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Extending this neurobiological framework, the article advances the notion
that learning—both neural and cognitive—can be understood as an emergent
process of cooperative regulation grounded in shared temporal structures. This
perspective is particularly relevant for the interpretation of neurodevelopmental
conditions characterized by dysregulation of timing, synchronization, and
embodied feedback, such as ADHD and related disorders of executive
functioning. Movement and environmental interaction are discussed as
modulators of neural synchronization and plasticity, highlighting the embodied
nature of learning processes. The paper concludes by proposing mutual aid as a
unifying neuro-pedagogical principle, describing freedom not as independence
from constraints but as the capacity of neural and cognitive systems to maintain
open, sustainable feedback loops. This perspective contributes a conceptual
framework for understanding cooperation, learning, and adaptability as
emergent properties of complex neural systems.

Introduction

Despite extensive advances in neuroscience, learning is still frequently
interpreted through models that privilege efficiency, optimization, or
competition, while the role of temporal coordination and cooperative dynamics
across neural systems remains under-theorized. Recent findings in spiketiming
dependent plasticity, neural synchronization, and network neuroscience suggest
that learning and adaptation rely less on hierarchical control and more on
distributed timing, feedback, and reciprocal regulation.

The present article advances a theoretical framework that interprets
cooperation as an emergent neurobiological property grounded in temporal
coordination, rather than as a secondary social or pedagogical construct. By
integrating evidence from synaptic plasticity, dendritic computation, systems
neuroscience, and complexity theory, the paper proposes a unifying model that
connects neural timing, embodiment, and learning processes.

This contribution is explicitly theoretical in nature: it does not present clinical
data, experimental interventions, or instructional protocols. Instead, it aims to
clarify underlying mechanisms and generate testable hypotheses relevant to
neuroscience, cognitive science, and learning research. The article is organized
as follows: Section 1 introduces the shift from competitive to coordinative
models; Section 2 develops the core theoretical framework; Section 3 discusses
integrative implications and outlines testable predictions.

From Competition to Coordination

For more than a century, since the formulation of natural selection, the
dominant narrative in biology has been shaped by the metaphor of struggle,
according to which evolution proceeds primarily through competition and
selective pressure. From Darwin’s evolutionary framework to Herbert Spencer’s
social interpretations of the “survival of the fittest,” life has often been
described as a permanent contest for limited resources. However, at the end
of the nineteenth century, alternative perspectives began to challenge this
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reductionist view. Among them, Pétr Kropotkin proposed
that cooperation, rather than competition, represents a
fundamental driver of both biological and social evolution.
In Mutual Aid: A Factor of Evolution, he argued that mutual
support constitutes a stable and recurrent strategy across
species and human societies [1].

Recent advances in neurobiology and computational
neuroscience provide empirical support for this cooperative
framework at the microscopic scale of brain organization.
Neuronal function and learning depend on coordinated
activity within complex networks characterized by precise
timing, feedback, and reciprocal interaction. The principle of
spike-timing dependent plasticity (STDP) demonstrates that
the temporal relationship between pre- and postsynaptic
spikes determines whether synaptic connections are
strengthened or weakened [2]. This mechanism highlights
that synaptic change is governed by temporal correlation
rather than hierarchical dominance, embodying a form of
reciprocal adaptation that parallels cooperative dynamics
observed at higher levels of organization.

The transition from competition to coordination
in contemporary neuroscience reflects a broader
epistemological shift. The brain is not organized as a
centralized hierarchy, but as a dynamic and distributed
system in which local interactions give rise to global
coherence. Synchronization, rather than supremacy,
underlies the efficiency of neuronal communication and
information processing [3]. The functional architecture
of neural networks mirrors key features of cooperative
systems, including distributed organization, feedback-based
regulation, and continuous mutual adjustment.

This convergence supports the view that cooperation
is not merely a moral or sociological construct, but a
neurobiological necessity. Coordination emerges through
self-organizing processes rather than external control. At the
neuronal level, it is expressed through temporal alignment
and adaptive plasticity; at the social level, it may manifest as
communication, empathy, and shared intentionality. In this
sense, common principles (timing, feedback, and dynamic
balance) appear to govern both neural systems and human
communities.

Within this framework, the study of cooperation
extends beyond evolutionary biology into the field of
neuropedagogy. The cooperative brain does not simply
process information, but continuously regulates itself
through interaction, allowing meaning and adaptation to
emerge relationally. Kropotkin’s concept of mutual aid thus
finds in contemporary neuroscience not only a theoretical
analogy, but an empirical counterpart: life, at its most
fundamental level, is organized through synchronized
cooperation.

