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Abstract. Brain plasticity, also termed neuroplasticity, refers to the brain’s life-long ability to reorganize itself in response to
various changes in the environment, experiences, and learning. The brain is a dynamic organ capable of responding to stimu-
lating or depriving environments, activities, and circumstances from changes in gene expression, release of neurotransmitters
and neurotrophic factors, to cellular reorganization and reprogrammed functional connectivity. The rate of neuroplastic alter-
ation varies across the lifespan, creating further challenges for understanding and manipulating these processes to benefit
motor control, learning, memory, and neural remodeling after injury. Neuroplasticity-related research spans several decades,
and hundreds of reviews have been written and published since its inception. Here we present an overview of the empirical
papers published between 2017 and 2023 that address the unique effects of exercise, plasticity-stimulating activities, and the
depriving effect of social isolation on brain plasticity and behavior.
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INTRODUCTION

Brain plasticity can be defined as the brain’s capac-
ity for structural and functional reorganization that
depends on experience and circuit use. This capacity
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is heavily governed by the principle “use it or lose
it” [1–3] that spans from the intense “use” during
development (experience-expectant plasticity) [4] to
experience-dependent plasticity in adolescence and
adulthood. The capacity for neuroplasticity may be
“lost” when circumstances (isolation) or physiolog-
ical capacities (aging/disease) become unfavorable
[5–7].

The field of neuroplasticity emerged from the
early findings of neuronal and non-neuronal tissue
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reorganization after exposure to environmental com-
plexity (also known as environmental enrichment;
8,9). Initially, researchers contended that experience-
dependent changes were possible in neural tissues,
but that such changes predominantly affected synapse
number and maturity. Over the years, our understand-
ing of how the brain matures and adapts to new
environments or stimuli has evolved as it is apparent
that all components of brain tissue are subject to plas-
ticity, including neuronal proliferation and adaptation
of their principal components (synapses, dendrites),
glial cells (astrocytes, microglia and myelinating oli-
goglia) and cerebrovasculature.

Environmental complexity and exercise are
arguably the two most powerful plasticity-evoking
experiences that are used to study the phenomenon
of brain plasticity. However, other experimental
paradigms are used to reshape the brain’s struc-
ture and function, including complex motor learning
(highly skilled movements, acrobat learning), com-
bined intervention and isolation. The goal of this
review is to summarize findings from recently pub-
lished (2017-2023) empirical studies aimed to further
understand the mechanisms of brain plasticity and to
evaluate their potential as therapeutic interventions.

MECHANISMS OF NEUROPLASTICITY

The molecular and cellular mechanisms underly-
ing neuroplasticity have been topics of study for at
least four decades. However, our understanding of
these mechanisms is continuously refined with the
advancement of technologies to examine changes
to the brain’s structure and function in vivo. As
reviewed previously [10–12], aerobic activity has
been extensively studied as a strong neuroplastic
modulator. From these studies, it is evidenced that
aerobic activity increases the level of circulating
neurotrophins including brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), vascu-
lar endothelial growth factor (VEGF), insulin-like
growth factor 1 (IGF-1) and these factors contribute
to several cellular alterations in the brain [reviewed
in 13]. First, production of VEGF, BDNF, and IGF-1
are increased in response to elevated blood lac-
tate and receptor concentration in epithelial cells of
brain microvasculature [14, 15], as well as increased
synaptic function and blood flow. Collectively, ele-
vated neurotrophin release and circuit function leads
to spinogenesis, further dendritic complexity, and
ultimately synaptogenesis. Sustained production of

neurotrophins promotes neuro-, glio-, and angiogen-
esis [reviewed in 12]. Neurogenesis occurs in two
specific niches of the adult brain, while gliogene-
sis is ubiquitous. Together, these cellular changes
contribute to larger gray and white matter volumes
(Fig. 1). The most recent advances in understand-
ing how different plasticity-promoting behaviors are
related to these mechanisms are reviewed below.

RATES OF NEUROPLASTICITY FROM
ADOLESCENCE TO THE AGING BRAIN

Neuroplasticity occurs across the lifespan and is
required for the maintenance and adaptation of neu-
ral connections. The developing brain is the most
dynamic and the rate of brain plasticity is at its height
during development; this is critical for connectome
creation and optimization to support adult cognition.
In support of this, neural connections remain lightly
myelinated until late childhood when axonal pruning
occurs. Following pruning, the remaining connec-
tions are heavily insulated during a second adolescent
peak in myelination to stabilize connectome reorga-
nization [16].

A series of experiments conducted in the sec-
ond half of 20th century were pivotal in uncovering
early periods of enhanced brain plasticity driven
by experience-expectant and experience-dependent
processes that are foundational in shaping brain struc-
ture and function [4, 17–19]. Hubel and Wiesel
famously demonstrated that deprivation of visual
input during an early experience-expectant critical
period in childhood results in chronic visual impair-
ment [17]. Indeed, mice exposed to an enriched
environment from birth, housed with at least 6 mice
and toys that are interchanged frequently for nov-
elty have distinct retinotopic maps compared to
mice reared in standard cages. The neuroanatomical
alterations were strikingly different: mice exposed
to the enriched environment had larger primary
visual cortices, exhibited larger visual fields, and
a unique organization of the cortical representation
of the visual field coverage [20]. However, by the
time that axonal pruning and secondary myelina-
tion occurs in late childhood and adolescence, the
nature of neuroplasticity changes such that sensitive
periods occur during which experience-dependent
processes reversibly shape brain organization and
function. Importantly, pathogenic onset prenatally,
during infancy, or in adolescence has the potential
to alter the developmental trajectory of the brain,
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Fig. 1. Overview of the many neuroplastic mechanisms that are known contributors to neural remodeling. Created with BioRender.com.

ultimately changing the onset and length of critical
and sensitive periods. We encourage the readers to
study the reviews by Ho et al. [21] and Bandeira
et al. [22] which describe adolescent mechanisms of
neuroplasticity in greater detail.

