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Abstract

Understanding how inner development capacities are embodied at biological levels re-
mains an underexplored dimension of planetary health research. The aim of this viewpoint
is to provide transdisciplinary integration across neuroscience, cell biology, education, and
social systems toward addressing planetary health challenges. Despite growing recognition
of the Inner Development Goals (IDG) framework as complementary to the UN Sustainable
Development Goals, the biophysical dynamics underlying personal and collective transfor-
mation remain largely unexplored. This viewpoint presents key molecular pathways that
may underpin the Embodied Neuroplastic Resilience Model (ENRM) via calcium signaling
and hyaluronan (the CHA axis). This viewpoint explores educational and therapeutic impli-
cations while simultaneously illuminating how socioeconomic inequalities constrain access
to neuroplasticity-supporting practices. Four key conclusions emerge: (1) The CHA axis
provides a compelling mechanistic framework for understanding how bodily experiences
can reshape neural circuits through calcium signaling and hyaluronic acid matrix dynam-
ics; (2) Mapping molecular mechanisms to complex human inner development capacities
remains provisional, requiring further interdisciplinary investigation; (3) Socioeconomic in-
equality creates structural barriers to neuroplasticity and inner development, necessitating
an integrated approach that connects mechanistic understanding with equitable access to
transformative practices; (4) Enhanced understanding of embodied neuroplasticity must
serve compassion and systemic transformation, moving beyond individual optimization
toward collective well-being. By bridging neuroscience and sustainability frameworks,
this viewpoint calls for a nuanced understanding of inner development that transcends
individual optimization and emphasizes collective transformation.

Keywords: fascia; calcium signaling; CaMKII; extracellular matrix; interstitium;
hyaluronan; perineural nets; Sustainable Development Goals; Inner Development Goals
(Being; Relating; Thinking; Collaborating)

1. Introduction—Toward Sustainability
Planetary health provides an integrated framework for transdisciplinary approaches

that address ecological and health challenges holistically, including the psychological, cul-
tural, and neurobiological dimensions of human behavior [1]. Despite this, neurobiological
insights remain marginalized in broader planetary health efforts, underscoring the need
for greater integration of brain–body science into sustainability and health policies [2].
This exploratory viewpoint takes the position that an understanding of the molecular and
neural mechanisms underlying emotional and psychological development has the potential
to strengthen our capacity to systematically cultivate the qualities identified as essential
for sustainability.
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The United Nations adopted the 17 global Sustainable Development Goals (SDGs) in
2015 to address many dimensions of human and planetary health by 2030 [3,4]. However,
progress to address inter-connected economic, social, and environmental dimensions of
planetary health has been disappointing. One reason for the lack of progress with advancing
the SDG’s is the failure to address the personal and collective capacities (mindsets and
higher-level skills) needed to achieve these goals. This has led to calls to integrate the
‘inner dimensions’ of change) for sustainable well-being at all scales, including the Inner
Development Goals (discussed below, Section 2), which also depends on understanding
the underling biological determinants of behavior and psychosocial frameworks—from
molecules to matrices, neurons to fascia. This mechanistic understanding has profound
implications beyond individual development and may foster the capacity for change and
awareness of the interconnectedness of all living systems.

Transdisciplinary integration is key. Sustainability frameworks have often neglected the
internal, personal dimensions of change and the potential underpinning biological pathways.
Neurobiology and mechanistic science have been largely overlooked in sustainability and
planetary health discussions, despite their critical relevance. The brain mediates all aspects
of human experience. Planetary-scale environmental damage directly impacts brain biology,
contributing to a collective increase in biological and psychological stress that underlies the
mental health crisis [5]. Interpersonal Neurobiology (IPNB) highlights that the mind is rela-
tional and embodied, extending beyond individuals to social, cultural, and planetary systems,
linking mental health with planetary well-being [6]. Microbiome research further connects en-
vironmental biodiversity with human immune function and mental health, emphasizing how
ecological degradation affects personal and public health through biological pathways [7].

This viewpoint provides a Multi-Level Framework (Box 1) and synthesizes well-
established neuroscience literature to explore the biological pathways that can help us
understand embodied neuroplasticity—how bodily experiences (movement, touch, breath)
produce lasting changes in brain structure and function. It presents an exploratory, theory-
driven, integrative viewpoint designed to stimulate interdisciplinary and transdisciplinary
discussion, rather than a conventional review.

Central to this viewpoint is neuroplasticity, the brain’s dynamic ability to reorganize its
structure and function in response to experience, development, and injury, occurring throughout
life [8,9]. It involves multiple mechanisms, including synaptic plasticity, structural remodel-
ing, neurogenesis, and functional reorganization. These adaptive processes support learning,
memory, recovery from brain lesions, and adaptation to environmental changes [10,11].

Box 1. A Multi-Level Framework: From Molecules to Social Capacity.

This viewpoint integrates evidence across five interconnected organizational levels that com-
prehensively map the complex mechanisms underlying human transformative experiences. These
levels represent a nested, dynamically interactive system of biological and psychological processes:

1. Molecular Mechanisms: Focusing on Ca2+-CaMKII-HA signaling cascades and epigenetic modi-
fications that modulate cellular responsiveness and genetic expression.

2. Tissue-Level Dynamics: Examining mechanotransduction processes within fascia, extracellular
matrix (ECM), skin, and mesenchymal HA-rich tissues that translate mechanical signals into
biochemical responses.

3. Neural Systems: Analyzing synaptic plasticity, network reorganization, and structural brain
changes that underpin neurological adaptation and learning.

4. Psychological Functions: Investigating interoceptive awareness, emotional regulation, memory
consolidation, and stress response modulation.