Neural Synchrony and Information Efficiency
Spike-Timing Dependent Plasticity (STDP)

Among the discoveries that most effectively bridge
neurophysiology and computational modeling, spike-
timing dependent plasticity (STDP) provides one of the
most compelling explanations of how neuronal cooperation
is organized over time. First formulated through the
experimental work of Bi and Poo, STDP describes how the
precise temporal relationship between pre-and postsynaptic
action potentials determines both the direction and
magnitude of synaptic change [2]. When presynaptic firing
consistently precedes postsynaptic activation, synaptic
strength increases, giving rise to long-term potentiation.
Conversely, when presynaptic spikes follow postsynaptic
firing, synaptic efficacy is reduced, resulting in long-term
depression.

This temporal rule, in which differences of only a few
milliseconds are decisive, demonstrates that learning at the
neuronal level depends not only on stimulus frequency or
intensity, but critically on temporal correlation. In essence,
a neuron’s capacity to encode information depends on
how precisely it synchronizes its firing with that of the
surrounding network, thereby generating patterns of
activity that optimize efficiency while reducing noise.

STDP introduces a view of the brain as a temporally
cooperative system, in which each neuron continuously
regulates its activity through interaction with others,
responding to the rhythm of the network as a whole.
Plasticity emerges as a property of coordination, or, namely,
a dynamic balance among excitation, inhibition, and delay,
rather than as a static characteristic of individual synapses.
In this sense, synaptic change reflects an ongoing process of
negotiation within a distributed system.

Computational and experimental studies further
support this interpretation. Time-dependent adjustments
in neuronal interactions have been shown to enhance
both information encoding and metabolic efficiency. In
particular, models of motion processing demonstrate that
temporally coordinated activity improves coding precision
while minimizing energetic costs, confirming that neuronal
cooperation is both functionally effective and energetically
advantageous [19].

From a broader perspective, STDP can be understood
as the biological analogue of reciprocal adaptation: a
mechanism in which interaction, rather than competition,
governs change. Each neuron “listens” to the temporal
context provided by others, reinforcing activity patterns
that contribute to global coherence. This form of temporal
reciprocity, operating on a millisecond scale, constitutes
the physiological foundation of mutual aid—a structure of
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interdependence in which collective coordination ensures
both system stability and optimization.

Hebbian Learning and Synaptic Reinforcement

The conceptual roots of STDP can be traced to Hebbian
learning, originally formulated by Donald O. Hebb in The
Organization of Behavior (1949). Hebb proposed that
repeated and correlated activation of two neurons leads to
a lasting increase in synaptic efficacy, famously summarized
in the principle that “cells that fire together wire together”
[11]. Although this formulation preceded modern
electrophysiological techniques, it anticipated the central
role of temporal correlation later confirmed by STDP.

In Hebbian terms, learning arises from co-activation:
the reinforcement of neuronal pathways that demonstrate
functional coherence. The neural substrate of learning is
therefore intrinsically relational. The brain does not store
isolated units of information; rather, it constructs associative
constellations of activity shaped by use and stabilized
through synchrony. These networks exhibit self-organizing
properties, stabilizing through repetition and feedback and
giving rise to a form of distributed intelligence [16].

The transition from Hebb’s associative principle to
the temporally precise mechanisms described by STDP
is epistemologically consistent, converging on a shared
premise: learning is a cooperative process among neurons
rather than a passive accumulation of information. Synaptic
weights are modified through coordinated activation within
a dynamic network. Plasticity, therefore, reflects not merely
the brain’s capacity to change, but its capacity to co-regulate
change in relation to context.

Hebbian learning and STDP together delineate a
continuum that links the structural and temporal dimensions
of cooperation. They describe a system in which stability
emerges from interaction and adaptation arises from
synchrony: an image of the brain as an ecological ensemble
in which individuality cannot be separated from relational
dynamics.

Temporal Communication as the Basis of Collective
Efficiency

The brain’s ability to process information efficiently
depends not only on the strength of individual synaptic
connections, but also on the temporal precision with
which signals are transmitted across neural networks.
Communication in neural systems is not merely structural,
but fundamentally dynamic, relying on the coordination of
activation timing among thousands of neurons whose joint
activity gives rise to coherent patterns of representation
and action.

