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Abstract

This work synthesizes findings across regeneration biology, aging, and
bioelectric signaling to propose a unified systems — level framework.
Aging is characterized by a progressive decline in regenerative
capacity across tissues. While numerous molecular and genetic
mechanisms have been identified, existing models often emphasize
isolated pathways rather than coordinated system behavior (Lopez-
Otin et al., 2013). A systems-level framework is proposed in which
regeneration is understood as an emergent state arising from the
interaction of multiple biological layers, including niche signaling,
controlled plasticity, bioelectric coordination, oscillatory dynamics,
delayed regenerative feedback, coexistence of compatible cellular
states, and anti-runaway growth control.

Within this framework, biological systems operate along a dynamic
spectrum between stabilization-dominant and generation-dominant
regimes. Durable regeneration requires access to a distributed,
coordinated renewal state, and that aging reflects a progressive shift
away from this state toward maintenance-focused stabilization. This
model integrates concepts from developmental biology, regenerative
medicine, and systems biology into a unified hypothesis and generates
testable predictions regarding the role of coordination, timing, and
state flexibility in tissue renewal. The framework suggests that
restoring regenerative capacity may depend less on activating
individual pathways and more on re-establishing system-wide
coordination under appropriate constraints.
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1. Introduction
1.1 Aging and the Limits of Pathway-Centric Models

Aging is commonly described as the gradual accumulation of
molecular damage accompanied by declining tissue function and
regenerative capacity. Extensive research has identified numerous
contributing factors, including genomic instability, epigenetic
alterations, mitochondrial dysfunction, and altered intercellular
communication (Lopez-Otin et al., 2013; Kennedy et al., 2014). These
mechanisms provide valuable insight into the biological processes
underlying aging; however, they are typically studied in isolation or as
loosely connected pathways.

Despite these advances, a central question remains unresolved:
why do tissues lose the ability to regenerate as a coordinated,
functional whole?

Many organisms and tissue types retain significant regenerative
abilities under specific conditions, suggesting that regenerative
potential is not entirely lost, but becomes constrained or inaccessible
(Tanaka & Reddien, 2011). This observation points toward a
limitation in models that focus primarily on individual molecular
components without fully accounting for system-level coordination.

1.2 The Need for a Systems Perspective

Biological systems are inherently multi-layered and dynamic. Tissue
maintenance and regeneration depend not only on molecular
signaling, but also on spatial organization, temporal coordination, and
interactions across scales — from intracellular processes to tissue-level
structure.
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Several domains of research support this broader perspective:

« Stem cell biology highlights the importance of niche
environments in regulating cell behavior (Scadden, 2006)

. Developmental biology demonstrates how morphogen gradients
guide large-scale pattern formation (Wolpert, 2011)

. Bioelectric research shows that membrane potential dynamics
influence regeneration and patterning (Levin, 2014)

« Chronobiology reveals that oscillatory processes regulate cellular
and metabolic function (Takahashi, 2017)

Taken together, these findings suggest that regeneration is not
governed by a single mechanism, but emerges from the interaction of
multiple coordinated subsystems.

1.3 Regeneration as a Systems State

The proposal is that regeneration can be understood as a distinct
systems-level state, rather than the output of any individual pathway.
In this view, tissues operate along a continuum between two functional
regimes:

« A stabilization-dominant regime, characterized by maintenance,
repair, and preservation of existing structure

. A generation-dominant regime, characterized by renewal,
adaptation, and coordinated transformation

Both regimes are necessary. Stabilization preserves integrity, while
generation enables renewal. However, an imbalance—particularly a
loss of access to the generative regime—may underlie the decline in
regenerative capacity observed in aging.
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1.4 Overview of the Proposed Framework

This paper introduces a systems-level framework in which durable
regeneration depends on the coordinated interaction of several key
components:

« A source—niche system that provides organizational signals and
environmental support

« Controlled plasticity, allowing temporary state flexibility during
regeneration

. Bioelectric and oscillatory coordination layers, enabling
distributed synchronization across cells

. Delayed regenerative feedback, supporting the re-emergence of
successful functional states

« Coexistence of compatible internal programs, allowing biological
systems to operate beyond rigid binary states

. Anti-runaway control mechanisms, preventing uncontrolled
growth and instability

The hypothesis is that the sustained interaction of these elements
enables a distributed, source-like regenerative state, and that aging
reflects a progressive loss of this coordinated behavior.

1.5 Contribution and Scope

The goal of this work is not to introduce a new molecular pathway, but
to:

. provide a unified conceptual framework for understanding
regeneration and aging as system-level phenomena

« translate abstract system dynamics into biologically
interpretable components

. generate testable hypotheses and predictions that can guide
future experimental investigation
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This framework is intended as a starting point for integrating diverse
findings across disciplines into a coherent model of regenerative
coordination.

2. Conceptual Framework
2.1 System Architecture Overview

Biological regeneration is conceptualized as an emergent property of a
multi-layered system composed of interacting regulatory components
rather than a single dominant pathway. In this framework, tissue
behavior arises from the coordinated interaction of the following
functional layers:

« Source—niche system
Provides organizational signals and environmental support that
guide cell behavior and maintain structural context.