Since 2017, several new discoveries have high-
lighted paradoxical changes to brain organization
and behavior following specific environmental stim-
uli based on timing of exposure (adolescence vs.
adulthood). Li and colleagues discovered that admin-
istration of low dose corticosterone to adolescent rats
increased the expression of BDNF and AMPA recep-
tor subunits in the hippocampus, and these changes
were associated with enhanced inhibition and spa-
tial learning capacities [23]. The opposite was found
if rats were exposed to the same low level of cor-
ticosterone in adulthood; this exposure increased
anxiety-related behaviors [23]. Similarly, it is well-
established that social isolation, a plasticity-reducing
stimulus, increases anxiety-like behaviors in adult
rats [19]. Within the last five years, several groups
have uncovered that isolation exposure in adoles-
cence through adulthood led to reduced anxiety-like
behaviors, suggesting a potential resiliency [24, 25].

In addition to these findings, a review of the neuro-
plasticity literature over the last five years emphasizes

novel methods for supporting or stimulating neu-
roplastic remodeling in the aging brain to prevent
cognitive and motor decline. It is well-established
that the potential for neuroplastic alteration is limited
in the aging brain due to reductions in glutamatergic
and cholinergic signaling, production of neurotrophic
factors [26], competing upregulation of cytokine pro-
duction, epigenetic remodeling that downregulates
cell mitosis and favors mature cell phenotypes [27],
cellular senescence, in addition to disrupted bioen-
ergetics [reviewed in [28]] and deterioration of the
blood brain barrier that restricts nutrient supplemen-
tation to the brain. An individual’s lifestyle is one
of the most influential factors contributing to the
onset and rate of brain aging, ultimately mediating
severity of neurodegeneration. Tarumi and colleagues
showed that white matter integrity in the aged human
brain was comparable to that in the young adult
brain if participants reported exercising throughout
their life [29]. Indeed, sustained cognitive training
across life has also been suggested to stave off
the onset of aging-related dementia [reviewed in
30]. Novel findings on the impact of key plasticity-
evoking and reducing stimulations across the lifespan
are reviewed in greater detail in the following
sections.
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TYPES OF PLASTICITY-EVOKING
STIMULATIONS

Exercise

Exercise has long been established as a positive
modulator of brain health; it supports neuroplastic
alterations that allow the brain to adapt to changes
in the environment, cognitive demand, age or in
response to disease/trauma. Searching keywords [aer-
obic exercise AND neuroplasticity] in PubMed on
5-22-23 yielded 5,627 papers published between
1950-2023 and about one half of these articles have
been published between 2017-2023, demonstrating
an ever-increasing interest in this topic. The earliest
empirical studies uncovered that voluntary aerobic
exercise increases VEGF and lactate in peripheral
muscles which in turn upregulates vasculogenesis,
neurogenesis, the release of neurotrophic factors,
cerebral blood flow and waste clearance in the healthy
brain [31–37]. Importantly, voluntary wheel run-
ning stimulates neurotrophin production, serotonin
release [38], reduces reward sensitivity of basal stri-
atal dopaminergic neurons [39], and yields the most
motor recovery following intracerebral stroke [40]
compared to forced training on a treadmill. Forced
training elevates anxiety and stress-related behaviors
in trained rodents, due to the onset of an inflamma-
tory cascade and limited serotonergic activity [38],
and this is damaging to brain health. These find-
ings have been replicated in animals and humans.
Additionally, Lai and colleagues (2021) showed that
aerobic activity attenuated increased neuroinflamma-
tion and decreased gut microbiota diversity in aged
mice that received intracranial surgery, indicating that
exercise may mediate post-surgical recovery in the
aged brain via the gut-brain axis [41]. Within the
last 5 years, researchers have focused on identifying
exercise-induced changes to white matter develop-
ment and maintenance of adult structures known as
myelin plasticity (Fig. 2). A PubMed search includ-
ing the keywords [aerobic exercise AND myelin]
revealed 425 articles published between 1967-2023
discussing this topic; only 165 articles were pub-
lished between 2017-2023. Overall, it is suggested
that voluntary aerobic exercise may promote adap-
tive myelination in the adult brain via the production
of oligodendrocyte precursor cells (OPCs) stimu-
lated by increased circulation of VEGF and BDNF in
the corpus callosum and prefrontal cortex [42–47].
However, Bloom et al. aptly point out that prolif-
eration of precursor glia without a parallel increase

in the number of myelinating oligodendrocytes, sug-
gests that myelin remodeling is incomplete or not
maintained in the exercised adult brain [44]. Impor-
tantly, Tomlinson et al. showed that aerobic activity
stimulated OPC production and oligodendrocyte mat-
uration in the prefrontal cortex of adult rodents, but
not in juvenile rodents following increased voluntary
aerobic activity likely due to Wnt-mediated prolifer-
ation and differentiation of OPCs in gray matter [45,
48]. In both age groups, OPC production and matura-
tion was supported in the corpus callosum following
aerobic activity, suggesting that myelin plasticity is
age- and region-specific in the mammalian brain.
Convergent with these preclinical findings, Rout-
salainen et al. have demonstrated that aerobic fitness
in teenagers aged 12–16 years was positively corre-
lated with maturation (higher Fractional Anisotropy
and lower Radial Diffusivity) of the corpus callosum,
suggesting that the thickness of the myelin sheath was
increased in exercising youth [49]. Similar benefits of
aerobic activity on white matter maturation have been
identified in other white matter tracts and subregions
of corpus callosum [50–52].

In addition, aerobic activity supports white matter
integrity in the aged brain via myelin remodel-
ing [44, 53]. Lower physical activity in adulthood
is associated with higher neurodegeneration during
aging due to slowed production of protective factors
(i.e., decreased neurotrophin production leading to
white matter degradation) and poor cardiovascular
and neurovascular health [54]. Tarumi and colleagues
reported that the integrity of global white matter in
aging adults who regularly participated in aerobic
exercise was comparable to that in young adults [29].
The impact of exercise intervention in aged adults is
less clear: Clark and colleagues did not uncover any
immediate benefits of a six-month aerobic exercise
regimen on white matter integrity in adults aged 57
to 86 years [55]. However, there is evidence from
preclinical studies that a longer intervention period
(14 months) was successful in preventing age-related
declines in white matter and intra-white matter vas-
cular atrophy in middle-aged (18 months) and aged
(28 months) rats [56]. Stimulation of precursor cell
differentiation by exercise directly combats slowed
oligoglia maturation in the aging brain [27].