5. Social Capacities: Exploring the Inner Development Goals dimensions of Relating, Collaborating,
and Caring as emergent social behavioral patterns.

These levels demonstrate a bidirectional, hierarchical influence in which molecular signals
can cascade through psychological and social domains, while complex social experiences may
simultaneously modulate underlying molecular and neurological processes.
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2. The IDG Framework and Embodied Neuroplasticity
The Inner Development Goals (IDG) framework (Figure 1) has emerged as a comple-

mentary pathway to accelerate SDG realization by focusing on the personal and collec-
tive capacities (mindset, skills, and collaboration) needed to achieve sustainable develop-
ment [4,12]. These capacities range from self-awareness and compassion to systems think-
ing and perseverance, offering a comprehensive map for cultivating the inner resources
necessary to address complex global challenges [12–14]. Achieving the SDGs requires
coordinated efforts across governments, civil society, and the private sector, with the IDG
framework providing the inner development foundation for this collective action [15,16].

Figure 1. The IDG framework is increasingly recognized as a foundational tool for educators, leaders, and
organizations aiming to bridge the gap between inner growth and global sustainability goals. Structured
around five key dimensions (Being, Relating, Collaborating, Thinking, and Acting), the framework
identifies 23–25 skills deemed essential for sustainable transformation. Reproduced with permission
from the Inner Development Goals Initiative (https://innerdevelopmentgoals.org/) URL accessed on
25 November 2025 under a Creative Commons license for non-commercial educational use [17].

Recent literature highlights the importance of inner dimensions—such as values,
mindsets, consciousness, and cognitive skills—for sustainability outcomes, but primarily
from psychological, philosophical, or educational perspectives rather than neurobiological
ones [12,13,18,19], with a few notable exceptions [20,21]. This viewpoint addresses the
gap by integrating the IDG framework with recent advances in neuroscience, mapped
to specific goals—Being, Thinking, Relating, and Collaborating. Evidence is presented
linking calcium ion (Ca2+) signaling pathways (particularly CaMKII) with neuroplasticity
mechanisms and the body wide hyaluronic acid (HA) gel-like fascial matrix.

CaMKII, highly abundant in excitatory synapses, is activated by calcium influx and
triggers receptor trafficking, cytoskeletal remodeling, and gene transcription underlying
learning and memory [22,23]. Its multi-state activity functions as a molecular integrator
of diverse signal patterns [24], providing mechanistic insight for the cognitive, emotional,
and behavioral flexibility required across IDG dimensions. This viewpoint holds that
understanding the molecular and neural mechanisms that may underlie inner development
can strengthen our capacity to systematically cultivate the qualities identified as essential
for sustainability [25] and planetary flourishing.
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While psychological and educational research has demonstrated that embodied prac-
tices can support inner development capacities essential for sustainability [12,19,26], this
viewpoint addresses the complementary question of how these practices may work at the
molecular and cellular level. This viewpoint draws on established findings from neuro-
science, cell biology, and epigenetics linking bodily experiences to neural change through
conserved molecular mechanisms. The “embodied neuroplasticity” concept has gained trac-
tion through the recently proposed Embodied Neuroplastic Resilience Model (ENRM) [27],
which operationalizes how somatic practices influence mental health and resilience. This
mechanistic understanding can inform more effective approaches to cultivating the inner
capacities—self-awareness, empathy, systems thinking, perseverance—identified by the
IDG framework as essential for addressing global sustainability challenges.

Substantial evidence demonstrates that physical activity, sensorimotor experiences,
and environmental enrichment induce structural and functional changes in the brain, sup-
porting the embodied nature of neuroplasticity [10,28–36]. Manual therapies, somatic
practices, and mindfulness interventions also modulate brain networks and promote adap-
tive neuroplasticity [32,37,38]. Theories of embodied cognition emphasize that cognitive
processes are deeply rooted in the body’s interactions with the world, and empirical studies
confirm that these interactions shape neural circuits and plasticity [29,31,36,39]. The gap
addressed here is that of plasticity, the biology of change, which may be seated in the
extracellular matrix (ECM) and fascial tissue. This viewpoint identifies calcium signal-
ing, CaMKII, and hyaluronan (HA) in an epigenetic feedback loop that encodes transient
oscillations into memory and lasting change.

3. Molecular Mechanisms: Calcium Signaling and CaMKII
At the molecular level, fundamental signaling cascades initiate transformative biologi-

cal responses. To build this comprehensive framework, we begin by examining calcium
signaling as the universal cellular mechanism that translates experiences into lasting bio-
logical changes. By exploring how calcium ions act as fundamental molecular messengers
across diverse cell types, we can understand the core process by which bodily experiences
create neuroplastic transformations. Evidence shows how these dynamics operate across
tissues—from skin cells to connective tissue to neural support cells—revealing a common
yet adaptable molecular strategy for encoding experience. Ultimately, these molecular in-
sights can inform practical applications in clinical interventions, education, and sustainable
human development.

3.1. The Universal Signal That Translates Experience into Lasting Change

To understand how bodily experiences may translate into lasting neural changes, we
must first examine the molecular dynamics that enable cells to encode and retain informa-
tion from transient signals. Decades of research across cellular biology have established
that calcium ions (Ca2+)—ancient intracellular messengers—regulate cellular processes
across all life domains [40]. In neurons, extensive literature confirms that Ca2+ is crucial
for synaptic transmission (communication between nerves), gene expression (determining
which genes are turned on or off), and the structural plasticity (physical remodeling of
neural connections) underlying learning and memory [41,42]. Importantly, calcium’s role
extends far beyond the nervous system, making it a particularly relevant mechanism for
understanding embodied neuroplasticity: how physical experiences throughout the body
may shape brain function and structure.