« Plasticity layer
Enables temporary relaxation of cellular identity, allowing
adaptation, repair, and transformation in response to perturbation.

« Coordination layers
Include bioelectric signaling and oscillatory dynamics that
synchronize activity across cells and tissues.

« Feedback and memory layer
Encodes prior successful states and allows their partial reactivation
following disturbance.

. State coexistence layer
Permits the simultaneous presence of compatible internal
programs rather than enforcing a single rigid cellular state.

« Anti-runaway control layer
Constrains growth and prevents instability, ensuring that
regenerative processes remain bounded.

These components are not independent modules but interdependent
processes. Regeneration emerges when they operate in a coordinated
manner under appropriate constraints.
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Figure 1. Conceptual architecture of the proposed regenerative system.
Regeneration emerges from coordinated interactions between source—niche
signaling, controlled plasticity, bioelectric and oscillatory coordination
layers, delayed feedback (memory), coexistence of compatible internal
states, and anti-runaway control mechanisms.

2.2 Regime Structure: Stabilization and Generation

Within this architecture, system behavior can be understood as
movement along a continuum between two functional regimes:

Stabilization-Dominant Regime
This regime is characterized by:

. maintenance of existing structure

« repair of localized damage

. suppression of variability

« preservation of established cellular identity
It supports reliability and structural integrity, particularly under
stable conditions. However, it is inherently conservative and limited in
its capacity for large-scale renewal.
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Generation-Dominant Regime
This regime is characterized by:

. activation of regenerative processes

. increased plasticity

« coordinated transformation across cells
 distributed propagation of renewal signals

In this state, tissues exhibit enhanced capacity for repair, adaptation,
and reorganization. However, without appropriate constraints, this
regime can lead to instability or uncontrolled growth.

Dynamic Balance Between Regimes

Healthy biological systems require both regimes. Stabilization
maintains continuity, while generation enables renewal. The key
feature of the proposed framework is not the existence of these
regimes, but the system’s ability to:

. enter the generative regime when needed
« coordinate regeneration across multiple layers
. relock into a stable configuration after transformation

A failure to access or sustain the generative regime may contribute to

aging, while a failure to constrain it may contribute to pathological
growth.
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2.3 Dynamic Phases of Regenerative Behavior

Regeneration in this framework proceeds through a sequence of
dynamic phases rather than a single continuous process:

Activation Phase
o Triggered by damage, stress, or signaling input
« Characterized by increased plasticity and responsiveness
« Coordination signals begin to reorganize local structure
Transformation Phase
« Cells operate in a more flexible, multi-state condition
. Regenerative signals propagate across the system
. Bioelectric and oscillatory synchronization increase
Relocking Phase
. Plasticity decreases as structure stabilizes
. Compatible internal states resolve into functional configurations
. Anti-runaway controls suppress excess growth
This cyclical process allows regeneration to occur without permanent
loss of identity or structural coherence.

2.4 Coordination Across Space and Time

A central feature of this model is that regeneration depends on
coordination across both spatial and temporal dimensions.
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Spatial Coordination
Cells do not act independently; they respond to:

« local neighbors

. long-range signaling gradients

 bioelectric fields

« structural constraints from the extracellular environment
This enables distributed, tissue-level responses rather than isolated
cellular repair.

Temporal Coordination

Regenerative processes are inherently time-dependent and often
rhythmic. Oscillatory dynamics:

. regulate the timing of cellular processes
. synchronize activity across populations of cells
. influence transitions between system states
Temporal coordination ensures that regenerative actions occur in

ordered sequences, preventing conflict between competing processes.

2.5 Coexistence of Compatible Internal States

Traditional models often assume that cells occupy discrete states (e.g.,
differentiated vs. undifferentiated). In contrast, this framework allows

for:

the coexistence of multiple compatible internal programs within a

single system
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During regeneration:

« cells may exhibit partial or transitional states
« gene expression programs may overlap
. functional roles may remain flexible

This multi-state capacity enables adaptation without requiring
complete loss of identity. However, it also requires regulatory
constraints to prevent divergence into incompatible or unstable
configurations.

2.6 Constraint and Anti-Runaway Control
Any system capable of regeneration must also prevent uncontrolled
growth. In this framework, anti-runaway control operates
continuously through:

. suppression of excessive plasticity

- elimination of dysfunctional or overactive cells

. stabilization signals that promote relocking
These mechanisms ensure that:

« regenerative processes remain bounded

. system integrity is preserved

. transformation does not lead to pathological states

Thus, regeneration and constraint are not opposing forces but
complementary aspects of a single system.
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2.7 Emergence of Regenerative Capacity

Regenerative capacity, in this model, is not a fixed property but an
emergent outcome of system coordination. It depends on:

. the strength and accessibility of source—niche interactions
. the system’s ability to modulate plasticity

« the integrity of coordination layers

. the presence of feedback and memory mechanisms

. the balance between generative and stabilizing forces

When these conditions are met, the system can enter and sustain a
distributed regenerative state. When they are degraded or decoupled,
the system shifts toward maintenance-dominant behavior.