Further, myelin remodeling in neuropathology
has been associated with increased production of
myelin basic protein, density of remyelinated axons
and thickening of myelin sheaths in white mat-
ter regions [reviewed in 44]. A study using a
mouse model of Multiple Sclerosis found that
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Fig. 2. Molecular and cellular alterations resulting from aerobic and resistance training in the prefrontal cortex (purple) and corpus cal-
losum (blue) in the healthy, aging, and pathological brain with citations. Associated alterations to behavior are summarized. Created with
BioRender.com.

pro-growth mechanisms were triggered early in
remyelination and followed by the upregulation of
anti-inflammatory processes and phagocytic activ-
ity [57]. In a mouse model of progressive early
neurodegeneration, exercise increased oligodendro-
genesis via elevated VEGF production and ultimately
lengthened the mouse lifespan from 25 days to 1 year
[46]. In a rat model of Fetal Alcohol Spectrum Dis-
orders, it has been discovered that increasing aerobic
activity in adolescence restores the trajectory of late
corpus callosum development via promotion of oli-
goglia maturation in the alcohol-exposed brain [58,
59].

There are distinct differences between the effects
of aerobic, strength and combination training on neu-
roplasticity. Resistance activity aimed at increasing
muscle strength, refines corticospinal tract connec-
tivity and maximizes efferent activation of motor
neurons. Aagaard et al. and Herold et al. compre-

hensively reviewed the major findings from several
paramount preclinical and clinical studies measuring
neuroplastic changes resulting from strength train-
ing [60, 61]. Notably, while aerobic activity supports
the genesis of capillaries, neurons, glia, waste clear-
ance, and myelin plasticity, strength training appears
to enhance existing neuronal connections. The ben-
efits of combined aerobic and strength training are
reviewed in a following subsection.

The impact of strength training on neuroplastic
alterations is similarly dependent on age and over-
all health of neural tissues. Searching keywords
[strength or resistance training AND neuroplastic-
ity] in PubMed on 7-18-23 yielded 143 papers
published between 1990-2023 and 87 these articles
have been published between 2017-2023, highlight-
ing that the paucity in research on this topic is
slowly being addressed. However, the effects of
resistance training on mechanisms of neuroplasticity
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are controversial. Pinho et al. reviewed the diver-
gent theories by which resistance training impacts
cerebral BDNF production, neurogenesis, oxidative
stress, and boosts cognitive inhibition [62]. There
is very little known about the effects of strength
training on adolescent neuroplasticity. In 2008, the
Canadian Society for Exercise Physiology released
a paper recommending modified resistance training
paradigms for children [63]. In addition to the direct
effect of resistance training on neural remodeling,
Palmer et al. and Hendy et al. review seminal evi-
dence that distinct neural mechanisms are responsible
for the cross-education phenomenon: increasing the
torque of maximum voluntary isometric contraction
in contralateral untrained limbs following resistance
training in one limb [64, 65]. More work is needed to
further delineate how these mechanisms contribute
to overall brain health in the developing and adult
brain; yet it is likely that resistance training upregu-
lates peripheral and cerebral BDNF production and
acts as a cerebral antioxidant, creating a favorable
environment for neuroplastic remodeling. In compar-
ison to the effects of aerobic activity on white matter
integrity in the aging brain, strength training also sup-
ports white matter integrity in the aging brain. In
the aged brain, progressive neurodegeneration cat-
egorized by white matter lesioning was delayed in
older women (aged 65-75) who engaged in resis-
tance training twice weekly for 1 year [66]. However,
in a meta-analysis assessing the behavioral outcome
of strength training, the researchers discovered that
increasing the intensity of aerobic or resistance train-
ing was positively correlated with improved motor
function in young adults. However, a similar correla-
tion was less clear in aged adults [67]. Interestingly,
in another study moderate and high intensity resis-
tance training for twenty-four weeks was sufficient
to improve cognitive function in elderly adults [68].

In pathological conditions, resistance training has
been shown to mitigate disease-related lesioning
of white matter. Twenty-four weeks of progressive
resistance training increased cortical thickness in
adults with Multiple Sclerosis, a disorder character-
ized by white matter degeneration [69]. Convergent
with these findings, Amiri et al. discovered that the
accumulation of Tau protein (a sign of axonal dete-
rioration) in women with Multiple Sclerosis was
significantly reduced in the brain following a 3x/week
resistance training session that lasted a total of 8
weeks [70]. However, the meta-analysis conducted
by Hortobagyi et al. emphasizes an increasing need
for more research concerning this topic as this group

did not find any correlation between the intensity of
resistance training and motor function in neurological
patients with Multiple Sclerosis, Parkinson’s disease,
and stroke [67]. While few studies have investigated
the impact of resistance training in the developing
brain, strength training is a common intervention for
children and adolescents with cerebral palsy. Mock-
ford et al. provide a comprehensive review of the
improvement of gait in children and adolescents
with cerebral palsy [71] which may be attributed to
strengthening of neural circuits involved in motor
coordination.

Lastly, cessation of aerobic activity in physically fit
individuals can negatively affect brain health. Alfini
et al. have shown that master athletes that cease
aerobic activity for 10 days have marked reduc-
tions to cerebral blood flow in the hippocampus, a
prominent neural structure for learning and memory
[54]. Moreover, Nishijima and colleagues discovered
that exercise cessation in rats with voluntary access
to running wheels transiently reduced neurogenesis
below control levels for a few months, in a negative
rebound nature [72]. To date, there are no studies that
have investigated the impact of exercise cessation on
myelin plasticity.