Neurons exchange information through electrical

and chemical processes that must be integrated within
narrow temporal windows in order to generate meaningful
responses. Temporal alignment allows groups of neurons
to function as collective units, reducing redundancy and
increasing the fidelity of signal transmission. Temporal
coding thus becomes the language through which the brain
realizes cooperation: meaning emerges from relationships
in time rather than from the activity of isolated units.

Computational studies confirm that such temporal
cooperation significantly enhances both informational and
energetic efficiency. Gidon and Segev demonstrated that
excitatory and inhibitory inputs within dendrites interact
according to finely regulated timing rules that determine
how local signals are integrated [7]. The temporal precision
of inhibition enables neurons to maintain sensitivity
without saturation, thereby preserving network stability.
The balance between excitation and inhibition exemplifies
a form of cooperative temporal coordination that sustains
global coherence through continuous local negotiation.

More recently, Wang and colleagues provided further
evidence that efficient motion encoding in the fly visual
system is mediated by gap junctions that synchronize
adjacent neurons with millisecond precision [19]. Their
computationalmodelshowedthat collective synchronization
reduces redundancy and maximizes information transfer,
illustrating a form of reciprocal optimization reminiscent
of cooperative dynamics in ecological systems. In this
framework, efficiency emerges not from hierarchical
control, but from the distributed sharing of computational
load across the network.

Temporal communication thus constitutes the
neurobiological substrate of cooperation: an emergent
property through which distributed agents (neurons) share
responsibility for information processing. The resulting
efficiency is not imposed by centralized control, but arises
from synchrony and reciprocal feedback. At a broader scale,
the same logic underlies the self-organizing capacity of
social systems, in which coordination and shared rhythm
allow complexity to be sustained without the need for
central command.

The brain itself may therefore be understood as a
model of collective intelligence, in which temporal precision
functions as a medium of solidarity. Each neuron contributes
to system stability by aligning its activity with the rhythm
of the whole: a silent form of dialogue that transforms
synchronization into meaning. Neural coherence thus
reflects the ecological principle of mutual aid: efficiency
does not arise from competition, but from communication
in time.
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The Ecology of the Brain: Networks, Feedback, and Balance

The human brain can be understood as an ecological
system rather than a hierarchical structure. It operates as a
distributed network in which each component contributes
to the stability of the whole. Neurons, glial cells, and local
circuits interact through continuous feedback processes
that maintain equilibrium and ensure adaptability, a
phenomenon that can be understood within the broader
framework of homeostatic plasticity and network balance
[20]. Brain self-regulation emerges from cooperation among
subsystems, with balance arising as a collective property
of interaction rather than as the outcome of centralized
control.

This ecological interpretation challenges traditional
metaphors of hierarchy and command that dominated
neuroscience for much of the twentieth century. The
brain does not function as a centralized apparatus issuing
instructions to subordinate units; instead, it resembles
a living ecosystem in which regulation occurs through
reciprocal adjustments. Recurrent circuits, feedback loops,
and homeostatic mechanisms allow activity to circulate,
self-correct, and stabilize over time. Within this framework,
coherence is emergent rather than imposed.

Henri Laborit’s reflections on the inhibition of
action provide a biological foundation for this ecological
perspective. Laborit argued that life depends on the
organism’s capacity to maintain dynamic exchanges with
its environment and to act upon it. When this capacity is
blocked (when action is chronically inhibited) the system
loses regulatory flexibility and begins to disorganize [13]. At
the neural level, inhibition corresponds to a disruption of
synchrony: communication between cortical and subcortical
systems weakens, and network efficiency declines.
Cooperation, by contrast, promotes energetic economy and
functional harmony. Laborit conceptualized the brain as a
self-regulating organism in which freedom of action and
internal cooperation are inseparable dimensions of health.

As in ecological systems, stability is achieved through
interdependence rather than domination. The brain
attains coherence through reciprocal regulation among its
components, replacing hierarchical logic with relational
balance. Survival, whether of an organism or a society,
depends on distributed equilibrium and adaptive feedback
rather than on centralized control.

From a neurobiological standpoint, such equilibrium is
not static but rhythmic. Excitation and inhibition, activation
and rest, divergence and convergence alternate in order to
preserve system integrity. Brain efficiency derives precisely
from this dynamic balance, in which diversity is not
suppressed but integrated. Similar principles govern social
and ecological systems: cooperation sustains complexity,

whereas chronic or imposed inhibition leads to rigidity and
loss of adaptability.