2.8 Summary of Framework
The proposed conceptual model can be summarized as follows:

. Regeneration is a system-level state, not a single pathway

- Biological systems operate between stabilization and generation
regimes

. Effective regeneration requires coordinated interaction across
multiple layers

. Plasticity must be temporary and followed by relocking

« Multi-state coexistence enables flexibility but requires constraint

. Anti-runaway control is essential for stability

. Aging may reflect a loss of access to coordinated generative
dynamics
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3. Biological Translation
3.1 Overview

The conceptual framework described above is not intended as an
abstract construct, but as a translation of known biological processes
into a unified systems perspective. Each component of the model
corresponds to mechanisms that have been independently observed
across multiple domains of biology. This section outlines these
correspondences and situates the proposed framework within
established biological knowledge.

3.2 Source—Niche System

In the proposed framework, the source—niche system provides both
organizational signals and environmental support for cellular
behavior.

In biological systems, the source—niche function is reflected in:

« Stem cell niches, which regulate self-renewal and differentiation
(Scadden, 2006)

. Morphogen gradients, which provide positional information
during development (Wolpert, 2011)

« Localized signaling centers, which coordinate tissue patterning
and regeneration

Cells exhibit markedly different behaviors depending on their
microenvironment, emphasizing that regenerative capacity depends on
both intrinsic and extrinsic factors (Fuchs et al., 2004).

These systems do not act as centralized controllers in a strict sense, but

rather as distributed sources of regulatory influence that guide
cellular organization.
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The importance of niche context is well established: identical cells can
exhibit markedly different behaviors depending on their
microenvironment. This aligns with the model’s requirement that
regenerative capacity depends not only on intrinsic cellular properties,
but also on external support and contextual signaling.

3.3 Controlled Plasticity

The plasticity layer of the model corresponds to the ability of
biological systems to temporarily relax cellular identity in order to
enable repair or adaptation.

Plasticity is observed in:

« Stem cell activation and differentiation

o Cellular dedifferentiation during regeneration (Jopling et al.,
2011)

. Epigenetic remodeling, enabling reversible gene expression
changes (Feinberg, 2007)

These processes demonstrate that cellular identity is not fixed, but
dynamically regulated under appropriate conditions.

Plasticity is not unlimited. In most systems, it is:
. context-dependent
o time-limited
. subject to regulatory constraints
This reflects the model’s requirement that plasticity must be

temporary and controlled, allowing transformation without
permanent loss of functional identity.
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3.4 Bioelectric Coordination

Bioelectric signaling provides a mechanism for large-scale
coordination across cells and tissues.

Bioelectric signaling includes:
- membrane potential gradients
. ion channel activity
« gap junction communication
Bioelectric patterns have been shown to influence:
. tissue pattern formation
« regeneration processes

. cell behavior (Levin, 2014; McLaughlin & Levin, 2018)

Bioelectric fields provide a mechanism for rapid, distributed
coordination beyond purely biochemical signaling.

Unlike biochemical signaling alone, bioelectric signals can propagate
rapidly and act across spatial scales, making them well suited for
distributed coordination within tissues.

3.5 Oscillatory Dynamics

Oscillatory processes are pervasive in biology and play a critical role
in coordinating activity over time.
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Oscillatory processes include:

« circadian rhythms (Takahashi, 2017) which regulate metabolic
and cellular processes

. calcium signaling oscillations (Berridge et al., 2000) which
influence gene expression and cell behavior

. neural and cardiac rhythms, which coordinate functional activity

These systems regulate timing and synchronization across biological
processes, contributing to coordinated function.
These oscillations provide:

. temporal structure

. phase relationships between processes

. synchronization across cell populations
Within the framework, oscillatory dynamics serve as a timing
mechanism that helps organize transitions between system states and
ensures that regenerative processes occur in coordinated sequences.
3.6 Delayed Feedback and Biological Memory
The feedback (or “echo”) layer of the model corresponds to

mechanisms through which biological systems retain and re-express
information about prior states.
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Biological memory is supported by:

« gene regulatory networks that maintain expression patterns over
time

. epigenetic modifications (Feinberg, 2007) that encode past
environmental and developmental signals

o immune memory (Ahmed & Gray, 1996), which enables faster
and more effective responses to repeated challenges

These mechanisms allow systems to retain information about prior
states and respond more effectively to repeated challenges.

These forms of memory allow systems to:

. recover previously successful configurations

. stabilize functional states after perturbation

. reduce the need for de novo reorganization
This aligns with the model’s emphasis on delayed reinforcement of
regenerative states.

3.7 Coexistence of Compatible Cellular States

The framework allows for the simultaneous presence of multiple
compatible internal programs within a system.

Biologically, this is supported by:
o Cellular heterogeneity within tissues
. Transitional or partially differentiated states

« Overlapping gene expression programs

Single-cell studies have demonstrated that cell identity often exists
along a continuum rather than as discrete categories (Trapnell, 2015).
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Cells are not always confined to discrete categories; instead, they often
exist along continua of states. During regeneration, this flexibility
enables:

. gradual transitions
. adaptive responses
« coexistence of functional roles

This multi-state capacity supports regeneration but also requires
regulatory mechanisms to maintain coherence.
3.8 Anti-Runaway Control Mechanisms

Regenerative processes must be constrained to prevent instability and
uncontrolled growth.