Complex motor learning and acrobat training

Complex motor learning via the manipulation of
forelimbs or distal digits and acrobat training require
significant structural and functional changes in the
circuitry of the primary motor cortex (M1) and cere-
bellar cortex, respectively [reviewed in 12, 73–76].
The primary method involved in acrobat training
includes teaching rodents how to navigate a challeng-
ing circuit with many obstacles that requires physical
and cognitive exertion including ropes, ladders, grids,
ramps, and seesaws [77–79]. These changes require
altered gene expression and protein synthesis to facil-
itate changes in neuronal dendrites and synaptic
connectivity. In addition to basic motor learning and
acrobat training, many other movement-based behav-
iors lead to experience-dependent plasticity changes
including (but not limited to) locomotion, vocaliza-
tion or any other behavior where learning of a new
controlled motor pattern is required.

M1 is considered a central brain region for ini-
tiating and encoding skilled voluntary movements.
Studies published before 2017 showed enlargement
of cortical map representation of trained digits and
forearm after motor learning [80, 81] which were par-
alleled by cortical synaptogenesis in Layer V of these
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Fig. 3. Molecular and cellular alterations resulting from motor learning in the motor and somatosensory cortices (purple) with citations.
Associated alterations to behavior are summarized. Created with BioRender.com.

regions [82] and increased basilar dendrite length in
Layer V pyramidal neurons [83]. Recent develop-
ments in rodent in vivo imaging have allowed for
the combination of longitudinal structural MRI with
immunohistochemistry following motor skill learn-
ing (skilled, single-pellet forelimb reach task) and
demonstrate that learning resulted in bilateral non-
linear decreases in gray matter volume juxtaposed
with nonlinear increases in white matter volume in
primary and secondary motor areas and in somatosen-
sory cortex [84] due to an increase in myelin content
and the number of newly differentiated oligodendro-
cytes [85] in the somatosensory cortex of the trained
forelimb. These findings are summarized in Fig. 3.

It has been demonstrated many times that skilled
motor learning enhances brain plasticity in the
form of increased dendritic length and complexity,
and in synaptogenesis en masse. The genetic tar-
geted recombination in active populations (TRAP)
approach used in Hwang et al. was used to label
M1 neurons specifically involved in circuitry under-
lying learning a forelimb reaching task in rodents
[86]. In vivo imaging revealed that this population
of behavior-related neurons in M1 represented an
engram that was reactivated during the recall of
the learned task. Motor learning induced a transient
increase in dendritic spine density and stabilization of
newly formed spines specifically on engram neurons
but not on neighboring non-TRAPed neurons.

While many studies evaluate changes in plas-
ticity during the process of learning (longitudinal
studies) or immediately after completion of a learn-
ing paradigm, few have addressed the time-course
of learning-induced changes in brain plasticity.
Streffling et al. assessed progressive motor-learning-
induced dendritic plasticity and spine density in M1

by studying dendritic morphology of layer II/III pyra-
midal neurons at day 0, day 30 and day 60 following
acquisition of a skilled reaching task in rats [87].
As Layer II/III neurons are known to receive and
process cortical and thalamic input, their involve-
ment in circuitry underlying skill-dependent learning
is indisputable. There was a transient increment in
complexity of the distal apical dendrite 30 days after
training, while length and complexity continuously
decreased in basal dendrites of superficial and deep
layer II/III pyramidal cells. Spine density increased
over time in apical and basal dendrites of both super-
ficial and deep layer II/III neurons accompanied
with a morphological change towards stubby- and
mushroom-like spines, indicating increased maturity.
Thus, profound but delayed changes occurred within
the dendritic compartment of layer II/III pyramidal
cells following motor training, highlighting the last-
ing benefits of motor learning on cortical-thalamic
circuit connectivity.

Synaptic plasticity in cortical circuitry required
for motor skill learning occurs both in excitatory
and inhibitory components of the modified circuits.
Investigation of learning-related spine plasticity in
dendritic compartments of neurons in the upper lay-
ers of M1 demonstrated that plasticity occurred in
layer I distal dendritic branches but not in peri-
somatic regions of layer II/III excitatory neurons
[88]. Studying the role of two genetically iden-
tified inhibitory interneuron subtypes, Chen and
colleagues revealed distinct subtype-specific plastic-
ity of inhibitory circuits, in which distally-targeting
somatostatin interneurons decreased their synapses
in layer I and perisomatically-targeting parvalbumin
neurons increased their synapses [88]. These results
shed light on a mechanism by which subtype-specific
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inhibitory circuit plasticity regulates specificity of
learning-related structural plasticity of excitatory
synapses involved in acquisition of motor skills.

Complex motor skill “acrobat” training is a pow-
erful plasticity-promoting approach known to evoke
significant plastic changes in various but specific
brain areas (e.g., motor and cerebellar cortex but
not deep cerebellar nuclei) and to result in improved
motor task performance, increase in synaptogenesis
and expression of neurotrophins and synaptophysin
[80, 89, 90]. Plasticity mechanisms that facilitate
retention of such skills were addressed in Sampaio
et al. where it was demonstrated that acrobat training
promoted significant plastic changes in the expres-
sion of proteins in motor and cerebellar cortices
[91]. Unfortunately, the studies identifying known
mechanisms of acrobat-related plasticity are scarce,
especially recently.

