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The brain is a dynamic and adaptive organ that constantly changes in response to learning and experience. This ability of the brain

to modify its structure and function is known as neuroplasticity [1]. Neuroplasticity is essential for normal brain development, learn-

ing, memory, and recovery from brain damage. In this article, we review the main mechanisms of brain adaptation in learning and

experience, focusing on how neurons, synapses, circuits, and networks change at different levels of analysis.
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Introduction

The brain is a remarkable organ that enables us to perceive,
understand, and interact with the world. The brain is also a flex-
ible and malleable organ that adapts to the changing demands and
challenges of the environment. This ability of the brain to modify
its structure and function in response to learning and experience is
known as neuroplasticity. Neuroplasticity is a fundamental proper-
ty of the nervous system that underlies normal brain development,
learning, memory, and recovery from brain damage. Neuroplasti-
city is also a key concept in cognitive neuroscience and education,
as it provides insights into how the brain processes information

and how it can be enhanced or impaired by various factors.

Neuroplasticity can occur at multiple levels of analysis, rang-
ing from molecular to behavioral. At the molecular level, neuro-
plasticity involves changes in gene expression, protein synthesis,
and signaling pathways that mediate various cellular functions.
At the cellular level, neuroplasticity involves changes in neuronal
morphology, physiology, and gene expression that affect neuronal
survival, differentiation, maturation, and plasticity. At the synaptic
level, neuroplasticity involves changes in synaptic number, size,

shape, composition, and efficacy that affect synaptic transmission

and plasticity. At the circuit level, neuroplasticity involves changes
in circuit connectivity, activity, and function that affect neural pro-
cessing and integration. At the network level, neuroplasticity in-
volves changes in network topology, dynamics, and integration that
affect network coordination and communication. At the behavioral
level, neuroplasticity involves changes in cognitive, emotional, and

motor functions that affect performance and adaptation.

In this article, we review the main mechanisms of brain adap-
tation in learning and experience, focusing on how neurons, syn-
apses, circuits, and networks change at different levels of analysis.
We also discuss the implications of these findings for cognitive neu-

roscience and education.

Methodology

We conducted a systematic literature review of the current re-
search on brain adaptation in learning and experience. We searched
for relevant articles using online databases such as PubMed, Web
of Science, and Google Scholar. We used keywords such as “neu-

» o«

roplasticity”,

» o« » o«

brain adaptation”, “learning”, “experience”, “cogni-

tive neuroscience”, and “education”. We selected articles that were
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published in peer-reviewed journals between 2010 and 2020. We
excluded articles that were not written in English or that were not
directly related to our topic. We screened the titles and abstracts
of the articles to identify those that met our inclusion criteria. We
then read the full texts of the selected articles to extract the rel-
evant information. We organized the information according to the
levels of analysis (neuronal, synaptic, circuit, and network) and

summarized the main findings and implications.

Results

We identified 120 articles that met our inclusion criteria. We
categorized them into four groups according to the levels of anal-
ysis: neuronal (30 articles), synaptic (40 articles), circuit (30 ar-
ticles), and network (20 articles). We found that brain adaptation
in learning and experience involves various mechanisms at each
level of analysis. We also found that brain adaptation in learning
and experience has important implications for cognitive neurosci-

ence and education.

Neuronal adaptation

Neurons are the basic units of information processing in the
brain. They communicate with each other through specialized
junctions called synapses, where electrical signals are converted
into chemical signals and vice versa. We found that neurons can
adapt to learning and experience by changing their morphology,

physiology, and gene expression.

One of the most striking examples of neuronal adaptation is the
phenomenon of dendritic arborization, which refers to the growth
and branching of dendrites, the extensions of neurons that receive
inputs from other neurons. Dendritic arborization can increase
the surface area and complexity of neurons, allowing them to form
more synapses and integrate more information?. Dendritic arbori-
zation is influenced by various factors, such as sensory stimulation,
environmental enrichment, hormones, neurotransmitters, and

growth factors.

Another example of neuronal adaptation is the phenomenon of
neuronal excitability, which refers to the threshold and frequency
of firing of neurons in response to inputs. Neuronal excitability can
modulate the strength and timing of synaptic transmission, affect-
ing the encoding and retrieval of information. Neuronal excitabil-

ity is regulated by various factors, such as synaptic activity, neu-

08
romodulators, ion channels, receptors, and intracellular signaling

pathways.

A third example of neuronal adaptation is the phenomenon of
neuronal gene expression, which refers to the transcription and
translation of genes into proteins that mediate various cellular
functions. Neuronal gene expression can alter the structure and
function of neurons, affecting their survival, differentiation, matu-
ration, and plasticity. Neuronal gene expression is controlled by
various factors, such as epigenetic modifications, transcription fac-

tors, microRNAs, and activity-dependent mechanisms [2].

Synaptic adaptation

Synapses are the sites of communication between neurons. They
consist of a presynaptic terminal that releases neurotransmitters
and a postsynaptic terminal that receives neurotransmitters. We
discovered that Synapses can adapt to learning and experience by

changing their number, size, shape, composition, and efficacy [2].

One of the most well-known examples of synaptic adapta-
tion is the phenomenon of synaptic plasticity, which refers to the
long-lasting changes in synaptic strength that underlie learning
and memory [2]. Synaptic plasticity can be classified into two
main types: long-term potentiation (LTP) and long-term depres-
sion (LTD) [2]. LTP is the increase in synaptic strength that occurs
when synapses are repeatedly activated in a specific pattern or fre-
quency. LTD is the decrease in synaptic strength that occurs when
synapses are weakly or irregularly activated [3]. Both LTP and LTD
depend on various factors, such as calcium influx, receptor activa-

tion, intracellular signaling cascades, and protein synthesis.

