

Longer term deprivation has an even more dramatic effect. Exposure to complete darkness 

for 10 days in previously eyelid sutured cats can reverse the visual acuity lost due to 

Park and Fine Page 8

Curr Opin Physiol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monocular deprivation [71]. However, although the sensitive period for deprivation-based 

recovery is later than the critical period for deprivation, the capacity for recovery 

nonetheless declines as animals age [72].

These adult-deprivation manipulations have been generally explained as being the likely 

consequence of deprivation shifting the E/I balance towards a state of greater excitation. 

However, it seems highly plausible that adult-onset deprivation may also result in synaptic 

remodeling via a ‘reawakening’ of remaining silent synapses.

Most non-invasive interventions in adulthood, such as temporary deprivation and rTMS are 

likely to operate by increasing adult plasticity, rather than reopening the critical period. 

Although they have been shown to be reasonably effective in reducing amblyopia, none are 

capable of entirely reversing it. Fully reawaking the sensitive period is likely to require 

significant pharmacological intervention. Thus, the effectiveness of any intervention may 

depend heavily on whether the goal is to facilitate learning within the context of a fully 

developed visual system, or to more drastically reconfigure neural circuits, as would be 

required for treatment of amblyopia or stroke.

Examining the limits of cortical plasticity: cross-modal changes after sensory deprivation

Early temporary visual deprivation delays visual development. In contrast, early and 

prolonged visual deprivation drastically reorganizes the neural pathways, such that the 

deprived visual areas in the brain respond to auditory or tactile stimuli (for a review, [73]). 

This dramatic cross-modal reorganization seems to require visual loss before early 

adolescence [74].

Studies on cross-modal plasticity after blindness suggest that many cortical areas which have 

a highly specialized role show “functional constancy” wherein they perform a similar 

functional role using a different modality [75]. Higher-level visual areas, such as hMT+ (a 

human analogue of primate middle temporal area, selective to motion), the fusiform gyrus 

(thought to be selective for faces) and the visual word form processing area, show cross-

modal responses consistent with functional constancy, responding to auditory motion [76–

79], voice recognition [80] and braille reading [81], respectively. Similar task-specificity is 

also observed in the auditory cortices of deaf individuals [82,83], suggesting that functional 

constancy may be one of the general principles of cortical plasticity following sensory 

deprivation early in life.

The role of cross-modal plasticity within non-specialized visual areas, such as V1 and V2, is 

far less clear [84], although these areas do show robust responses to auditory and tactile 

stimuli. The large range of tasks that recruit these areas has led to the suggestion that they 

may be recruited for general, higher-level cognitive processes, including mathematics, 

language, and verbal working memory [85–87].

How does the brain achieve functional constancy after sensory deprivation? Emerging 

evidence suggests that the development of functional specialization is at least partly driven 

by competition between cortical areas for a functional role. The recruitment of hMT+ for 

auditory motion processing in early blind individuals is accompanied by a loss of sensitivity 
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to auditory motion in the right planum temporale, an area involved in auditory motion 

processing in sighted individuals [88,89].

A second example of plasticity occurring at the level of ‘role’ is cross-modal plasticity in 

hMT+ in early blind individuals. In normally sighted individuals, hMT+ neurons have 

complex receptive fields tuned for spatial frequency, retinotopic location, motion direction, 

and binocular disparity. In early blind individuals, hMT+ shows tuning to auditory frequency 

as well as auditory direction motion [90]. This finding indicates that the recruitment of hMT

+ for auditory motion is not mediated at the level of closely analogous computations (e.g., 

direction of motion computations), since there is no close visual analogue to auditory 

frequency, but rather reflects hMT+ continuing to play the functional role of tracking 

moving objects in space—using audition rather than vision.

Historically, it has often been assumed that the enhanced auditory and tactile abilities of 

blind individuals are mediated by cross-modal plasticity. However, some recent studies 

suggest that plasticity as a result of sensory loss also includes compensatory enhancement of 

function in cortical areas that process the remaining senses (humans: [91]; opossums: [92]). 

It remains to be seen whether this enhanced functionality in non-deprived sensory areas is 

the result of deprivation per se, or simply the result of enhanced reliance on the remaining 

senses.

Conclusions

Over the last decade, much has been learned about the establishment of neuronal 

connections prior to visual experience, and how visual experience then refines and sculpts 

this pre-existing architecture at a local scale. What will the next decade bring? First, with the 

advent of large-scale recording techniques, we may see a shift in focus from plasticity within 

local mechanisms, describing how individual neurons organize to represent specific features 

of the sensory input, to a more global perspective, examining the mechanisms of plasticity 

across many millimeters of cortex. This broader perspective will be critical for gaining a 

deeper understanding of how cortical specialization occurs, during both normal and atypical 

development. Second, it is very likely that we will see significant advances in our 

understanding of environmental influences on the molecular and structural mechanisms that 

govern plasticity. There is now significant work suggesting that factors like environmental 

enrichment and exercise play a crucial role, and the field is positioned for rapid progress in 

elucidating the underlying mechanisms—work that is likely to be of clinical importance for 

both education and aging.
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Highlights

• The development of gross neuroanatomy precedes experience-dependent 

plasticity.