Environmental Complexity/Enrichment

Environmental complexity (EC) or enrichment
(EE) is a fundamental plasticity-driving intervention
that has been integral for elucidating the interac-
tions between experience-dependent mechanisms in
the brain. EC or EE broadly consists of three major
components: physical activity, cognitive stimulation,
and social interaction. Traditionally, EE consists of
housing at least 6 same-sex rodents in one cage and
providing toys, ramps, and, in some cases, running
wheels that are exchanged for novelty every few days
[92]. One of the primary examples by which EC/EE
changes the brain is by adult neurogenesis and synap-
togenesis in the hippocampus. Unlike in exercise
paradigms, EC/EE-stimulates synaptogenesis which
is imperative for the integration of newly proliferated
cells into existing neural networks. Network remodel-
ing is required for sustaining brain health long-term.
A second distinguishing factor between exercise and
EE paradigms is that the increased challenge pre-
sented during EE results in greater reductions to
anxiety-like behaviors [93]. Third, EC/EE-related
neurogenesis is supported by heightened activity of
the fibroblast growth factor receptor [94], elevated
expression of chondroitin sulfate proteoglycan, a reg-
ulator of embryonic neurogenesis [95], and finally
through CD8 + T cell-regulated neurotrophic factor
expression [96] instead of via upregulated VEGF and
BDNF production as previously described. Finally,
there is emerging evidence to suggest that EE/EC
plays a greater role in preventing cognitive decline in
aging rodents compared to increased physical activ-

ity [97]. A recent study by Ramirez-Rodriguez et
al (2022) explored the anxiolytic and neurogenic
effects of EC variations (continuous EC, increas-
ing complexity of EC, decreasing complexity) versus
exercise. They demonstrated decreased anxiety in
mice exposed to EC variations, but not after contin-
uous EC or after exercise in the running wheels. The
number of immature DCX+ neurons was increased at
a higher level by all EC conditions than by running,
which in turn produced more immature neurons than
in control brains. Since its beginning, much research
has been conducted that has identified numerous
plasticity-related mechanisms such as modified gene
and protein expression [reviewed in 98].

Despite this model’s extensive utilization and study
throughout the past 80 years, EC/EE remains a
topic of interest in the field of brain plasticity as
well as intervention research. Using the keywords
[((complexity) OR (enrichment)) AND (environ-
ment) AND (plasticity) AND (brain)] yielded 1,655
papers published between 1975–2023 (per PubMed
on 05/06/2023). Narrowing the search to papers pub-
lished from 2017–2023 produced 603 results, while
further narrowing by excluding reviews produced
473, which demonstrates that this plasticity-inducing
paradigm is still of great interest to the scientific
and medical communities. The focus of many of
the empirical papers published in the last five years
is to elucidate brain mechanisms responsible for
experience-dependent plasticity that occurs in the
rodent brain when exposed to a complex environ-
ment.

EC/EE not only promotes neuro- and synapto-
genesis, but modulates activity of inhibitory and
excitatory hippocampal neurons, facilitates myelin
remodeling, and alters lipid metabolism. Loisy et
al. showed that 3 weeks of EC/EE housing lim-
ited the plasticity of inhibitory activity from CA3 to
CA2 hippocampal subregions in adult mice [99]. The
authors used a variety of electrophysiological tech-
niques to demonstrate that GABA transmission was
reduced overall in CA2 and that this effect could be
reversed if mice were socially isolated. In another
seminal study, Dahlmanns and colleagues showed
that increasing the duration of EE (4 hours vs. 12
hours) effectively enhanced activin A production,
CA1 pyramidal neuron excitability and increased
sensitivity of the hippocampal theta generator to
cholinergic stimulation optimizing performance of
hippocampal circuits in response to higher demand
(behavioral stimulation) [100]. Together, these stud-
ies demonstrate how excitation of hippocampal CA1
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Fig. 4. Molecular and cellular alterations resulting from social interaction and environmental complexity in the hippocampus (green) and
prefrontal cortex (purple) with citations. Associated alterations to behavior are summarized. Created with BioRender.com.

is induced following EE. Additionally, Fletcher et al.
demonstrated that 6 weeks of EE led to significant
myelin remodeling: a global increase in axonal diam-
eter, myelin sheath thickness, and paranode length
in adult mice. The authors revealed an increase in
the differentiation of premature oligoglia in corpus
callosum and somatosensory cortex, which suggests
that EE is a powerful modulator of myelin-dependent
plasticity in young adulthood [101]. Alterations to
myelin ensheathment fine tune synaptic communi-
cation between brain regions. At the molecular level,
Borgmeyer et al. identified several lipids and proteins
that are upregulated in the mouse and rat brain fol-
lowing 6 weeks of EE [102]. This multiomics study
was the first to create a lipidomics library of EE-
induced changes in the rodent brain. Most notably, the
authors uncovered that EE reduced endocannabinoid
signaling in dendritic spines, and this upregulated the
expression of AMPA receptors, ultimately tuning the
function of synaptic junctions [102]. These recent dis-
coveries in the cellular and molecular mechanisms
by which EE alters neurotransmission have signifi-
cantly contributed to our understanding of how the
environment shapes brain function.

While the unique effects of physical activity and
cognitive stimulation have been extensively studied
[103–105], studies that compare the contributions
of the components of EC or EE in addition to
social interaction have been lacking until recent years
(Fig. 4). In 2019, Moreno-Jimenez and colleagues
investigated the pro-neurogenic effects of prolonged

social interaction compared to regular EC and con-
trol housing on both behavioral and neuroanatomical
measures in rodents [106]. Adult mice were pair
or triplicate-housed in standard home cages (con-
trol condition), in EE which consisted of a large
cage housing 12 same-sex mice with running wheels
and toys that were replaced every other day for nov-
elty, or in social enrichment cages which included
12 mice without the added wheels and toys. Overall,
the authors discovered that mice exposed to social
interaction only displayed similar increases in DCX+
cells in the hippocampus as those exposed to the full
EC paradigm. These morphological changes were
associated with comparable increases in exploratory
and pro-social behaviors. This suggests that social
interaction alone may sufficiently stimulate neuro-
genesis. However, it is likely that comprehensive
EC exposure may induce more robust neurogene-
sis or be accompanied by additional morphometric
changes not assessed in the Moreno-Jimenez study.
In a similar manner, four weeks of full EE or
exercise alone comparably restricted corticosterone
and �FosB expression in the basolateral amygdala
in adult female prairie voles after isolation stress
[107]. This could suggest that exercise may be the
primary change-inducing stimulus for these physio-
logical measures. However, it should be noted that
this study lacked an intervention group that did not
undergo isolation stress, which has been shown to
induce pronounced and lasting changes to the brain
(reviewed below). Additionally, a recent study by