To describe the brain as an ecological system is therefore
to recognize that its intelligence resides in relations, in the
capacity to organize diversity through communication.
Laborit’s biology of regulation and Kropotkin’s concept of
mutual aid converge on the same epistemological horizon:
life is sustained not through control, but through the
continuous negotiation of balance [1,13].

Cooperation as an Emergent Property

Cooperation in the brain is not an imposed function,
but an emergent property of interaction. It arises from the
collective dynamics of billions of neurons which, through
feedback and synchronization, generate coherence without
the need for centralized control. The brain represents a
paradigmatic model of self-organization, in which order
emerges from continuous negotiation among elements
that regulate one another. Principles of neuronal synchrony
and temporally dependent plasticity illustrate how
coherence is constructed through time and adaptation.
Each neuron modulates its activity in response to incoming
and outgoing signals, preserving network integrity through
micro-adjustments that balance excitation and inhibition.
These local interactions, repeated across large scales,
produce global stability: a phenomenon observed in both
biological and ecological systems. The system does not seek
uniformity, but balance: diversity is preserved because it
ensures adaptability.

From a systems perspective, this emergent property
can be described as a form of distributed intelligence.
Information is not stored or processed by a single center,
but is continuously shared, transformed, and reorganized by
the network itself. Efficiency therefore does not arise from
hierarchy, but from reciprocity. The brain demonstrates how
complexity can coexist with stability, and how cooperation
allows energy to circulate rather than accumulate,
preventing stagnation and rigidity. When interaction is
disrupted, energy dissipates; when cooperation is restored,
the system reorganizes and regains equilibrium.

In this sense, cooperation is not an ethical condition but
a biological necessity: the means by which life maintains
coherence in the face of entropy. The stability of systems
(neuronal or social) depends on their capacity to regulate
conflict through interaction rather than domination.
Reciprocal regulation constitutes the shared language of
living systems: neurons, organisms, and societies rely on
feedback processes that sustain coherence without erasing
individuality.

To speak of cooperation as an emergent property
therefore means describing a principle that transcends
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scale, linking the microscopic order of neuronal networks
with the macroscopic organization of social and ecological
systems. Coherence arises from relation, and life persists
through cooperation.

Movement as a Synchronization Device

Recent research on acute exercise indicates that
neuronal cooperation is not only a structural principle,
but also a dynamic condition that can be actively induced.
Neurorehabilitation studies show that even a single session
of physical activity can increase functional connectivity
between motor-related brain areas and “prime” the nervous
system for more efficient learning [4]. These findings suggest
that cooperation within neural networks is temporally
sensitive and responsive to embodied activation.

Movement acts as a temporal regulator: it synchronizes
distinct networks, increases cortical excitability, and opens
windows of plasticity. From the perspective of spike-timing
dependent plasticity (STDP), bodily movement introduces a
rhythmic structure that facilitates synaptic cooperation by
aligning neuronal firing patterns. In this sense, movement
provides an external yet biologically integrated timing signal
that enhances the conditions for coordinated synaptic
change.

In summary, movement modulates timing, timing
modulates plasticity, and plasticity modulates cooperation.
Adeloye and colleagues demonstrated that acute exercise
functions as a form of neurophysiological priming,
increasing cortical excitability and facilitating both motor
and cognitive encoding [4]. This effect does not reflect
an isolated improvement in performance, but rather a
cooperative reorganization of neural networks. Movement
thus emerges as a key mediator between bodily activity and
neural synchronization, reinforcing the view that learning
and adaptation are grounded in temporally coordinated,
embodied processes.

Pedagogical Resonances: Learning as Reciprocal Regulation

Learning, like brain organization, can be understood
as a process of reciprocal regulation. The brain does not
learn in isolation, but through interaction: through the
capacity of its components to adapt, synchronize, and co-
regulate in response to one another. Libertarian pedagogy
similarly holds that knowledge emerges within systems
of reciprocity, in which feedback and relational exchange
replace unidirectional instruction and hierarchical control.
The educational environment should therefore be conceived
as an ecosystem of exchange rather than a mere device for
transmission. Teachers and students, like neurons within a
network, construct coherence through communication and
shared time, through the rhythm of attention, imitation,
and response. The educational act thus becomes a process

of synchronization: a dynamic adjustment that preserves
difference while simultaneously generating shared
understanding.