Well-characterized mechanisms demonstrate that Ca2+ functions as a cellular “first
responder” to activity. When a neuron fires, when skin stretches, or when muscle contracts,
Ca2+ floods into cells through specialized channels (protein pores in the cell membrane).
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https://doi.org/10.3390/challe17010006


Challenges 2026, 17, 6 5 of 21

What makes Ca2+ uniquely suited as a signal is its precision: cells maintain extremely low
resting Ca2+ concentrations compared to the extracellular environment, creating a steep
gradient that allows rapid, localized signals [43,44]. Ca2+ signals can be confined to specific
cellular compartments and encode information through their amplitude (signal strength),
frequency, and duration.

3.2. From Momentary Burst to Lasting Memory and Plasticity

In neurons, Ca2+ orchestrates brain plasticity by triggering neurotransmitter release,
activating transcription factors, and driving structural changes [45]. All learning and adap-
tation to a changed environment is encoded in Ca2+ signals, which initiate the molecular
cascades that remodel neural circuits. Ca2+ signals are fleeting, lasting milliseconds to
seconds. Yet behavioral changes like learning a skill or cultivating empathy can persist
for months or a lifetime. A fundamental question this viewpoint addresses: How does a
transient signal produce enduring structural change?

To understand plasticity, we highlight the role of Ca2+/calmodulin-dependent protein
kinase II (CaMKII, pronounced “cam kay two”), the most abundant protein in excitatory
synapses [22] (Figure 2). Decades of neuroscience research confirm that CaMKII bridges
ephemeral signals and lasting patterns. When Ca2+ enters a cell, it binds to calmodulin
(a calcium-sensing protein), activating CaMKII. The well-characterized mechanism that
follows is critical: CaMKII adds chemical tags to its own structure, a process called au-
tophosphorylation), converting from a Ca2+-dependent state to one that remains active even
after Ca2+ levels return to baseline [22,46]. This tagging leaves lasting molecular traces—
modifying synaptic proteins, activating genes, and triggering structural remodeling—long
after the initial signal fades [47].

 
Figure 2. Schematic illustration of CaMKII structure and activation states. (A) Autoinhibited
conformation of the CaMKII holoenzyme, composed of twelve monomeric subunits, in which the
regulatory domain blocks the catalytic site. (B) Activation of CaMKII monomers following binding of
the Ca2+/calmodulin (Ca2+/CaM) complex, resulting in displacement of the autoinhibitory domain,
or via post-translational modifications such as oxidative signaling, leading to autonomous kinase
activity. Adapted from Frontiers in Physiology (2020) [48], 10:735, under the Creative Commons
Attribution License (CC BY 4.0).
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3.3. CaMKII as a Weighted Flywheel

CaMKII integrates the rhythm of calcium influx to modulate both immediate HA
metabolism and lasting epigenetic programs (how genes are expressed). CaMKII’s au-
tonomous activity—persisting after Ca2+ levels return to baseline—enables brief Ca2+

surges to encode experiences into tissue architecture. The dynamic can be likened to a
spinning wheel with a weighted flywheel. Give the wheel a push (Ca2+ influx), and it starts
spinning (CaMKII activates). Crucially, this wheel has a flywheel that keeps it spinning
through momentum (autophosphorylation). The harder and more frequently you push,
the faster and longer it spins.

This is how transient mechanical signals—a touch, a stretch, a synaptic activation—can
produce lasting changes in tissue architecture. This bidirectional feedback operates continu-
ously: mechanical experiences trigger Ca2+ influx, activating CaMKII-mediated HA remod-
eling and epigenetic changes; altered ECM architecture then modulates mechanoreceptor
and HA receptor signaling, influencing subsequent Ca2+ dynamics and cellular responses.

3.4. When Calcium Goes Wrong

The importance of precise Ca2+ control becomes evident in disease states that have
been extensively characterized in the clinical literature with Ca2+/calmodulin-dependent
kinases—particularly CaMKII and CaMKIV—emerging as central mediators linking cal-
cium dysregulation to altered synaptic plasticity, mood regulation, and cognition [49,50].
Calcium oscillation is characteristic of the wider oscillatory nature of organismic life [51].
Disruptions in Ca2+ homeostasis (the cell’s ability to maintain stable calcium levels) are
well-documented as contributing factors in neuropsychiatric and neurodegenerative con-
ditions, as excessive or dysregulated Ca2+ signaling leads to neuronal dysfunction and
death [52–54].

In schizophrenia, for example, research has consistently shown that parvalbu-
min interneurons—fast-spiking inhibitory cells enriched in the calcium-binding protein
parvalbumin—exhibit reduced function. The condition disrupts gamma-frequency brain
rhythms (neural oscillations at 30–100 Hz) associated with perception and attention [55–57].
Their vulnerability stems from high metabolic demand and reliance on Ca2+-permeable re-
ceptors, illustrating how cellular calcium dysregulation cascades into network deficits and
psychiatric symptoms [49,58,59]. Consistent with this vulnerability, chronic social stress has
been shown to alter the expression of multiple calcium-related genes in the hippocampus,
linking prolonged experiential stress to sustained changes in calcium signaling pathways
associated with learning, memory, and affective regulation [60].