84 K.A. Milbocker et al. / Maintaining a Dynamic Brain

Brenes at al. compared EE or exercise alone with flu-
oxetine treatment after social isolation in rats [108].
EE produced the widest and largest anti-depressive
effect, followed by exercise, then fluoxetine admin-
istration. Interestingly, while fluoxetine treatment
resulted in the most robust increase in serotonin
concentration, EE outperformed fluoxetine in nor-
malizing 5-HIAA and 5-HT turnover, which suggests
that the process by which serotonergic modifiers exert
anti-depressive effects may be more complex and
are mediated by unique experience-dependent mech-
anisms [108]. Finally, Mansk and colleagues (2023)
recently illustrated that adult neurogenesis and new
neuron survival was increased by housing in EE in
both inbred Swiss and outbred C67BL/6 mice strain;
however, the authors demonstrated that advanced
social recognition memory following EE was main-
tained for longer in C57BL/6 mice compared to Swiss
mice. This effect was abolished in C57BL/6 mice if
they were isolate housed for an extended period [109].

The full paradigm of EC/EE has been shown
to have long-lasting effects on both memory and
memory-related neuroanatomical substrates. Adult
mice that underwent 40 days of EC exhibited
extended recovery of object-recognition memory 20
days after learning occurred [110]. Similar effects
have been seen to last long after EE ceases, as shown
by Gonzalez-Pardo et al. by exposing rats to either
EE or non-enriched environment for 45 days fol-
lowed by 44 days of standard housing [111]. EE
reduced anxiety- and depression-like behaviors as
well as reduced metabolic capacity as measured by
cytochrome oxidase histochemistry despite EE cessa-
tion, which may indicate better metabolic efficiency
while performing behavioral tasks long-term [111].

Due to the many known effects of EC/EE on brain
plasticity, much recent work has been committed to
utilizing it as an intervention in preclinical models
of disease. Across several studies utilizing rodent
models of neurodevelopmental disease, researchers
have demonstrated that EE is important for the devel-
opment of spatial working memory. For instance,
perinatal hypoxia has been shown to disrupt oligo-
dendrocyte maturation and myelination and this is
rescued by continuous rearing in EE between PD15-
45 [112]. Likewise, EE during and immediately
following pregnancy resulted in better performance
on neurodevelopmental and spatial memory tasks of
rat pups that underwent hypoxic ischemia on PD
3 [113]. Hypoxic pups that underwent EE during
perinatal development also exhibited a lack of hip-
pocampal tissue loss and increased GFAP expression

otherwise seen in their non-EE counterparts. When
mice were exposed to EE for five weeks imme-
diately preceding ischemic injury, EE resulted in
reduced infarct volume as well as prevented increased
expression of inflammatory cytokine IL1-� [114].
One potential mechanism by which EE protects or
repairs the brain is through the upregulation of neu-
rotrophins such as BDNF. In another “two-hit” model
of perinatal neuroimmune activation, two weeks
of EE in late adolescence was shown to increase
BDNF expression, TrkB expression, upregulate the
expression of several excitatory-related receptors
(NMDA, GluNR1, 2A and 2B) in “two-hit” mice
compared to controls. Moreover, this was correlated
with improved spatial working memory performance
[115]. Additionally, Zajac et al. found that two weeks
of voluntary exercise and EE in late adolescence had
unique effects on serotonergic receptor expression in
a transgenic mouse model of Huntington’s Disease.
EE increased Htr2a gene expression in male mice, and
this was associated with improvement on the head-
twitch test. Findings from this study highlighted the
impact of a short intervention period early in life to
rectify behavioral impairments associated with Hunt-
ington’s Disease [116]. Early intervention with EE
significantly enhances neurodevelopment and spa-
tial working memory capacity in multiple models of
neurodevelopmental disorders.

The potential for EC/EE to rectify maladaptive
behaviors in adult rodent models of neuropsychiatric
disease continues to be explored. Four weeks of EE
in adulthood following chronic constriction injury
of the sciatic nerve ameliorated reductions to pain
threshold and BDNF protein expression, long-term
memory deficits, LTP impairment, and synaptic plas-
ticity impairments measured by hippocampal spine
density [117]. However, the trkB antagonist ANA-12
blocked the effects of EE on long-term memory and
synaptic plasticity, but not BDNF expression [117]. In
another study, eight days of EC was found to increase
DCX-expressing cells in the hippocampi of 11-week-
old mice but this was not correlated with an increase
in BDNF [118]. Taken together, BDNF signaling
may have downstream effects on plasticity without
modifying BDNF expression itself. In another study,
researchers uncovered that EE enhanced the effect
of antidepressants on regulating the hypothalamic-
pituitary-adrenal axis in a corticosterone-induced
mouse model of depression. Mice treated with the
antidepressant venlafaxine during EE showed signs
of recovery 4 weeks before mice treated in stan-
dard housing, and this was reflected in the brain as
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combined pharmaceutical-EE intervention reduced
the number of hippocampal perineuronal nets and
this was not identified in brain tissue extracted from
treatment-only mice [119]. EE exposure at any age is
beneficial for rectifying certain neuroanatomical and
behavioral impairments resulting from various brain
disorders and conditions.