Edgar Morin emphasized that knowledge is a web of
interdependencies rather than a linear accumulation of
information [14,15]. To learn is to connect, to relate, and
to hold together what analytic thought tends to separate.
Cognition is embodied, as highlighted by Damasio, and
cognitive functions cannot be dissociated from emotional
and regulatory dimensions [6]. Cooperation is therefore not
only functional, but also affective, rooted in the capacity to
resonate with others. From the neuron to the classroom,
the same logic applies: coherence is not imposed, but
constructed through relation.

Within this continuity between the biological and the
pedagogical, learning can be understood as a form of mutual
aid, in which autonomy and connection coexist. Education
thus becomes, like the brain itself, an ecology of balance: an
adaptive system sustained by reciprocity, synchronization,
and shared regulation.

Dendritic Cooperation, Feedback, and Complexity
Dendritic Computation and Synchronization as the Basis of
Cooperative Learning

At the level of single neurons, information processing
already reflects distributed and contextdependent
integration mechanisms rather than linear transmission,
highlighting the role of local computations in shaping
network-level activity [12]. Recent work by Idan Segev and
colleagues has demonstrated that dendrites are not merely
passive conduits of synaptic activity, but active units of local
computation capable of integrating excitatory and inhibitory
signals according to autonomous and distributed principles
[3]. Each dendritic branch operates as a site of nonlinear
processing, dynamically regulating its sensitivity in relation
to the surrounding electrical context. In this way, dendrites
actively participate in the generation of coherent patterns
of neuronal activity.

This perspective overturns the traditional view of the
neuron as a functionally subordinate element governed by
centralized control. Instead, intelligence emerges from the
cooperation of thousands of semi-autonomous units whose
coordinated activity gives rise to collective representations.
Synchronization among these units is not a secondary
phenomenon, but a fundamental mechanism through which
distributed processing becomes functionally integrated.

From a neurobiological standpoint, dendritic
computation represents the micro-scale expression of
cooperative principles. Each dendrite “negotiates” its
contribution within a relational network, integrating
local inputs into broader activity patterns. Learning thus
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consists not only in the strengthening of individual synaptic
connections, but also in the dynamic harmonization of local
patterns across the neuronal tree. This process is emergent
and nonlinear, reflecting the logic of complex systems in
which stability arises from interaction rather than from
externally imposed order.

As dendrites cooperate to generate integrated
neural representations, individuals within an educational
community similarly produce shared knowledge through
interaction, feedback, and dialogue. Dendritic cooperation
therefore provides an interpretative key for understanding
cooperative learning: a model of cognitive reciprocity
in which individual autonomy is realized through active
participation in collective rhythms rather than through
isolation.

From Bioelectrical Feedback to Symbolic Feedback:
Analogies Between Neural and Cognitive Networks

The mind does not organize itself linearly, but through
a dense network of feedback processes. The mechanisms
that regulate neuronal activity (excitation, inhibition, and
synchronization) find their counterparts in the cognitive and
social processes through which knowledge is constructed.
Mental coherence, like synaptic coherence, arises from
continuous negotiation among distributed elements. At the
biological level, recurrent neural circuits represent the most
elementary form of feedback: the activity of each neuron
modulates, and is modulated by, the activity of others,
generating a dynamic equilibrium. At the cognitive and
social levels, ideas and meanings are similarly strengthened
or weakened through their resonance within the network,
giving rise to a form of conceptual plasticity that closely
parallels synaptic plasticity.

Thinking therefore appears not as a cumulative process,
but as a cooperative one. Knowledge is constructed as a
network in which conceptual nodes reinforce one another
through use, relation, and context. This process can
be described as a form of epistemic plasticity, in which
mental representations are reorganized over time through
interaction. In this sense, the dynamics of learning resemble
the mechanisms described in Thomas S. Kuhn'’s theory of
scientific paradigms [9]. Just as neural networks restructure
their architecture in response to internal coherence
and experience, scientific communities reorganize their
conceptual frameworks when a new paradigm achieves a
higher degree of synchronization among existing bodies of
knowledge. Epistemic change thus consists not in a chaotic
rupture, but in a coherent reorganization—analogous to
neuronal plasticity.

Such transitions can be understood as phase shifts
driven by collective feedback among subjects, concepts,
and context. The mind, like the brain, learns through

temporal and symbolic reciprocity: a continuous process
of adjustment in which feedback is transformed into
understanding and synchrony into shared knowledge.