Biological systems achieve this through:

o tumor suppressor pathways (Levine & Oren, 2009)
. apoptosis (programmed cell death) (Elmore, 2007)
. immune surveillance

. Feedback inhibition mechanisms

These systems ensure that growth remains regulated and that
damaged or abnormal cells are removed.

These systems ensure that:
« excessive proliferation is limited
. damaged or abnormal cells are removed
« tissue structure remains organized
In the proposed framework, these mechanisms correspond to the anti-

runaway control layer, which balances the generative aspects of
regeneration.
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3.9 Integrated System Behavior

When considered together, these biological processes form an
interconnected system rather than isolated functions. Regeneration
emerges when:

- niche signals provide context

 plasticity allows adaptation

. coordination layers synchronize activity

. memory stabilizes successful states

« multiple internal programs coexist without conflict
. control mechanisms prevent instability

Disruption in any one of these components can impair regeneration,
but the most significant effects arise when coordination between
components is lost.

3.10 Summary of Biological Correspondence

The proposed framework does not introduce new biological entities
but rather reorganizes existing knowledge into a coherent system-level
model. The key correspondences can be summarized as:

« Source-niche — stem cell niches and signaling environments

« Plasticity — reversible cellular state flexibility

. Bioelectric coordination — membrane potential and ion
signaling

« Oscillatory dynamics — rhythmic biological processes

. Feedback/memory — gene regulation and epigenetics

« State coexistence — cellular heterogeneity and transitional states

« Anti-runaway control — tumor suppression and apoptosis

This mapping demonstrates that the conceptual framework is

consistent with known biological mechanisms and provides a
foundation for the systems hypothesis that follows.
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4. Systems Hypothesis
4.1 Core Hypothesis
The central hypothesis is:

Durable regenerative capacity in biological systems arises from a
coordinated, system-level state characterized by distributed
renewal activity operating under regulatory constraints. Aging
reflects a progressive loss of access to this coordinated
regenerative state, resulting in a shift toward maintenance-
dominant stabilization.

In this formulation, regeneration is not treated as the outcome of a
single pathway or cell type, but as an emergent property of
coordinated interactions across multiple biological layers, including
signaling environments, cellular plasticity, coordination dynamics,
memory mechanisms, and growth control systems.

4.2 Regime Shift Model of Aging

Within the proposed framework, biological systems operate along a
continuum between two functional regimes:

. a generation-dominant regime, associated with renewal and
adaptive transformation

. a stabilization-dominant regime, associated with maintenance
and preservation

Hypothesis:

Aging corresponds to a gradual shift away from the generation-
dominant regime toward stabilization-dominant behavior. This
transition is illustrated in Figure 2.
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In this state:

« regenerative responses become localized rather than coordinated
 plasticity becomes restricted or poorly regulated

. coordination signals weaken or desynchronize

. recovery increasingly relies on repair rather than renewal

Regime Shift: Generation — Stabilization
Generation-DJominant Stabilization-Dominant
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Figure 2. Conceptual representation of the transition from generation-dominant to stabilization-
dominant system behavior. Regenerative capacity is highest in the generation-dominant regime
and declines as systems shift toward stabilization-focused maintenance.

This interpretation is consistent with observed declines in tissue
regeneration and increased rigidity of cellular states in aging systems.
4.3 Regeneration as a Coordinated Systems State
A further hypothesis is:
Effective regeneration requires the simultaneous engagement of
multiple system components, including niche signaling, controlled

plasticity, coordination layers, feedback memory, multi-state
coexistence, and anti-runaway control.
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No single component is sufficient. Instead:

« niche signals provide context and direction
« plasticity enables transformation

. coordination layers synchronize activity

. memory stabilizes successful configurations
. multi-state coexistence allows flexibility

« control mechanisms prevent instability

Regeneration emerges only when these components operate in a
coordinated and balanced manner.
4.4 Role of Controlled Plasticity and Relocking
The proposal is that:
Productive regeneration depends on reversible plasticity followed
by re-stabilization (relocking), rather than permanent
dedifferentiation or fixed identity.
Specifically:
. insufficient plasticity prevents adaptation
. excessive or sustained plasticity leads to instability

« relocking restores functional organization after transformation

This suggests that the timing and regulation of plasticity are as
important as its magnitude.
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4.5 Coordination as a Central Requirement
Hypothesis:
Bioelectric and oscillatory coordination layers are central to
regenerative behavior, enabling distributed synchronization
across cells and tissues.
These coordination systems:
. align cellular activity across spatial scales
. regulate the timing of regenerative processes
. facilitate transitions between system states
Disruption of these coordination layers is predicted to impair
regeneration even if other molecular pathways remain intact.
4.6 Role of Delayed Feedback and Memory
Proposal:
Delayed feedback mechanisms and biological memory enhance
regenerative stability by reinforcing previously successful system
states.
This allows:
. faster recovery after perturbation
« reduced need for complete reorganization

 stabilization of functional configurations over time

Systems lacking such feedback are predicted to exhibit weaker or less
consistent regenerative responses.
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4.7 Coexistence of Compatible Internal States
Hypothesis:
Regeneration is enhanced when biological systems can maintain
multiple compatible internal states simultaneously, rather than
enforcing rigid, singular states.
This enables:
« gradual transitions between functional configurations
. flexible responses to changing conditions

. preservation of system continuity during transformation

However, this multi-state capacity must remain constrained to prevent
divergence into incompatible or pathological states.