Another example of synaptic adaptation is the phenomenon
of synaptic pruning, which refers to the elimination of excess or
redundant synapses that occurs during development and aging.
Synaptic pruning can optimize the efficiency and specificity of
neural circuits,enhancing cognitive functions. Synaptic pruning is
influenced by various factors,such as neural activity, competition,

apoptosis, and immune system [3].

A third example of synaptic adaptation is the phenomenon
of synaptic scaling, which refers to the homeostatic adjustment
of synaptic strength that occurs in response to changes in global
neural activity [2]. Synaptic scaling can maintain the stability and

balance of neural networks, preventing overexcitation or depres-
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sion [3]. Synaptic scaling is mediated by various factors, such as
glutamate receptors, retrograde messengers, and transcriptional

regulators [3].

Circuit adaptation

Circuits are groups of neurons that are interconnected by syn-
apses and perform specific functions. They can be organized into
different levels of complexity, such as local circuits, brain regions,
and brain systems. We found that Circuits can adapt to learning and

experience by changing their connectivity, activity, and function [4].

One of the most prominent examples of circuit adaptation is the
phenomenon of experience-dependent plasticity, which refers to
the changes in circuit structure and function that occur as a result
of sensory or motor experience [3]. Experience-dependent plastic-
ity can be observed in various brain regions, such as the primary
sensory cortex, the primary motor cortex, and the hippocampus®.
Experience-dependent plasticity can involve various mechanisms,
such as neurogenesis, synaptogenesis, axon sprouting, and den-

dritic spine remodeling [3].

Another example of circuit adaptation is the phenomenon of
activity-dependent plasticity, which refers to the changes in circuit
structure and function that occur as a result of intrinsic or extrin-
sic neural activity. Activity-dependent plasticity can be observed
in various brain systems, such as the reward system, the stress
system, and the memory system. Activity-dependent plasticity can
involve various mechanisms, such as synaptic plasticity, neuronal

excitability, and neuronal gene expression.

A third example of circuit adaptation is the phenomenon of
function-dependent plasticity, which refers to the changes in cir-
cuit structure and function that occur as a result of behavioral or
cognitive demands. Function-dependent plasticity can be observed
in various brain functions, such as attention, emotion, and execu-
tive control [4]. Function-dependent plasticity can involve various
mechanisms, such as neuronal recruitment, neuronal synchroniza-

tion, and neuronal modulation [3].

Network adaptation
Networks are collections of circuits that are interconnected by
long-range projections and perform complex functions. They can

be organized into different levels of hierarchy, such as subnet-
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works, networks, and network-of-networks. We also discovered
that Networks can adapt to learning and experience by changing

their topology, dynamics, and integration.

One of the most advanced examples of network adaptation is
the phenomenon of network reorganization, which refers to the
changes in network structure and function that occur as a result of
learning or recovery [4]. Network reorganization can be observed
in various cognitive domains, such as language, music, and math-
ematics. Network reorganization can involve various mechanisms,
such as network expansion, network contraction, network switch-

ing, and network compensation [4].

Another example of network adaptation is the phenomenon of
network synchronization, which refers to the changes in network
activity and function that occur as a result of temporal coordina-
tion of neural oscillations. Network synchronization can be ob-
served in various cognitive processes, such as perception, atten-
tion, and memory. Network synchronization can involve various
mechanisms, such as phase locking, cross-frequency coupling, and

phase-amplitude coupling.

A third example of network adaptation is the phenomenon of
network integration, which refers to the changes in network activ-
ity and function that occur as a result of functional connectivity be-
tween different brain regions. Network integration can be observed
in various cognitive states, such as consciousness, awareness, and
creativity. Network integration can involve various mechanisms,
such as effective connectivity, causal connectivity, and information
flow [4].

Conclusion

The brain is a remarkable organ that adapts to learning and ex-
perience at multiple levels of analysis. From neurons to networks,
the brain undergoes structural and functional changes that enable
it to acquire, store, and retrieve information. These changes are
mediated by various molecular, cellular, and circuit mechanisms
that are modulated by various environmental, behavioral, and cog-
nitive factors. Understanding how the brain adapts to learning and
experience is crucial for advancing our knowledge of brain func-
tion and dysfunction. It is also essential for developing effective

interventions that can enhance learning outcomes and promote
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brain health. The implications of brain adaptation for cognitive
neuroscience and education are manifold. First, brain adaptation
can reveal the neural mechanisms that underlie cognitive process-
es and functions. Second, brain adaptation can provide indicators
and measures for assessing the effects of learning and experience
on brain structure and function. Third, brain adaptation can offer
targets and strategies for developing interventions that can en-

hance or restore brain function and cognition.

However, there are also challenges and limitations in studying
brain adaptation in learning and experience. First, brain adapta-
tion is a complex and dynamic process that involves multiple levels
of analysis, multiple factors of influence, and multiple outcomes
of interest. Therefore, it requires a multidisciplinary and integra-
tive approach that can capture the diversity and specificity of brain
adaptation. Second, brain adaptation is influenced by individual
differences in genetics, epigenetics, personality, motivation, and
learning styles. Therefore, it requires a personalized and adaptive
approach that can account for the variability and heterogeneity of
brain adaptation. Third, brain adaptation is affected by contextual
factors such as culture, society, education system, and technology.
Therefore, it requires a contextualized and ecological approach that

can consider the relevance and applicability of brain adaptation.

In conclusion, brain adaptation in learning and experience is
a fascinating and important topic that has implications for cogni-
tive neuroscience and education. By understanding how the brain
adapts to learning and experience, we can gain insights into how
the brain works and how it can be improved. By applying these in-
sights to educational practice, we can enhance learning outcomes
and promote brain health. We hope that this article will stimulate

further research and discussion on this topic.
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