Epistemology of Complexity: Dialogue, Uncertainty, and
Feedback

Contemporary epistemology has moved beyond linear
models of causality to embrace the logic of complexity.
Knowledge is no longer conceived as a process of reduction,
but of articulation: each cognitive element acquires
meaning only within a network of relations, in a system
that selforganizes through continuous feedback processes.
Edgar Morin emphasized that complexity is grounded in
interdependence and recursion, and that understanding
emerges from the dynamic interplay between parts and
wholes rather than from their separation [14,15]. The mind,
like the brain, operates through interdependencies.

The concept of complexity also entails the acceptance
of uncertainty as a structural component of knowledge.
To know is to sustain an open dialogue between order and
disorder, between determinism and probability. Morin’s
epistemology and contemporary neurodynamics converge
on biological ground, where the stability of neural patterns
emerges from regulated oscillations that may appear
chaotic at the local level but become coherent over time
through self-organization.

Beyond conventional scientific frameworks, the
recognition of complexity leads to the acknowledgment that
no single method can fully capture the diversity of reality.
Feyerabend described this condition as “methodological
anarchism”, highlighting that scientific progress depends
on the plurality of approaches and on the cooperation
among competing models rather than on methodological
uniformity [8]. In this perspective, diversity is not noise, but
a prerequisite for adaptability.

Knowledge can therefore be understood as a complex
system of feedback. As in neural circuits, intelligence
emerges fromdialogue among heterogeneous elements that
co-regulate over time. From a different yet complementary
standpoint, Lakatos also identified a retroactive structure in
scientific development. His concept of research programmes
describes science as advancing through cooperative
selection processes, in which theories are preserved or
transformed according to their collective explanatory
power [10]. Each research programme maintains a stable
theoretical core surrounded by flexible auxiliary hypotheses
that adapt progressively to new evidence. Scientific growth
thus results from the dialogue between conservation and
transformation, sustained by a dynamic balance between
openness and rigor.

Scientific rationality itself is therefore recursive rather
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than static. It proceeds through cooperative adjustments
that, at the cognitive level, mirror the same feedback logic
governing neural networks.

Tounderstand, inthis sense, is not to simplify complexity,
but to inhabit it.

The Principle of Recursive Organization: Learning as an
Auto—Eco-Organizational Process

Knowledge is not a linear flow but a circuit of
feedback. Edgar Morin described this principle as recursive
organization, whereby the product and the effect of
a process become, in turn, the conditions for its own
continuation [14]. Thought, like life and like the brain,
sustains and reorganizes itself through continuous cycles
of interaction between the individual and the environment.
Contemporary neurobiology confirms that neuronal
activity is regulated by feedback mechanisms integrating
excitation, inhibition, and synchronization, producing a
dynamic balance between stability and change [19]. Each
neural network adapts to the consequences of its own
activity: synaptic modifications generated by prior activity
become the substrate for subsequent learning. Plasticity
thus functions as an operational form of memory within the
system.

The biological dimension of this auto—eco-organization
was already emphasized by Laborit, who argued that an
organism maintains coherence only insofar as it can act
and regulate its exchanges with the environment [13].
Inhibition of action interrupts feedback cycles, leading
to disorganization and loss of adaptability. Biological and
cognitive freedom therefore consist in the capacity to keep
circuits of exchange open and to regulate responses to
perturbations.

Learning can thus be understood as a recursive and
ecological process. The subject does not passively absorb
information, but actively transforms it, continuously
reorganizing its own cognitive structure. The brain that
integrates its feedback, the mind, and the educational
environment evolve through co-regulation. Within this
circular dynamic between action and reflection, freedom
emerges as the capacity for self-organization within context:
a process in which biology, cognition, and pedagogy
converge within the same logic of vital cooperation.

Connections Between Complex Thought and Libertarian
Pedagogy: Knowledge as Cognitive Cooperation

The principle of recursive organization finds its natural
extension in libertarian pedagogy, where learning is
understood as a cooperative and self-regulated process. As
in neural systems, educational knowledge emerges from
multiple interactions rather than from linear transmission.

Each individual contributes to the maintenance of collective
coherence through cognitive, affective, and symbolic
activity. Learning thus unfolds as a shared regulatory process
in which autonomy and participation are inseparable.

Elisée Reclus anticipated an ecological conception of
knowledge grounded in the relationship between individuals
and their environment. In 'Homme et la Terre (1905-1908),
human beings are described as integral components of living
systems that evolve through continuous interaction with
the natural and social world [17]. Education, in this view,
does not operate from the outside, but through dynamic
inclusion within one’s ecosystem of life. The environment is
not a passive background, but an active agent of learning.