4.8 Anti-Runaway Constraint Requirement
Proposal:
Any regenerative system must incorporate strong anti-runaway
control mechanisms to prevent uncontrolled growth and
instability.
In the absence of such constraints:
. regenerative activation may lead to pathological proliferation
« system organization may degrade

« long-term stability cannot be maintained

Thus, regeneration and constraint are interdependent and must
operate simultaneously.
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4.9 Partial Internalization of Source-Like Behavior
Hypothesis:

Cells and tissues can partially internalize source-like regenerative
behavior, enabling distributed renewal activity, but remain
dependent on system-level context and constraints.

This suggests that:

. regenerative capacity can become more distributed over time

. local regions can adopt source-like roles under appropriate
conditions

o« full independence from environmental or systemic support is
unlikely

This aligns with observations that regenerative processes are both
locally expressed and systemically regulated.

4.10 Integrated Hypothesis Statement

Taken together, these components yield the following integrated
hypothesis:

Durable regeneration emerges when a biological system maintains
a distributed, coordinated renewal state supported by niche
context, controlled plasticity, bioelectric and oscillatory
synchronization, delayed feedback memory, coexistence of
compatible internal states, and anti-runaway control. Aging
reflects the progressive degradation or decoupling of these
coordinated processes, resulting in a shift toward maintenance-
dominant stabilization.

© 2026 Jennifer Braly. All rights reserved. 24



4.11 Scope and Interpretation
This hypothesis is intended as a systems-level framework that:
. integrates multiple domains of biological knowledge
. reframes regeneration as an emergent coordinated state
. provides a basis for generating testable predictions
It does not assert that:
. regeneration can be fully explained by a single mechanism
. aging is reducible to one factor
. current biological understanding is complete

Rather, it proposes that:

the key to understanding regeneration and aging lies in how biological
processes are coordinated across space, time, and system layers.

5. Predictions
5.1 Overview
The proposed framework generates a set of testable predictions
concerning the conditions under which regeneration is enhanced or
impaired. These predictions focus on system-level behavior rather
than isolated molecular pathways and emphasize coordination, timing,
and state flexibility as key determinants of regenerative capacity.
5.2 Coordination-Dependent Regeneration
Prediction 1

Regenerative capacity will correlate with the strength of system-

wide coordination signals, including bioelectric alignment and
oscillatory synchrony.
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Expected observations

- Tissues with higher regenerative capacity will exhibit:
. stronger spatial coherence in bioelectric patterns
. more stable or synchronized oscillatory activity
. Disruption of these coordination signals will reduce regeneration,
even when individual repair pathways remain active

5.3 Plasticity—Stability Balance
Prediction 2

Regeneration will be maximized at intermediate levels of
plasticity, with reduced performance under both low and excessive
plasticity.

Expected observations

« Systems with:
. insufficient plasticity will show limited adaptation and
repair
« excessive plasticity will show instability, disorganization, or
pathological growth
. Optimal regeneration will occur when plasticity is:
. temporarily increased
. followed by re-stabilization (relocking)

© 2026 Jennifer Braly. All rights reserved. 26



5.4 Importance of Temporal Coordination
Prediction 3

Disruption of oscillatory timing will impair regenerative outcomes,
even in the presence of intact signaling pathways.

Expected observations

. Altered timing of rhythmic processes (e.g., circadian disruption)
will:
. delay or reduce regeneration
. increase variability in repair outcomes
. Restoring temporal alignment will improve regenerative
performance

5.5 Role of Delayed Feedback and Memory
Prediction 4

Systems with stronger delayed feedback or memory mechanisms
will exhibit faster and more stable recovery after perturbation.

Expected observations

. Repeated injury or stress will lead to:
. improved recovery efficiency in systems with intact
memory mechanisms
. degraded or inconsistent recovery in systems lacking such
feedback
. Epigenetic or regulatory memory will correlate with regenerative
robustness
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5.6 Multi-State Coexistence Enhances Regeneration
Prediction S

Tissues that maintain compatible mixed or transitional states will
regenerate more effectively than those constrained to rigid,
singular states.

Expected observations

« Regenerating tissues will display:
. heterogeneous but coordinated cellular states
. overlapping gene expression profiles
« Forced uniformity of cell states will reduce regenerative
flexibility

5.7 Anti-Runaway Constraints Are Required for Stability
Prediction 6

Enhancing regenerative activation without corresponding control
mechanisms will increase the likelihood of pathological outcomes.

Expected observations

« Systems with increased regenerative signaling but weakened
control will exhibit:
. excessive proliferation
« structural disorganization
« tumor-like behavior
. Balanced systems will show:
. effective regeneration without loss of structural integrity
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5.8 Distributed Regeneration vs Localized Repair
Prediction 7

High regenerative capacity will be associated with distributed,
system-wide activation rather than purely localized repair.

Expected observations

. Regeneration in high-capacity systems will involve:
« coordinated responses across multiple regions
. propagation of regenerative signals beyond the site of
injury
. Aging or low-capacity systems will show:
« localized repair with limited system-wide engagement

5.9 Aging as Loss of Coordinated Regenerative State
Prediction 8

Aging tissues will exhibit reduced coordination across system
layers, even when individual molecular mechanisms remain
partially functional.

