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Introduction

The brain’s remarkable capacity for change, known as plasticity, is a fundamental
property enabling learning, memory, and recovery from injury. This adaptability is
rooted in intricate cellular and molecular processes that continually reshape neural
circuits. Synaptic plasticity, the ability of synapses to strengthen or weaken over
time, is a cornerstone of this phenomenon, driven by molecular mechanisms that
alter synaptic efficacy and connectivity. Understanding these dynamic changes
is crucial for unraveling the complexities of brain function [1]. Furthermore, the
adult brain retains a degree of plasticity through the generation of new neurons, a
process termed adult neurogenesis. This continuous addition of neurons, particu-
larly in regions like the hippocampus, plays a significant role in cognitive functions
such as learning and memory, suggesting that enhancing this process could offer
therapeutic benefits for neurodegenerative conditions [2]. Beyond neurons, glial
cells, including astrocytes andmicroglia, are now recognized as active participants
in synaptic plasticity. They modulate synaptic transmission, influence synaptic
strength, and contribute to the refinement of neural circuits through the release
of signaling molecules and by shaping the extracellular environment, highlighting
a dynamic interplay essential for brain health [3]. Epigenetic modifications, such
as DNA methylation and histone alterations, also play a critical role in regulating
gene expression and driving long-term brain plasticity. These molecular marks are
vital for the consolidation of memories and the adaptation of neuronal circuits in
response to experience, offering new targets for interventions in memory-related
disorders [4]. The impact of chronic stress on the brain’s plasticity mechanisms
is a significant area of research. Stress hormones can impair synaptic function
and structure, particularly in critical areas like the prefrontal cortex and hippocam-
pus, leading to maladaptive plasticity that can affect cognitive abilities and emo-
tional regulation [5]. Neurotrophic factors, notably brain-derived neurotrophic fac-
tor (BDNF), are key mediators of neuronal survival and plasticity. BDNF signaling
influences synaptic transmission, neurogenesis, and neuronal morphology, pro-
moting adaptive changes in response to stimuli and learning, and holds promise for
treating neurological and psychiatric disorders [6]. Structural plasticity, involving
physical alterations in neuronal architecture such as changes in dendritic branch-
ing and spine density, also contributes to the rewiring of neural circuits in the
adult brain. While often considered more limited in mature brains, these struc-
tural modifications are driven by experience and learning, enhancing functional
connectivity and cognitive flexibility [7]. The endocannabinoid system, a neuro-
modulatory system within the brain, significantly influences synaptic plasticity and
neuronal excitability. Endocannabinoids act as retrograde messengers, regulating
neurotransmitter release and modulating key plasticity mechanisms like long-term
depression, thereby playing a complex role in brain function [8]. The molecular un-
derpinnings of learning and memory consolidation involve sophisticated signaling
pathways that converge on mechanisms for stabilizing synaptic changes. Pro-
tein synthesis and gene expression are essential for fortifying synaptic alterations,
making them resistant to forgetting and contributing to enduring plasticity events

[9]. Finally, plasticity is not confined to excitatory synapses; inhibitory synapses
and the interneurons that control them are also highly plastic. Changes in GABAer-
gic signaling and interneuron function are critical for regulating network excitability,
processing information, and adapting behaviors, with their dysfunction implicated
in various neurological disorders [10].

Description

The fundamental processes of synaptic plasticity, involving the modulation of
synaptic strength through mechanisms like long-term potentiation and depres-
sion, are driven by specific receptor systems and intracellular signaling cascades.
NMDA and AMPA receptors are central to these dynamic alterations, orchestrating
neuronal network reorganization through the action of kinases and phosphatases,
which has profound implications for learning, memory, and recovery from brain
injury [1]. Complementing these synaptic changes, adult neurogenesis in the hip-
pocampus contributes to cognitive flexibility. This process is regulated by intricate
signaling pathways that govern the birth, migration, and integration of new neu-
rons, influenced by growth factors like BDNF and key transcription factors, sug-
gesting potential therapeutic avenues for cognitive decline [2]. The role of glial
cells, particularly astrocytes and microglia, extends beyond mere support to active
participation in synaptic plasticity. These non-neuronal cells dynamically influence
synaptic transmission and network function through the release of gliotransmitters
and modulation of the extracellular milieu, underscoring their integral role in shap-
ing brain circuitry [3]. Furthermore, epigenetic mechanisms, including DNAmethy-
lation and histone modifications, serve as crucial regulators of gene expression
that underpin long-term brain plasticity. These epigenetic changes are essential
for memory consolidation and the adaptive rewiring of neural circuits, offering novel
targets for understanding and treating memory-related disorders [4]. The detri-
mental effects of chronic stress on synaptic plasticity are also well-documented.
Stress hormones, such as cortisol, can impair dendritic spine morphology and
reduce synaptic efficacy by altering the expression of key plasticity-related pro-
teins, particularly in the prefrontal cortex and hippocampus, leading to maladap-
tive changes in neuronal function [5]. Brain-derived neurotrophic factor (BDNF)
is a critical neurotrophin that promotes neuronal survival and enhances synaptic
plasticity. Its signaling pathway influences synaptic transmission, neurogenesis,
and neuronal structure, contributing to adaptive plasticity in response to learning
and environmental stimuli, with significant implications for therapeutic interven-
tions [6]. Structural plasticity in the adult brain, characterized by modifications in
dendritic branching, spine density, and axonal sprouting, allows for the rewiring
of neural circuits. These experience-dependent structural changes enhance func-
tional connectivity and contribute to the brain’s adaptability, even in the mature
central nervous system [7]. The endocannabinoid system plays a significant neu-
romodulatory role in synaptic plasticity and neuronal excitability. Through retro-
grade signaling, endocannabinoids influence neurotransmitter release and impact
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mechanisms such as long-term depression, highlighting their complex involvement
in regulating brain function and plasticity [8]. The molecular machinery supporting
learning and memory consolidation involves synchronized signaling pathways that
enhance synaptic strength and structure. Stabilization of these synaptic changes
relies on protein synthesis and gene expression, rendering memories resistant to
forgetting through enduring plasticity events [9]. Lastly, the plasticity of inhibitory
synapses and interneurons is critical for the balanced functioning of cortical cir-
cuits. Alterations in GABAergic signaling and interneuron activity are essential for
regulating network oscillations, information processing, and adaptive behaviors,
underscoring that plasticity is a pervasive property of neural networks [10].

Conclusion

The brain’s adaptability, or plasticity, is driven by complex cellular and molecular
mechanisms. Synaptic plasticity, involving changes in synaptic strength, is modu-
lated by NMDA and AMPA receptors and intracellular signaling, impacting learning
and memory. Adult neurogenesis in the hippocampus also contributes to cognitive
functions. Glial cells actively participate in shaping neural circuits, while epige-
netic modifications regulate gene expression essential for long-term plasticity and
memory. Chronic stress can impair synaptic plasticity, particularly in the prefrontal
cortex and hippocampus. Neurotrophic factors like BDNF are crucial for neuronal
survival and plasticity. Structural changes in neurons further contribute to circuit
rewiring. The endocannabinoid system modulates synaptic activity, and molecular
processes like protein synthesis are vital for memory consolidation. Plasticity ex-
tends to inhibitory synapses, which are critical for regulating neural network activity
and behavior.
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