This perspective converges with Morin’s epistemology
of complexity and with contemporary neurobiological
models of distributed processing. Knowledge is generated
within networks of reciprocity, in which each element both
modifies and is modified by its context [14,15]. Learning
therefore constitutes a process of co-emergence rather
than of accumulation. Libertarian pedagogy draws from
this same framework the idea that freedom consists not
in separation or control, but in participation—in being an
active component of an open system capable of self-reform
through dialogue and relational exchange.

The Role of Environment and Reciprocal Feedback: Toward
an Ecology of Learning

The environment constitutes a generative condition of
knowledge. Every network (neuronal, cognitive, or social)
organizes itself through exchange flows that depend on
the context in which it operates. Just as neural circuits self-
regulate in response to inputs arising from their bioelectrical
microenvironment, educational systems are similarly
modulated through the relationships and signals that
traverse them [19]. Learning can therefore be understood as
a form of ecological homeostasis, continuously rebalancing
stimulus and response, freedom and constraint, individuality
and community.

The environment is not a passive container, but a
living organism that co-educates the human being. Elisée
Reclus argued that humans do not dominate nature, but
are reciprocally produced by it, a relationship that implies
an educational model in which the subject is not separated
from the world but recognized as a node within a relational
system [17]. Within this perspective, the environment
becomes a co-author of learning.

Human development unfolds within concentric
ecosystems (micro-, meso-, exo-, and macrosystems) that
interact continuously and provide multiple layers of feedback
influencing cognitive and emotional growth, as described
by Bronfenbrenner [5]. This concentric architecture reflects
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the same principle of multilevel regulation that governs
neuronal networks and cerebral synchronization processes.

From a neuropedagogical systems perspective, the
educational environment can thus be understood as a
network of stimuli and feedback that shapes cerebral
plasticity. Experience, as demonstrated by studies on spike-
timing dependent plasticity, functions as a variable capable
of profoundly modifying neural connectivity. The educator
does not transmit content, but constructs conditions,
modulating rhythms, timing, and spaces that support system
coherence. Learning becomes a process of environmental
co-regulation, in which knowledge is organized through
interdependence. Freedom, in this framework, consists
in participating in the construction of one’s own cognitive
environment, keeping open the feedback circuits that allow
biological and social systems to evolve.

The Complex Mind as a Form of Life in Dynamic Balance

From synapses to scientific paradigms, knowledge
emerges as a phenomenon of synchronization: a collective
construction sustained by feedback and difference. Learning
in the brain occurs through resonance, as neural networks
organize themselves via shared temporality, functioning
as miniature communities that adapt reciprocally through
coordinated activity.

The epistemology of complexity recognizes in this
reciprocity the model of all living intelligence: an order
that arises from dialogue and feedback rather than from
linear causality. At the biological level, Laborit extended
the concept of cooperation to include the organism’s
continuous exchange with its environment, emphasizing
that coherence is maintained only through active regulation
of action and feedback loops [13]. At the ecological level,
Reclus similarly broadened the meaning of cooperation by
situating human beings within a larger relational network,
in which freedom consists in the capacity to keep circuits
of exchange (biological, cognitive, and social) open and
operative [17].

The complex mind is therefore not a closed system, but
a form of life in dynamic equilibrium. It finds coherence
through relation and meaning through cooperation.
Thinking, knowing, and learning can thus be understood
as ecological acts: processes of reciprocal adaptation
that integrate neuronal rhythm, social interaction, and
educational freedom within a single principle of shared life.

Discussion
Neurobiological Cooperation and Clinical Interpretation

The framework proposed in this article conceptualizes
cooperation as an emergent property of neural systems
grounded in temporal coordination, distributed plasticity,

and reciprocal regulation. While this model is developed
at a theoretical level, it offers a relevant interpretive
lens for clinical domains concerned with learning, self-
regulation, and neurodevelopmental variability. From a
clinical perspective, many conditions traditionally described
in terms of deficits or dysfunctions can be reinterpreted
as disturbances in timing, synchronization, and feedback
regulation across neural, bodily, and environmental systems.
Neurodevelopmental conditions such as attention-deficit/
hyperactivity disorder (ADHD), developmental coordination
disorder, and related executive functioning profiles are
frequently characterized by fluctuations in temporal
organization, difficulty in sustaining coherent activation
patterns, and vulnerability to overload rather than by the
absence of specific cognitive capacities.