3.5. Evidence from Contemplative Practices

Emerging research demonstrates that intentional behavioral interventions can modu-
late these well-established calcium-dependent pathways. Experienced meditators show en-
hanced gamma oscillations—rhythms generated by parvalbumin interneurons—suggesting
optimized Ca2+ buffering (the cell’s ability to manage calcium levels) and network sta-
bility [61]. A recent 7-day meditation retreat study found molecular shifts consistent
with enhanced neuroplasticity: participants’ plasma promoted neurite outgrowth (the
growth of neuronal branches) in cultured neurons and showed BDNF upregulation (brain-
derived neurotrophic factor, a Ca2+-dependent protein that supports neuron survival
and growth [62]. Systematic reviews demonstrate that meditation downregulates stress-
inflammatory pathways (NF-κB), modulates histone marks (chemical tags on DNA packag-
ing proteins) and epigenetic aging clocks, and enhances NMDA-ERK-BDNF pathways—all
interacting with Ca2+ at multiple levels [63,64]. Put simply, NMDA senses activity → ERK
transmits the signal → BDNF rewires and stabilizes the change. These findings suggest that
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contemplative practices may create a physiological milieu favoring the Ca2+-dependent
plasticity mechanisms that have been well-characterized in basic neuroscience research.

4. Beyond Neurons: A Conserved Mechanism Across Tissues
Tissue-level dynamics reveal how mechanical signals are translated into biochemical

and cellular adaptations across interconnected biological systems. Critically, Ca2+ signaling
and CaMKII are not confined to neurons. The same molecular dynamics operate anywhere
the body learns. Extensive research has documented that CaMKII is not unique to brain
cells—it operates across diverse cell types, including muscle cells, heart cells, skin cells,
connective tissue cells, immune cells, and glia (the support cells of the nervous system)
(Table 1).

To understand embodied neuroplasticity, we must examine how Ca2+-driven mechan-
otransduction operates across tissue types with different functional demands. Mechan-
otransduction is the process by which cells convert mechanical forces like stretch, pressure,
or movement into biochemical signals. Recent research has proposed the CHA axis, in
which calcium–HA dynamics form the major mechanotransductive pathway by which cells
modify their ECM [65]. HA is a hydration lubricant widely secreted in the ECM, composed
of highly hydrophilic (water-loving) sugar chains of various molecular weights. HA is not
merely structural; its various weights, arising from fragmentation of chains, are widely
recognized for their signaling properties [66–68].

Table 1. Table showing CaMKII’s adaptive roles in key cell types.

Cell Type CaMKII’s Role in Learning/Adaptation Citations

Muscle cells Adapts to load, tone, and coordination; regulates gene expression and muscle memory [69,70]

Heart cells Regulates heart rhythm, contractility, and adapts to physiological stress [71–78]

Brain cells Central to memory, learning, synaptic plasticity, and skill formation [52,69,79–81]

Fascial/connective
tissue cells Responds to mechanical cues, mediates mechanotransduction, and tissue adaptation [69,82]

Having established calcium signaling and CaMKII as universal mechanisms in neu-
rons, we now expand this framework beyond the nervous system to understand how the
body as a whole may encode experience. This conservation across tissues suggests that
the same molecular learning mechanism we see in neurons may operate throughout the
body. The following sections explore three cell types that all deploy the CHA axis but tune
it toward opposite ends of a functional spectrum: rapid synthesis, balanced remodeling,
or strategic degradation of extracellular scaffolding. Keratinocytes, mesenchymal cells,
and astrocytes are paradigmatic Ca2+- and HA-sensitive ECM remodelers spanning the
major tissue classes; other stromal/immune cells are context-specific modifiers of the same
adaptive logic.

4.1. Tissue-Specific Tuning of the Calcium–Hyaluronan Axis

Established research demonstrates that keratinocytes (ectoderm), mesenchymal cells
(mesoderm), and astrocytes (neuroectoderm) deploy conserved Ca2+/HA machinery to
regulate HA, but with fundamentally different functional biases. Across different germ
layers, these cells exemplify plastic, substrate-adherent, highly interactive “niche regu-
lators. All three cell types utilize calcium channels, CaMKII-like signaling cascades that
amplify/encode/remember transient bursts, hyaluronan synthase enzymes (HAS1-3, en-
zymes that build HA chains), and hyaluronidases (enzymes that cut HA chains). See
Table 2. Yet studies show that each tunes this system toward synthesis-dominant, balanced,

https://doi.org/10.3390/challe17010006

https://doi.org/10.3390/challe17010006


Challenges 2026, 17, 6 8 of 21

or degradation-dominant modes depending on tissue context. This differential tuning, well
characterized in the literature, illuminates how transient mechanical signals trigger calcium
influx, activating signaling cascades and driving both immediate responses and lasting
epigenetic programs that encode experiences into tissue architecture.

The CHA axis synthesizes established findings showing that HA function emerges
from balanced synthesis (via HAS enzymes) and degradation (via hyaluronidases, and
reactive oxygen species) with Ca2+-dependent signaling regulating both processes [83–85].
Hyaluronidases can be thought of as molecular scissors that cells use to cut long HA
chains (high molecular weight HA) into shorter ones (low molecular weight HA). Research
across multiple cell types supports that CHA represents a conserved mechanism in ECM-
synthesizing cells such as keratinocytes, mesenchymal cells, and astrocytes, with each cell
type employing tissue-specific signaling pathways and isoforms.

Table 2. Tissue-specific bias of Ca2+–HA feedback loops.

Cell Context Dominant HA Direction Key HA Regulators Functional Emphasis Citations

Keratinocytes Net ↑ HMW-HA, then
pH-guided trimming HAS2/3, HYAL1, CD44

Barrier repair,
hydration, controlled

inflammation
[86–89]

Mesenchymal
(fascia, fibroblasts)

Intermediate: robust synthesis +
active remodeling

HAS2, HYALs, ROS,
CD44/RHAMM

Tensile integrity vs.
fibrotic remodeling,

immune cell retention
[83–85,90]

Astrocytes/CNS Net ECM loosening,
LMW-HA increase

Astrocyte/microglial
hyaluronidases, MMPs

Synaptic plasticity, with
risk of hyperexcitability [91–94]

4.2. Astrocytic CHA: Degradation-Dominant Promotion of Plasticity

Astrocytes are the star-shaped support cells of the central nervous system. As the
bridge between neural and non-neuronal tissue, astrocytes deserve special attention. While
astrocytes synthesize HA and contribute to the neural ECM and HA-rich perineuronal
nets [92,93] (Figure 3), their CHA system is naturally tuned toward matrix degradation,
which promotes plasticity.