Combined interventions

The synergistic impact of combined behavioral
interventions on the stimulation of neuroplastic
changes is noteworthy. In addition to the direct effects
of single interventions, several groups have demon-
strated that intervention combinations may be key
for maintaining the neuroplastic changes described.
As mentioned above, some single plasticity-evoking
interventions contain multiple yet necessary com-
ponents (e.g., environmental complexity being the
additive effects of physical activity, cognitive stim-
ulation, and social interaction). However, many
distinct interventions have historically been used
simultaneously or consecutively and show that neu-
roplastic alterations are sustained via implementation
of these more complex intervention strategies. In sev-
eral historic studies, preceding EC exposure with
voluntary aerobic activity (“super-intervention”) not
only stimulated neurogenesis, but helped to integrate
newly-differentiated neurons into existing circuits
in the typically-developing and diseased rat brain
[120–122]. For further review of combined inter-
vention success compared to individual stimulation
paradigms, we encourage you to read [123]. In
the last five years, combined intervention studies
have aimed to identify novel therapeutic strategies
and mechanisms associated with ameliorating behav-
iors in several disease states. Norouzi-Gheidari and
colleagues showed that combining robotics, virtual
reality activities, and neuromuscular electrical stim-
ulation showed the most promise in ameliorating
deficits in upper extremity movement resulting from
chronic stroke [124].

More research is needed to evaluate the impact
of combined intervention on neural remodeling in
the aged brain. One such study investigated the
impact of a cognitive-exercise dual-task intervention
on cognitive decline in aged rats. Li et al. exposed
18-month-old rats to a cognitive operant conditioning
task, passive exercise, or both five times a week for
12 weeks [125]. Rats in the dual-task group demon-
strated improved performance on a novel object
recognition test, as well as increased plasticity mark-

ers such as synaptophysin, BDNF, and glutathione
peroxidase compared to rats in just one of the inter-
vention conditions. Marinus et al. discovered that the
concentration of peripheral BDNF of aging adults is
immediately upregulated after strength and combi-
nation aerobic-strength training but not after aerobic
exercise alone [26]. Indeed, levels of circulating
brain-derived neurotrophic factor reflect levels of this
factor in brain tissue across species [126]. It is evident
that combined interventions are best for stimulating
neuroplasticity in the aged brain.

Increasing intervention “intensity” accelerates
neuroplasticity. Functional alterations to neural net-
works are particularly sensitive to varying levels
of intervention exposure. Andrews et al. showed
that cortical network function was enhanced in an
intensity-dependent manner in young adults exposed
to interval training [127]. BDNF polymorphism was
fundamental in mediating this relationship; specific
epigenomic alterations were associated with the vary-
ing degrees of exercise intensity. Similarly, tiered
intervention approaches have proven to be benefi-
cial in mitigating neural remodeling in disease states.
Zhan and colleagues demonstrated that a three-phase
enriched environment intervention supported post-
stroke recovery in adult rats by increasing the levels
of socialization, environmental novelty, and potential
for voluntary physical activity over 1-month dur-
ing the stroke recovery period [128]. Noninvasive
magnetic resonance imaging revealed that striatal
and cortical volumes were preserved in ischemic
rats following intervention exposure. Moreover, cere-
bral blood flow in these regions and angiogenesis
in peri-infarct areas was improved in intervention-
exposed ischemic rats compared to ischemic rats
without intervention. Improved structural remodel-
ing was positively correlated with improved spatial
learning capacity.

PLASTICITY-REDUCING FACTORS

Isolation/Individual housing

Environmental complexity is widely and incon-
testably accepted as a powerful brain/neuronal
plasticity-enhancing environment. The counts of
empirical papers demonstrating this phenomenon
using the keywords [enriched AND environ-
ment AND brain] exceed 4,800 (per PubMed on
04/18/2023): narrowing the search to [enriched AND
environment AND brain AND plasticity] resulted in
886 papers published between 1978 and 2023, with
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Fig. 5. Molecular and cellular alterations resulting from isolation during different life stages in the prefrontal cortex (purple) and hippocampus
(green) with citations. Associated alterations to behavior are summarized. Created with BioRender.com.

385 papers in 2017–2023. The effect of social iso-
lation is significantly less studied: search for [social
AND isolation AND environment AND brain AND
plasticity] produced only 124 results in the period
between 1978 and 2023, with 53 papers published
in 2017-2023. These numbers clearly indicate that
our knowledge of the plasticity-reducing effect of
isolation is far from complete. The importance of
understanding the immediate and long-lasting effects
of social isolation on mental and psychosomatic
health and their mechanisms has been emphasized
by a recent global event: the COVID-19 pandemic.
Here we summarize the major findings from stud-
ies examining the effects of environmental and social
deprivation (Fig. 5).

Social isolation (SI) induces lasting negative
effects on the brain, and these effects could be more
powerful or distinctly different when SI occurs during
vulnerable periods, such as adolescence. Social iso-
lation could result in lasting behavioral abnormalities
and neuropsychiatric disorders, including aggression,
substance addiction, obsessive-compulsive disorder,
and eating disorders [129–131]. Adolescents, espe-
cially girls, are more likely to suffer from anxiety and

depression during and after SI [132]. Preclinical stud-
ies have demonstrated that in post-weaning rats the
impact of continuous SI manifested in depressive-like
behaviors, however SI extended from postweaning
into adulthood paradoxically decreased anxiety [24].
Fear-related behaviors were decreased in postwean-
ing and adult SI animals. Decreased anxiety-related
behavior was confirmed in adult female (but not male)
rats after SI in adolescence and testing in adult-
hood [25]. Moreover, rats reared in SI from weaning
until early adulthood showed abnormal forms of
aggression and social deficits that were temporar-
ily ameliorated by re-socialization, but aggression
was again escalated in a novel environment [133]. SI
resulted in hyperactivity in rats exposed to isolation
on PDs 21-101 [134], and these results have been
mirrored in clinical studies which have proven that
early-life adversity (i.e., neglect) has been associated
with hyperlocomotion in youth and adults.

These behavioral alterations were paralleled by
decreased expression of notable plasticity-related
proteins in hippocampus and prefrontal cortex
(BDNF in adolescent and adult hippocampus, pERK
and pCREB in adult hippocampus, PSD-95 in
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adult prefrontal cortex) and by increased expres-
sion of these factors in adult amygdala [24]. Four
weeks of SI in adulthood caused cognitive dys-
function (novel object recognition test, Morris water
maze), decreased synaptic proteins (synaptophysin
or PSD93) and BDNF expression and dendritic spine
numbers in the prefrontal cortex (PFC), dorsal hip-
pocampus, and ventral hippocampus [135]. Begni et
al. reported a strong reduction in the expression of
Arc and BDNF mRNA in PFC after SI on PD21-101
[134].