Within this framework, dysregulation does not primarily
reflect a failure of isolated neural modules, but a difficulty in
maintaining stable cooperative dynamics across networks.
Excessive excitation, chronic stress, or sustained cognitive
overload may disrupt spike timing coherence and impair
the reciprocal adjustments required for adaptive plasticity.
In such conditions, learning processes become fragmented,
and the system struggles to maintain balance between
excitation and inhibition, action and regulation.

This perspective does not replace existing diagnostic or
clinical models, but complements them by shifting attention
from static functional deficits to dynamic regulatory
processes. Cooperation, understood as temporal alignment
and feedback sustainability, becomes a key variable in
interpreting both adaptive and maladaptive trajectories.

Embodiment, Movement, and the Regulation of Neural
Timing

A central implication of the proposed framework
concerns the role of bodily movement as a modulator of
neural cooperation. Experimental evidence indicates that
acute physical activity can transiently enhance neural
synchronization, increase cortical excitability, and open
time-limited windows of plasticity. From the standpoint of
spike-timing dependent plasticity, movement introduces
rhythmic structure and sensorimotor coupling that facilitate
temporal alignment across distributed neural populations.

Clinically, this suggests that movement should not
be understood merely as an adjunctive or compensatory
intervention, but as a regulatory condition capable of
influencing the temporal dynamics of learning. When
bodily activity supports rather than overwhelms neural
timing, cooperative processes across motor, cognitive, and
affective systems are reinforced. Conversely, environments
that constrain action or impose sustained immobility
may inadvertently contribute to desynchronization and
regulatory fatigue.

8
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Importantly, this interpretation avoids simplistic causal
claims. Movement does not “treat” dysregulation; rather,
it modifies the temporal and energetic conditions under
which cooperative plasticity becomes possible. The clinical
relevance lies in recognizing timing, rhythm, and embodied
feedback as variables that shape learning capacity and self-
regulation.

Learning Environments as Regulatory Ecologies

Extending the neurobiological model to learning
contexts, education can be conceptualized as a regulatory
ecology rather than as a linear transmission of information.
Just as neural networks rely on reciprocal feedback and
timing coherence, learning environments influence
cognitive development through rhythms of interaction,
pauses, intensities, and relational feedback.

Hierarchical or unidirectional instructional models may
inadvertently disrupt cooperative dynamics by imposing
temporal constraints that exceed the system’s regulatory
capacity. In contrast, environments structured around
reciprocal regulation, adaptive pacing, and shared timing
are more likely to sustain coherent learning processes. From
this perspective, educational freedom does not correspond
to the absence of constraints, but to the maintenance of
open feedback circuits that allow self-organization to occur.

This ecological view resonates with clinical observations
of learners who function adequately under conditions of
relational and temporal attunement but exhibit significant
difficulties under rigid or overloaded instructional demands.
The proposed framework thus provides a conceptual bridge
between network neuroscience, embodied cognition, and
interpretive approaches to learning-related difficulties.

Limitations and Epistemological Considerations

Several limitations of the present framework must be
acknowledged. First, the model is explicitly theoretical and
does not provide direct clinical metrics or intervention
protocols. Its value lies in interpretation and hypothesis
generation rather than in prescription. Second, analogies
between neural and social systems must be handled
cautiously: while shared principles of feedback and
synchronization can be identified across scales, they do not
imply simple equivalence.

Finally, cooperation should not be idealized as a
normative condition. Neural and social systems require
phases of desynchronization, variability, and conflict in
order to reorganize and adapt. The critical issue is not
the elimination of instability, but the system’s capacity to
reintegrate it through feedback and timing regulation.

Concluding Remarks - Conclusion
This article has proposed a theoretical framework

in which cooperation and learning are understood as
emergent properties of neural systems governed by
temporal coordination, distributed plasticity, and reciprocal
regulation. By framing cooperation as a temporally
grounded, biologically necessary principle, | suggest a
shift from deficit-centered interpretations toward dynamic
models of regulation and adaptation. Learning, whether
neural or cognitive, emerges from the capacity of systems
to maintain sustainable rhythms of interaction. Within this
perspective, freedom is not independence from constraints,
but the ability to participate in cooperative feedback loops
without fragmentation or overload.

The proposed framework invites empirical investigation
across neuroscience, clinical research, and learning
sciences, encouraging interdisciplinary dialogue on how
timing, embodiment, and reciprocal regulation jointly shape
adaptive development.

Rather than offering definitive answers, it aims to
provide a coherent conceptual space in which biological,
cognitive, and educational dimensions of cooperation can
be meaningfully connected.
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