Acute perturbation experiments demonstrate this bias. Hyaluronidase application pro-
duces immediate neuronal depolarization and Ca2+ influx through NMDA and L-type Ca2+

channels within seconds [91,94]. This calcium surge activates neuronal CaMKII, driving
enhanced long-term potentiation (LTP)—the cellular basis of learning and memory. CaMKII
phosphorylates synaptic proteins, strengthening connections and encoding memories. Un-
der certain conditions, HA degradation drives epileptiform “superbursts”—synchronized
hyperactivity indicating that matrix degradation directly unlocks neuronal excitability and
maximal CaMKII activation [91,94].

Astrocytes reinforce this degradation bias through CaMKII-mediated positive feed-
back. When cultured in matrices with reduced HA content, astrocytes shift toward a
reactive, inflammatory phenotype, upregulating matrix metalloproteinases (MMPs) and
hyaluronidases [92]. CaMKII modulates this reactive phenotype, tuning inflammatory
response and degradation machinery. Rather than responding to sparse matrices by in-
creasing synthesis—as keratinocytes do—astrocytes amplify degradation through CaMKII-
driven upregulation of degradative enzymes, creating positive feedback that loosens the
matrix and increases plasticity.

This degradation-dominant pattern directly supports embodied neuroplasticity, which
involves constant revision. Motor skill acquisition, memory formation, and sensory adapta-
tion all require ECM remodeling. Plasticity occurs as astrocytes degrade ECM to permit
neuronal rewiring, with CaMKII in both astrocytes and neurons enabling and encoding
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that rewiring. Mechanical experience—repeated neural circuit activation—triggers calcium
signals that activate CaMKII, which modulates HA degradation in astrocytes and synaptic
strengthening in neurons, enabling lasting synaptic remodeling. This represents embodied
neuroplasticity at the molecular level, an extension of CHA: bodily experience translated
into lasting neural change through the CHA axis.

 
Figure 3. Perineuronal nets are comprised of long hyaluronic acid (HA) chains linked together with
the CSPG lecticans aggrecan, versican, neurocan and brevican. HA and proteoglycan link (Hapln)
proteins and tenascin-R stabilize the CSPGs. These net-like structures are anchored by HA and
hyaluronic acid synthase (HAS) on the enveloped neurons, and by HA-CD44 interactions on nearby
astrocytes. Image by CC 4.0 [95].

4.3. From Spinning Signal to Lasting Pattern: Calcium, Epigenetics, and Memory

Understanding the bursting nature of calcium influx raises the deeper question: how
do these transient spinning signals—Ca2+ rushing in, CaMKII phosphorylating targets,
threads being woven or cut—become lasting patterns that persist long after the initial
signal fades? This is where epigenetics comes in as the mechanism that transforms transient
calcium signals into lasting structural memory.

Across neuroplasticity, mood-disorder, and astrocyte studies, epigenetic regulation
is consistently placed downstream of activity-dependent Ca2+ signaling and upstream
of long-term circuit change [96–98]. The Ca2+ influx activates CaMKII, which tells the
cell when to spin or cut threads, and epigenetic machinery, e.g., DNA methyltransferases
(DNMTs), “remembers” what was woven and ensures the pattern persists.

5. Epigenetic Encoding and Tissue-Specific CHA Patterns
Calcium Signaling as the Entry Point to Epigenetic Pattern-Setting

Epigenetic mechanisms are key processes that constantly reshape genome activity
carrying out physiological responses to environmental stimuli. A recent study showed
that meditation influences brain and body systemwide, eliciting structural/morphological
changes as well as modulating the levels of circulating factors and the expression of genes
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linked to the HPA axis and the immune and neuroimmune systems [99]. Extensive research
confirms that transient changes in intracellular calcium can give rise to long-lasting changes
in cell structure and function by shaping gene regulatory processes [100–103]. Activity-
dependent Ca2+ entry activates CaMKII and related kinases, which in turn influence
chromatin-regulating proteins, including DNA methyltransferases and enzymes involved
in histone modification. Through these mechanisms, short-lived Ca2+ signals can be
translated into stable patterns of gene expression that support cellular plasticity [96–98].

Importantly, Nayak et al. (2022) showed that changes in gene regulation triggered by
neural activity are essential for learning-related plasticity [96]. When the gene-regulating
enzyme Dnmt3a was removed from excitatory neurons, synaptic development and learning
were disrupted, indicating that lasting change requires neural activity to be translated into
stable patterns of gene expression. Experimental manipulation of Ca2+ dynamics further
illustrates the sensitivity of epigenetic states to activity patterns. Low-intensity magnetic
stimulation of cortical astrocytes downregulates genes involved in Ca2+ signaling and
neural plasticity, suggesting that altered Ca2+ activity can rapidly shift glial phenotypes
through changes in gene regulation, including epigenetic mechanisms [104]. Consistent
with this broader principle, a large number of chromatin-regulating proteins have been
causally implicated in neurodevelopmental and psychiatric disorders, underscoring the
central role of epigenetic regulation in maintaining brain function and adaptability [98].

Although calcium–CaMKII–epigenetic signaling pathways are shared across many
cell types, their downstream effects are strongly context dependent. In epithelial, mes-
enchymal, and glial systems, calcium signaling is integrated with HA metabolism and
mechanosensing, yet the relative balance between HA synthesis and degradation differs
across tissues. As a result, similar activity-dependent signaling pathways can give rise to
distinct structural and functional outcomes, reflecting tissue-specific modes of plasticity
and remodeling.