Expected observations

. Compared to younger systems, aged tissues will show:
. weaker bioelectric coherence
« reduced oscillatory synchronization
« diminished plasticity flexibility
. impaired relocking after perturbation
. Restoration of coordination (even partially) should improve
regenerative outcomes
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5.10 Interaction Effects Between System Components

Prediction 9

Regenerative outcomes will depend on interactions between
system components rather than the activation of any single
component in isolation.

Expected observations

. Interventions targeting multiple layers (e.g., plasticity +
coordination + feedback) will produce:

. disproportionately stronger effects than single-factor
interventions

« Single-pathway activation will yield limited or inconsistent
improvements

5.11 System Robustness and Recovery Dynamics

Prediction 10

Systems with intact coordination, memory, and control layers will
demonstrate greater robustness and faster recovery following
perturbation.

Expected observations

« Following injury or stress:
. coordinated systems will return to stable function more
rapidly
« poorly coordinated systems will exhibit prolonged
dysfunction or incomplete recovery
« Recovery trajectories will reflect system-level organization
rather than isolated repair efficiency
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5.12 Summary of Predictive Structure
Collectively, these predictions suggest that:

. Regeneration depends on coordination across multiple system
layers

. Optimal function requires balance between plasticity and
stability

. Timing and synchronization are critical determinants of outcome

« Memory and feedback enhance consistency and robustness

« Control mechanisms are essential for safe regeneration

. Aging reflects a loss of coordinated system behavior, not merely
accumulation of damage

This section defines what must be observable if the hypothesis is
correct.

6. Experimental Pathways
6.1 Overview

The proposed framework is intended to generate experimentally
testable questions rather than function as a closed theoretical model.
Because the hypothesis concerns coordination across multiple
biological layers, appropriate testing strategies should move beyond
single-pathway perturbations and instead examine how regenerative
outcomes change when multiple system components are measured or
manipulated together.
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Experimental investigation can proceed across several levels:

« In vitro systems, to isolate specific coordination layers

« organoid and tissue models, to study spatial and temporal
interactions

. animal regeneration models, to examine whole-system effects

. aging comparisons, to test whether regenerative decline reflects a
systems-level regime shift

6.2 In Vitro Cellular Systems

In vitro systems provide a controlled environment for testing specific
elements of the framework.

Possible models

« primary cell cultures

« stem-cell-derived populations

. induced pluripotent stem cell systems

« co-cultures including niche-like support cells

Key questions

« Does controlled plasticity improve recovery after injury-like
perturbation?

. Do oscillatory or bioelectric manipulations alter regenerative
markers?

. Does delayed signaling improve system recovery after repeated
stress?
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Measurable outputs

 cell survival

. proliferation rate

. differentiation state markers
. gene expression profiles

. membrane potential changes
. recovery time after insult

These systems are useful for testing whether individual framework
components have measurable effects under controlled conditions.

6.3 Organoid and Tissue Models
Organoids and engineered tissue models are especially valuable
because they preserve more of the spatial organization that the
framework requires.
Why organoids matter
The model predicts that regeneration depends on:
 distributed coordination
« local signaling context

. interaction between multiple states

These features are difficult to capture in flat cell culture but more
accessible in organoids or structured tissue systems.
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Key experimental directions

« compare regeneration under:
« stable conditions
o disrupted coordination
. enhanced coordination
. test whether regenerative outcomes improve when:
« niche support is strengthened
. plasticity is transiently increased
« bioelectric states are modulated
 oscillatory timing is synchronized

Measurable outputs

« structural recovery

. cell-state heterogeneity

. tissue pattern restoration

. coordination of signaling across space
These models would help test whether regeneration is truly a system-
level property rather than only a cell-intrinsic process.

6.4 Bioelectric Manipulation Studies

Because the model assigns a central role to bioelectric coordination,
this area offers one of the clearest experimental entry points.
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Experimental approaches

« modulate membrane potential using:
« ion channel drugs
. electrical stimulation protocols
. optogenetic or chemogenetic tools where available
o disrupt gap junction communication
« compare regenerative responses before and after restoring
bioelectric coherence

Questions to test

. Does disrupting bioelectric coordination reduce regeneration
despite intact viability?

. Can restoring coherence improve recovery after injury?

. Areregenerative outcomes associated with stable tissue-wide
electrical patterns?

Expected significance

Positive results here would strongly support the hypothesis that
coordination layers are not secondary features but core determinants
of regeneration.

6.5 Oscillatory and Temporal Perturbation Studies

The framework predicts that timing matters, and that regeneration
depends partly on oscillatory organization.

Possible perturbations
. circadian disruption
. altered timing of growth factor delivery

. pulsed vs continuous stimulation
. phase-shifted activation protocols
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Key questions

« Does the same intervention produce different outcomes
depending on timing?

« Do pulsed or rhythmic interventions outperform constant
exposure?

. Does phase alignment improve regenerative efficiency?

Measurable outputs

« speed of recovery

. stability of tissue organization

. variability across replicates

. relocking success after transformation
These studies would help determine whether temporal structure is
functionally important rather than merely correlated with
regeneration.