• A cascade of neurochemical and structural events, mediated by experience-

driven neural activity, controls the sensitive period.

• Environmental manipulations, such as sensory deprivation, have an impact on 

the timeline of the sensitive period.

• Prolonged sensory deprivation early in development results in cross-modal 

plasticity.
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Figure 1. 
Recent findings have provided key insights into the developmental processes that co-

ordinate molecular, structural and functional plasticity across the lifespan.
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Figure 2. 
A summary of sensitive period events in typically developing primary visual cortex. Data 

were normalized in Panels A, B, D, and E. Solid lines in these panels represent values that 

increase in development, which were normalized to a maximum of 1, y = yorig max yorig . 

Dotted lines in Panels A and B represent values that decline in development, which were 

linearly flipped and normalized, y = yorig − min yorig max yorig , such that min(yorig) → y = 

1, and max yorig y = min yorig max yorig . Data in Panels C and F were not normalized. See 

Table 1 for detailed data and abbreviations.
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Figure 3. 
Illustration of structural changes in development within visual cortex just after eye opening 

(A) and at the end of the sensitive period (B). Initially, all excitatory neurons (red) appear 

pyramidal, with a prominent apical dendrite and few small basal dendrites. Later the 

majority of these neurons gradually sculpt to a stellate morphology [PYR: Conversion to 

Stellate, ferrets [27]]. Inhibitory PV cells (green) increase in complexity, and the number of 

inhibitory connections (mostly targeting the soma and proximal dendrites) increases 

[GABA: GAD65, mouse, [34]; GABA-Aα1, mice, [28]]. Over a slightly longer timeframe 

there is a decline in the proportion of excitatory synapses that lack AMPA (orange) and are 

functionally silent [SS: Propn Active; mice [28,39]]. While the number of synapses 

continues to increase for some time [Synaptic Density, human, [51]], eventually the growth 

of novel synapses is limited by perineuronal nets (cyan) [PNN, rodents, [44]], which permits 

the capture of Otx2 (purple).
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Table 1.

Summary of the data depicted in Figure 2. Included events should not be considered comprehensive of the 

literature: our goal was simply to include markers for major structural and biochemical changes. Studies were 

included if they contained at least time points between postnatal days 0–60 (translated to rat). Descriptive 

functions were generated using standard functions (Weibull, Gaussian, exponential) and were fitted based on 

standard function minimization (code available at https://github.com/VisCog/plasticity-molecules-to-

behavior).

Mechanisms Data Species Reference

Maturation of the excitatory network, Figure 2A

PYR: Spine Density Spine density (at a distance 50–60μm from the soma) Macaque monkey [26] Figure 4C

PYR: Conversion to Stellate Ratio of stellate: pyramidal spiny neurons. At eye 
opening, no pyramidal stellate cells exist. By adulthood 
78% of spiny cells are classified as stellate.

Ferret [27] Figure 4D

NMDA: GluN1 NMDA receptor subunit GluN1 Mouse [28] Figure 3C

NMDA: EPSP Speed (half width) of NMDA-mediated EPSP under 
blockade of non-NMDA receptors

Cat [29] Figure 7A

Maturation of the inhibitory network, Figure 2B

PSA Polysialic acid (PSA) expression Mouse [30] Figure 1

PV: Number Number of PV cells Mouse [31] Figure 4B

GABA-Aα1 GABA-A receptor subunit α1 Mouse [28] Figure 3A

GABA: GAD65 GAD65 expression in presynaptic boutons of inhibitory 
interneurons

Mouse Data from [31] replotted in [34]

Excitatory/Inhibitory balance, Figure 2C

E/I Ratio Spontaneous EPSC / spontaneous IPSC charge. Data 
averaged across layers.

Rat [37] Figure 3

Maturation of silent synapses and structural stabilization, Figure 2D

SS: Propn Active Proportion non-silent synapses. At postnatal day 3 only 
20% of synapses are active, increasing to over 90% at 
PN 57.

Mouse [28] Figure 2D [39] Figure S1

Spines/Filipodia % % Spines / Filopodia Mouse [41] Figure 1

PSD-95 Quantified protein level (normalized to adult) of 
PSD-95. One of a pair of DLG-MAGUK proteins. 
PSD-95 promotes and PSD-93 inhibits silent synapse 
development.

Mouse [28] Figure 3A

BDNF Expression of BDNF transgene Mouse [31] Figure 1

PNN Percentage of PV/WFA/PTPσ positive cells among PV 
cells

Rat [44] Figure 6B

Sensitive vs. critical periods, Figure 2E

OSI Orientation selectivity index Ferret [46] Figure 2

Visual Acuity Visual acuity (c/deg) Rat [48] Figure 3B

OD Sensitivity Ipsilateral index. Data replotted to align to the middle of 
the 10-day monocular deprivation period.

Rat [48] Figure 6B

Structural plasticity after the sensitive peiiod, Figure 2F

Synaptic density Postmortem synaptic density Human [51] Figure 2
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