6. Clinical Translation: Molecular Mechanisms Underlying the Embodied
Neuroplastic Resilience Model
6.1. Three ENRM Pathways

Each pathway demonstrates integration across organizational levels—from molecular
signaling (Ca2+-CaMKII-HA) through tissue dynamics and neural circuits to psychological
outcomes. The CHA-epigenetic framework implicates a fascial substrate for the Embodied
Neuroplastic Resilience Model (ENRM) proposed by Kumar and Kapil (2025), which
outlines three pathways through which embodied practices influence mental health [27]:

• Embodiment-Interoception. Embodied practices modulate tissue mechanics—fascial
tension, HA density, ECM stiffness—altering mechanoreceptor sensitivity and Ca2+

influx patterns in interoceptive circuits (insula, somatosensory cortex). These altered
Ca2+ patterns could drive synaptic plasticity in interoceptive hubs, potentially explain-
ing enhanced bodily awareness and emotional literacy reported by practitioners.

• Neuroplastic-Autonomic Regulation. Repeated breath-focused practices may pro-
duce sustained, rhythmic Ca2+ oscillations in autonomic circuits, triggering epige-
netic changes at genes controlling autonomic function and stress response. Early-life
stress shifts DNA methylation at glucocorticoid receptor and plasticity genes, altering
HPA-axis function long-term [97]. If contemplative practices operate through similar
Ca2+→CaMKII→epigenetic mechanisms in reverse, they may provide a means to
modify maladaptive stress-response patterns. This could explain why regular prac-
titioners show baseline differences in heart rate variability and autonomic flexibility
that persist between practice sessions.
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• Mindfulness-Resilience. Contemplative attention may modulate Ca2+ dynamics in
cortical circuits—particularly PV interneurons maintaining gamma oscillations and
prefrontal-amygdala pathways—driving epigenetic changes at stress-response genes
(BDNF, Arc, Fos) and potentially reducing reactivity to previously threatening stimuli.

6.2. Integration and Intervention Design

These three pathways can be considered as an integrated system in which the Ca2+-
CaMKII-epigenetic machinery operates across interoceptive, autonomic, and cortical cir-
cuits. Bidirectional feedback may create self-reinforcing cycles: practice alters tissue and
circuit architecture, which changes Ca2+ signaling patterns, which modifies subjective expe-
rience, motivating continued practice and strengthening epigenetic encoding. Importantly,
studies of meditation and mindful movement practices indicate that repeated patterns of
cognitive and bodily activity are associated with measurable changes in gene expression
and epigenetic marks in peripheral tissues, including pathways related to stress regula-
tion and plasticity [105]. These findings extend activity-dependent epigenetic regulation
beyond neural circuits, suggesting that sustained patterns of movement, attention, and
physiological regulation can shape gene expression across multiple tissues.

This framework suggests precision in intervention design. For interoception deficits
(trauma, alexithymia, dissociation), emphasize practices modulating tissue mechanics:
fascial release, sustained postures, body scans. For autonomic dysregulation (anxiety,
PTSD, panic), prioritize breath-focused practices entraining rhythmic Ca2+ oscillations: slow
pranayama, coherent breathing. For cognitive-emotional rigidity (depression, rumination),
emphasize mindfulness practices modulating cortical Ca2+ dynamics: focused attention
meditation, open monitoring, contemplative inquiry. Combining modalities may produce
synergistic effects by engaging multiple Ca2+ signaling pathways simultaneously, though
this requires empirical testing.

Environmental inputs—stress, training, meditation, physical activity—may modify
chromatin in defined brain circuits through Ca2+-dependent signaling pathways, sug-
gesting both pharmacological (HDAC inhibitors, histone methylation modulators) and
activity-based interventions as potential approaches to modulate maladaptive plasticity.

7. Social Capacities and Transformative Applications
7.1. Linking Molecular Mechanisms to IDG Capacities

By mapping social capacities through an interdisciplinary lens, we demonstrate how
individual neurobiological shifts manifest in collective behavioral patterns. The CHA
axis provides a molecular pathway for exploring the five core IDG dimensions. Neuro-
science has yet to fully characterize how molecular and cellular processes give rise to
complex psychological phenomena. Yet the evidence demonstrates a mechanistic, molec-
ular route for understanding how embodied practices may cultivate inner development.
CaMKII-mediated synaptic plasticity serves as a central molecular mechanism within CHA,
providing transdisciplinary integration for supporting IDG capacities across dimensions.
Ultimately, any vision for improving planetary health involves humans changing their
ways. Fostering conversations that examine how we do that can only be a step in the
right direction.

7.1.1. Provisional IDG Mappings

Thinking: CaMKII’s role in modifying synaptic strength supports perspective-taking,
complexity awareness, and mental model updating—capacities essential for integrating
multiple information streams and adapting cognitive frameworks.
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Being: The CHA axis may support self-awareness and presence through both neural
and fascial pathways. Astrocyte-HA interactions modulate affective states, while pro-
prioceptive and interoceptive signals from fascial tissues provide continuous embodied
awareness of bodily states.

Relating: The same Ca2+-CaMKII pathways supporting cognitive learning also medi-
ate emotional learning and affective responses [106–109]. Empathy and compassion require
encoding emotional experiences and recognizing affective states in others—processes de-
pendent on plasticity in limbic and prefrontal circuits, with astrocytes modulating emotional
processing and synchronizing social cognition networks [110,111].