6.6 Plasticity and Relocking Experiments

One of the strongest claims of the framework is that productive
regeneration depends on temporary plasticity followed by relocking.

Experimental strategy
Compare three conditions:
1. low plasticity

2. transient / controlled plasticity
3. prolonged or excessive plasticity

© 2026 Jennifer Braly. All rights reserved. 36



Questions to test

« Which condition best supports tissue recovery?

« Does prolonged plasticity increase instability or abnormal
growth?

. Does controlled plasticity followed by stabilization yield the most
functional result?

Relevant measurements
. lineage marker recovery
o tissue architecture
. abnormal proliferation

. return to functional state after perturbation

This is likely one of the most direct tests of the framework.

6.7 Delayed Feedback and Regenerative Memory

The model predicts that successful regeneration depends partly on
memory-like processes that preserve useful prior states.

Experimental approaches
. repeated injury paradigms
. pulse-chase regulatory perturbations

. comparison of naive vs preconditioned tissues
« manipulation of epigenetic memory mechanisms
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Key questions

« Do systems recover better after prior exposure to similar
perturbation?

. Does retention of regulatory memory improve recovery
consistency?

« Does blocking memory-related mechanisms impair repeated
regeneration?

Outputs

. rate and completeness of recovery across repeated trials

. consistency of structural restoration

. preservation of functional cell identities
This would test whether delayed feedback contributes to regenerative
robustness.

6.8 Multi-State Coexistence Studies

The framework predicts that regeneration is enhanced when
compatible internal programs can coexist.

Experimental strategy
Characterize tissues during regeneration for:
- mixed or transitional cell states

. overlapping marker expression
. dynamic heterogeneity rather than rigid binary identities
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Questions to test
« Are mixed-state tissues more regenerative than uniformly locked
tissues?
. Does forced commitment reduce regenerative flexibility?

. Are successful regenerative states associated with compatible
heterogeneity?

Methods that could be used

« single-cell transcriptomics

. lineage tracing

. spatial transcriptomics

. time-course profiling
This line of testing would directly evaluate one of the model’s strongest
distinctive claims.

6.9 Anti-Runaway Constraint Testing

The framework predicts that regeneration cannot be safely enhanced
without control systems.

Experimental strategy
Examine regeneration under conditions where:

« regenerative activation is increased
. growth-control pathways are weakened or preserved
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Questions to test

« Does increased regenerative activation improve healing only
when control remains intact?

. Does weakening constraint convert regenerative enhancement
into pathological growth?

« Can optimal regeneration be achieved only under balanced
activation—constraint conditions?

Outputs

. proliferation rate

. tissue organization

. abnormal growth signatures

. long-term stability after regeneration
This section is especially important for keeping the framework
biologically realistic.

6.10 Comparative Aging Studies

Because the central hypothesis frames aging as a systems-level regime
shift, age comparison is a crucial experimental pathway.

Compare:
« young vs aged tissues

« high-regeneration vs low-regeneration tissues
. regenerative species vs weakly regenerative species
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Questions to test
Do aged or weakly regenerative systems show:
. weaker niche support?
« reduced bioelectric coherence?
. poorer oscillatory synchronization?
« reduced plasticity flexibility?
. weaker memory effects?
. stronger bias toward maintenance-only behavior?

Expected outcome

If the framework is correct, aging should not simply reflect “more
damage,” but also:

less coordinated access to a distributed regenerative state

6.11 Multi-Intervention Testing

A major feature of the framework is that regeneration should depend
on interactions among system layers.

Experimental strategy

Test single interventions versus combined interventions, for example:
 plasticity modulation alone
« bioelectric modulation alone

. oscillatory entrainment alone
« combined plasticity + coordination + memory support
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Prediction

Combined interventions should outperform single-pathway
approaches, especially when they:

. increase regeneration

« preserve structure

« avoid runaway growth
This is one of the clearest ways to distinguish a systems framework
from a pathway-centric one.

6.12 Recommended Initial Experimental Program

A realistic early-stage validation strategy would begin with three
focused experimental directions:

Phase 1
Organoid or structured tissue model

- manipulate plasticity transiently
« measure recovery and relocking

Phase 2
Bioelectric and oscillatory perturbation

o disrupt and restore coordination
. compare regeneration outcomes
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Phase 3
Repeated perturbation / memory testing

. test whether preconditioned systems recover better
. measure consistency and structural fidelity

This staged approach would allow the framework to be evaluated
incrementally without requiring immediate whole-organism proof.

6.13 Summary

The proposed framework is experimentally approachable because
each major component can be linked to measurable biological
variables. Its central claim is not that one pathway is missing, but that
regeneration depends on a coordinated state across multiple layers.
Accordingly, the most informative experiments will be those that test:

. interaction rather than isolation

. timing rather than static exposure

. controlled flexibility rather than unrestricted activation
« distributed coordination rather than purely local repair

7. Discussion

7.1 Reframing Regeneration as a Systems State

The framework proposed in this work shifts the interpretation of
regeneration from a pathway-centric process to a systems-level state.
Rather than asking which individual mechanism enables regeneration,

the model suggests that regenerative capacity emerges when multiple
biological layers become coordinated in space and time.
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This perspective helps explain why many interventions that
successfully modulate individual pathways produce limited or
inconsistent improvements in regenerative outcomes. If regeneration
depends on coordinated system behavior, then modifying a single
component in isolation may be insufficient to induce a stable
regenerative state.