In the PFC, SI after weaning reduced the num-
ber of excitatory synaptic inputs, and enhanced the
quantity of inhibitory synaptic inputs on pyramidal
neurons that densely innervate the dorsomedial stria-
tum (DMS), compromising the intrinsic excitability
of these neurons and shifting the PFC to a less
excited state overall [136, 137]. A study by Shan et
al. revealed that adolescent SI suppresses excitatory
synaptic neurotransmission, both presynaptically and
postsynaptically, specifically onto dorsal medial sep-
tal D1 receptor medium spiny neurons, but not onto
other neuronal types (e.g., dorsal medial septal D2
receptor medium spiny neurons) [138]. As the dorsal
striatum plays a central role in encoding goal-directed
action and habitual response, the suppression effect
in the excitatory neurotransmission onto the dorsal
medial striatal D1 receptor medium spiny neurons is
responsible for the SI-induced shift in the balance of
decision-making strategy from goal-directed action
to habitual behavioral approach [138].

It should be noted that effects of adolescent
SI could be more severe if such exposure occurs
as a second “hit” after early adversity (e.g., after
early maternal separation or neglect). Gildawie et
al. demonstrated sex-specific impact of early life
adversity combined with SI in adolescence on adult
locomotion and risk-assessment behavior, where
females are more sensitive to adversity-induced devi-
ations in performance [25]. Parvalbumin-positive
interneurons’ counts and perineuronal nets integrity
in medial PFC were also affected in sex-specific man-
ner, suggesting that females could be at higher risk
of long-term neural and extracellular consequences
following multiple hits of adversity. These findings
are in line with recent reports that development of
PV interneurons in PFC is affected by SI during a
juvenile critical window, resulting in reduced number
and activation of these interneurons, and subsequent
social behavior deficits [137, 139].

The powerful detrimental effect of SI in adoles-
cence is further confirmed by the study of Cuesta et

al. where five days of isolation during adolescence
led to molecular changes in the Wnt/ß- catenin path-
way in PFC and to affect anxiety-related behaviors
during adulthood [140]. In neurons, ß -catenin regu-
lates synapse formation and function as well as axon
growth and branching [141, 142] thus stress-induced
reduction of ß -catenin during adolescence could
affect the protracted maturation of the PFC circuitry
and lead to long-term changes in PFC function.

Effects of SI in adulthood parallel the effects
of isolation in adolescence. Biggio et al. highlight
molecular and structural impairments in the hip-
pocampus of socially isolated rats: the reduction in
the amount of BDNF, NGF and Arc elicited by SI
were associated with a significant reduction in den-
tate gyrus neurogenesis, spine density and dendritic
arborization [143]. Popa et al. discovered that social
isolation of young adult and aged mice reduced the
sociability of the mice, and this was related to the
expression of specific micro-RNAs in the prefrontal
cortex [144]. Moreover, Sukegawa and colleagues
found that the removal of rodents from EE/EC ele-
vated aggressive behaviors and disrupted sleeping
patterns. The maladaptive behaviors were observed
up to 2 weeks following enrichment removal [145].

A comprehensive review of the effects of SI on
human and animal behavior and brain, covering two
decades of research in detail, was published in 2022
[146].

DISCUSSION AND CLINICAL RELEVANCE

The medical and scientific communities continue
to study the mechanisms of brain plasticity to develop
interventions, predict outcomes of adverse experi-
ences, and to prevent or ameliorate neuropathology.
As summarized in the preceding sections, recent
advances have uncovered that the timing and
length of plasticity-evoking or -depriving stimuli are
paramount features that contribute to neuroplastic
alteration and modified behaviors. In summary, the
studies published in the recent years confirm that
the brain is most sensitive to neuroplastic alteration
during development and into young adulthood. How-
ever, events occurring prenatally or in early life may
alter the capacity for neuroplastic alteration later
in life. Moreover, recent advances have uncovered
that neuroplastic remodeling is possible in the aging
and diseased brain (i.e., hypoxia, Multiple Sclero-
sis, Parkinson’s Disease, stroke, and Fetal Alcohol
Spectrum Disorders).
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The clinical relevance of combining multiple
interventions can be exemplified by several stud-
ies conducted in recent years. Fraser et al. utilized
an intervention consisting of 12 weeks of aero-
bic exercise coupled with either cognitive training
or computer training to demonstrate that combined
intervention resulted in benefits to balance and gait
in older adults compared to just a single intervention
alone [147]. Similarly, there has been much recent
work dedicated to utilizing motor-based interventions
to enhance the structural neuroplasticity of patients
with various brain injuries such as stroke [reviewed in
148]. Even EC, which may be confounded by socioe-
conomic status, has been implicated in neuroplastic
changes to functional brain network development
when applied to adults [149]. Importantly, EE has
been shown to improve cognitive outcomes in chil-
dren irrespective of socioeconomic status, which
parallels findings in rodent studies [150, 151].

The ability of the brain to reorganize its struc-
ture and function via neuroplastic mechanisms
makes these stimuli invaluable tools for ameliorat-
ing deficits that may not respond to other treatment,
such as stroke or spinal cord injury, Alzheimer’s
disease, or treatment-resistant neuropsychiatric dis-
orders [reviewed in 152]. There is also great potential
for plasticity-evoking behaviors to be used synergis-
tically with cognitive behavioral therapy as a more
robust treatment for depression [reviewed in 153].

Taken together, the findings summarized above
demonstrate that there is still much to be eluci-
dated regarding the effects of neuroplasticity-evoking
behaviors on the brain, despite the abundance of past
research. Each stimulus provokes unique mechanis-
tic and functional outcomes on brain structure, and
the combination of stimuli may lead to synergistic
promotion of neuroplastic remodeling.
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B, Orädd G, Sultan FR, Brozzoli C, Garzón B,
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