Collaborating, Acting, and Caring: These interconnected dimensions depend on
prefrontal networks integrating CaMKII-mediated plasticity to support executive functions,
trust, and holding multiple viewpoints. CaMKII consolidates new behavioral patterns
into stable yet modifiable circuits, enabling sustained transformation. The capacity to care
integrates affective, somatic, and cognitive processes [112–114], supporting collective action
for sustainability through practices engaging body, mind, and relational context.

7.1.2. On the Relationship Between Biology and Normative Goals

The Inner Development Goals represent normative aspirations: capacities we seek
to cultivate for individual and collective flourishing. This manuscript does not claim that
CHA dynamics determine or fully explain these capacities. Rather, this viewpoint proposes
that understanding the biology of embodied learning may illuminate how contemplative
and somatic practices support inner development.

Crucially, we must not oversell such practices. Western versions of traditional con-
templative practices are often applied as one-size-fits-all approaches—in clinical settings,
suburban wellness centers, and corporate environments—without adequate consideration
of individual differences and vulnerabilities. Growing evidence demonstrates that people
with a history of trauma often experience adverse reactions to mindfulness-based inter-
ventions [115]. Research indicates that childhood trauma and subclinical PTSD symptoms
predict adverse effects and worse outcomes across mindfulness-based programs, particu-
larly for individuals with active depression [116]. These findings underscore the need for
trauma-informed, individualized approaches rather than universal prescriptions.

Biology provides enabling conditions and possibility spaces, but IDG capacities emerge
through complex interactions between biological, psychological, social, and cultural factors.
The CHA framework offers one lens (the molecular and cellular) for understanding why
body-based practices may be effective for some individuals under appropriate conditions,
without reducing empathy, collaboration, or systems awareness to biochemical events.
This is analogous to how understanding synaptic plasticity informs educational practice
without reducing learning to neuroscience.

7.2. Embodied Education: Teaching Interconnection

Understanding the pathways of inner development may have profound implications
for how we approach education, therapy, and sustainability practice. When students learn
that the same Ca2+ channels mediating their own heartbeat also enable synaptic plasticity,
immune response, and even plant root signaling to soil microbes, anatomy becomes a
study of interconnection rather than isolation. This understanding deepens when students
grasp that mechanical cues—movement, pressure, tissue deformation—are converted into
biochemical signals through the ECM’s dynamic network of integrins, HA homeostasis,
mechanosensitive ion channels and effectors [117–120]. This shift—from body-as-parts to
body-as-process—cultivates practitioners who see health not as individual optimization
but as relational flourishing within living systems.
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7.3. Movement and Manual Therapies: Mechanistic Foundations

This mechanistic (unfortunately, this is the prevailing term) understanding opens promis-
ing avenues for movement, allied health interventions, and therapies to harness these path-
ways for inner development and mind–body integration. Practices that engage the fascial
system can alter ECM properties and modulate mechanotransductive signaling, as per the
“quiet or riot” CD44/RHAMM dynamics of HA [65]. Mechanical stimulation activates
Ca2+-permeable channels, leading to Ca2+ influx in neurons and glia—a process crucial for
plasticity, neurogenesis, and astrocyte function [91,121]. Critically, enzymatic remodeling of
HA triggers rapid Ca2+ influx and enhances NMDA receptor-dependent synaptic plasticity,
directly linking ECM changes to neuronal signaling and long-term potentiation.

7.4. Movement Therapies

Mechanistic frameworks such as the BERN model (Behavior, Exercise, Relaxation,
Nutrition) demonstrate that movement-based interventions modulate neurobiological
pathways [122]. These interventions can influence gene expression, particularly by down-
regulating stress-induced inflammatory pathways which may reduce inflammation-related
disease risk [123]. Movement therapies—including yoga, tai chi, and dance/movement
therapy—leverage bidirectional brain–body communication to alleviate stress, depression,
anxiety, and pain, with meta-analyses confirming significant reductions in anxiety and
depression across modalities [81,124]. These practices also enhance cognitive function,
especially in older adults and those with mild cognitive impairment [125].

7.5. Mind–Body Integration Therapies

Embodied approaches in psychotherapy and allied health empower individuals to de-
velop self-awareness, emotional regulation, and coping skills through experiential learning
and body-based practices [126,127]. The CHA axis demonstrates that practices engaging
the body influence not only neuronal plasticity but also glial function and ECM remodeling,
supporting the embodied dimensions of empathy and self-regulation central to the IDG
framework [119,120]. See Table 3. Future research should focus on integrative programs
combining meditation, ethical living, and lifestyle modification are designed to foster sus-
tained mental health and flourishing [128], aligning with the IDG emphasis on integrating
inner and outer development.

Table 3. Multi-Level Integration: From Molecular Mechanisms to Social Capacity in Em-
bodied Neuroplasticity.

Organizational
Level

Key
Mechanisms/Processes Representative Evidence Connection to Sustainability/IDG

Molecular
Mechanisms

Ca2+-CaMKII signaling
cascades, HA synthesis,
protein phosphorylation

Section 2: Detailed discussion of cellular
signal transduction mechanisms

involving calcium-mediated protein
kinase activation and molecular

pathway modulation

Supports cellular resilience and
adaptive capacity; enables

fundamental biological plasticity
required for systemic transformation

Tissue-Level
Dynamics

Mechanotransduction,
ECM remodeling

Section 4: Examination of mechanical
signal translation into biochemical
adaptations across interconnected

biological systems

Demonstrates biomechanical
foundations of adaptive response;

illustrates embodied mechanisms of
systemic change

Neural Systems

Synaptic plasticity,
network reorganization,

neuroplastic
reconfiguration

Sections 5 and 6: Explanation of neural
network connectivity and adaptive

reconfiguration patterns

Provides neurological substrate for
learning, behavioral

modification, and
collective cognitive transformation
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Table 3. Cont.

Organizational
Level

Key
Mechanisms/Processes Representative Evidence Connection to Sustainability/IDG

Psychological
Functions

Somatic integration,
emotional regulation,

memory reconsolidation

Section 7: Exploration of psychological
transformation mechanisms

Supports individual psychological
resilience and adaptive capacity;

enables personal
development trajectories

Social
Capacities

Relational dynamics,
collective behavioral

patterns,
intersubjective resonance

Section 7: Mapping social capacities
through interdisciplinary

neurobiological lens

Directly connects individual
neurobiological shifts to collective

behavioral transformation; supports
collaborative social innovation

8. Limitations and Responsibilities
8.1. Socioeconomic Barriers and the Social Determination of Capacity

Socioeconomic inequality constrains not only material well-being but also access
to the resources, education, and conditions necessary to cultivate inner development
capacities. Structural barriers systematically undermine opportunities for those in lower
socioeconomic positions to engage in practices that support neuroplasticity, self-awareness,
and behavioral change—from contemplative movement to therapeutic interventions to
educational programs emphasizing embodied learning.

Lower SES is associated with higher risks of unhealthy behaviors, worse physical and
mental health outcomes, increased rates of depression and anxiety, and persistent effects of
early-life poverty that extend across the lifespan [129–134]. Experimental and longitudinal
studies demonstrate that poverty and inequality directly increase unhealthy behaviors
through stress and anxiety, revealing these are not personal choices but are deeply shaped
by structural context [135,136].

Recognizing the full weight of neurobiological determinants undermines unjust sys-
tems of moral blame and punishment. By acknowledging that behavior emerges from
complex, intertwined biology and environment over which individuals have limited con-
trol, society can move toward more compassionate, less punitive responses [137,138]. This
aligns with the IDG emphasis on compassion and systems thinking: inner development
work must be accompanied by structural changes accounting for the biological and en-
vironmental factors shaping human behavior. Enhanced understanding of embodied
neuroplasticity—from molecules to matrices, neurons to fascia—can support cultivating
the inner capacities necessary for addressing global challenges such as planetary health
with both scientific insight and ethical humility.

8.2. Limitations of CHA as a Neurobiological Rationale for Embodied Neuroplasticity

The aim of this viewpoint is to present an exploratory, theory-driven, integrative view-
point designed to stimulate interdisciplinary and transdisciplinary discussion, rather than
a conventional review. Meaningful discussion requires acknowledging current limitations
of using CHA as a rationale for embodied neuroplasticity. A fundamental challenge lies
in the dramatic temporal discordance between fascial remodeling and synaptic plasticity.
Synaptic plasticity operates on timescales from milliseconds to minutes, with CaMKII au-
tonomous activity persisting for approximately one minute—a critical window for synaptic
tag-and-capture mechanism [139–141]. In contrast, fascial ECM remodeling occurs over
hours to days, driven by transcriptional changes and subsequent protein synthesis [118].
This orders-of-magnitude difference makes it unlikely that acute fascial changes can directly
modulate rapid neural plasticity events.
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However, this temporal mismatch does not preclude fascial influence on neural
plasticity—it simply redirects attention toward slower, homeostatic mechanisms. Rather
than acutely shaping rapid synaptic events, fascial changes could alter the baseline state
of neural circuits or prime them for future plasticity. Importantly, research on CNS ECM
demonstrates that ECM remodeling influences synaptic plasticity induction and consolida-
tion, but through longer timescales and homeostatic mechanisms [142–144]. While direct
evidence linking peripheral fascial remodeling to central neural circuits remains absent,
the CNS ECM literature provides a compelling suggestion that ECM-mediated plasticity
operates through homeostatic adjustment rather than acute modulation.

9. Conclusions
1. The CHA axis provides a compelling hypothesis-generating scaffold for em-

bodied neuroplasticity. Extensive research suggests an extended CHA feedback loop:
bodily experiences (movement, touch, breath) → fascial mechanotransduction and Ca2+

signaling → HA matrix remodeling → astrocyte Ca2+ dynamics → modulation of neural
plasticity → changes in perception, emotion, and behavior → altered movement patterns
and bodily experiences. This cycle operates bidirectionally: neural activity patterns can
influence fascial properties through motor output and autonomic regulation, while somatic
experiences can shape neural circuits through mechanoreceptor input and matrix-mediated
signaling. The CHA framework remains speculative and requires empirical validation.

2. Mapping molecular mechanisms to complex IDG capacities remains provisional;
IDGs can be considered as a normative framework informed by, but not biologically
determined by, CHA Dynamics.

While CHA interactions provide molecular insight illuminating capacities such as
empathy, compassion, and systems thinking, neuroscience has yet to fully characterize how
these biological processes give rise to higher-order psychological phenomena. The reduc-
tionist leap from molecular signaling to subjective human experience requires substantial
additional investigation.

3. Socioeconomic inequality creates structural barriers to neuroplasticity and inner
development. Poverty and inequality systematically constrain access to resources, educa-
tion, and practices (contemplative movement, therapy, embodied learning) that support
neuroplasticity. Cultivating IDG capacities for sustainability requires integrating mechanis-
tic understanding with social justice. Rigorous investigation is required for understanding
biological substrates alongside structural changes ensuring equitable access.

4. Enhanced understanding of embodied neuroplasticity must serve compassion
and systemic transformation to support planetary health. Biological insights should
not normalize inequality or promote individual optimization divorced from collective
responsibility. Rather, these insights should support more compassionate, less punitive
responses that account for complex biology–environment interactions shaping human
behavior. This integration of mechanistic knowledge with ethical commitment represents a
defining challenge of our times.
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