Under this view, the central problem is not simply activating repair
mechanisms, but restoring the conditions under which coordinated
renewal can occur.

7.2 Aging as Loss of Coordinated Access to Renewal

The hypothesis that aging reflects a shift away from a coordinated
regenerative regime provides a unifying interpretation of several well-
documented features of aging:

Age-related changes such as:

. reduced stem cell function

. increased rigidity of cellular identity

. altered intercellular communication

« disrupted circadian and metabolic rhythms

These phenomena have been widely documented (Ldopez-Otin et al.,
2013; Kennedy et al., 2014), but are typically studied in isolation, and
may represent different manifestations of a common underlying
process. The present framework suggests these may reflect a broader
decline in coordination across system layers.

This interpretation suggests that aging is not only the accumulation of

damage, but also the degradation of system-level organization, leading
to a reduced ability to engage in distributed renewal.
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7.3 Importance of Balance Between Generation and Constraint
A key implication of the framework is that regeneration cannot be
considered in isolation from constraint. Systems capable of renewal
must also maintain mechanisms that prevent uncontrolled growth and
preserve structural integrity.
This balance is evident in biological systems:

. insufficient regenerative activation leads to degeneration

. excessive or poorly regulated activation can lead to pathological

growth

The framework therefore emphasizes that:

effective regeneration requires simultaneous activation and
constraint
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This has practical implications for therapeutic strategies, which must
consider not only how to enhance regeneration, but how to do so
without destabilizing the system. This balance is visualized in Figure 3.

Balance Between Regeneration and Stabilization

1.0 A

0.8

0.6 1

—— Regeneration
Stabilization

0.4 4

Relative Influence

0.2

0.0 4

T T
0.0 0.2 0.4 0.6 0.8 1.0
System State

Figure 3. Relationship between regenerative and stabilizing system dynamics. Effective
biological function requires balance between regeneration and stabilization. Aging is
hypothesized to reflect a shift toward stabilization-dominant behavior, while excessive
regeneration without constraint may lead to instability.

7.4 Role of Coordination Layers in Biological Function

Bioelectric and oscillatory coordination mechanisms are increasingly
recognized as important regulators of biological function, particularly
in development and regeneration (Levin, 2014; Takahashi, 2017),
though their integration into broader models remains incomplete.
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The model highlights bioelectric signaling and oscillatory dynamics as
central coordination layers that operate alongside biochemical
pathways. These layers provide mechanisms for:

. synchronizing activity across cells
. structuring processes in time
. enabling distributed responses

While these features are increasingly recognized in specific contexts,
they are not yet consistently integrated into broader models of
regeneration and aging.

The present framework suggests that coordination layers may play a
foundational role in determining whether regenerative processes
succeed or fail.

7.5 Multi-State Flexibility and System Robustness

The inclusion of coexisting compatible internal states provides a
mechanism for understanding how biological systems maintain
flexibility without losing identity. Rather than requiring abrupt
transitions between discrete states, regeneration may proceed
through:

« gradual shifts
. overlapping functional programs
« controlled heterogeneity

This capacity likely contributes to system robustness, allowing tissues
to adapt to perturbation while preserving continuity.

However, this flexibility must remain bounded. The framework
therefore links multi-state coexistence directly to constraint
mechanisms, reinforcing the idea that adaptability and stability are
interdependent.
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7.6 Implications for Regenerative Medicine

If regeneration is a coordinated systems state, then therapeutic
approaches may benefit from shifting focus:

. from single-target interventions
. toward strategies that restore coordination across multiple layers

Potential implications include:

. combining niche support with controlled plasticity induction
. integrating bioelectric modulation with biochemical signaling
. considering timing and rhythmic delivery of interventions

« preserving or restoring regulatory memory mechanisms

Such approaches may improve both the effectiveness and stability of
regenerative outcomes.

7.7 Relationship to Existing Research

The proposed framework does not contradict existing findings but
instead provides a structure for integrating them. Concepts from
several fields align with components of the model:

. developmental biology (pattern formation and signaling
gradients)

. stem cell biology (niche-dependent regulation)

« bioelectric research (membrane potential coordination)

« chronobiology (oscillatory timing)

. systems biology (emergent behavior from interacting
components)

By placing these elements within a unified system, the framework

offers a way to interpret diverse observations as parts of a coherent
whole.
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7.8 Limitations of the Framework
Several limitations should be acknowledged:

. The model is conceptual and does not yet provide quantitative
parameters for each component

. Many proposed interactions remain indirectly supported and
require experimental validation

. Biological systems are highly complex, and the framework
necessarily simplifies this complexity

. The relative contribution of each component may vary across
tissue types and organisms

These limitations highlight the need for targeted experimental work to
refine and validate the model.

7.9 Future Directions
Future research may focus on:

. quantifying coordination across bioelectric and oscillatory layers

. identifying measurable indicators of system-level regenerative
states

« exploring how different tissues transition between stabilization
and generation regimes

« developing multi-factor interventions that test interaction effects
directly

. refining the framework into computational or quantitative
models

Such work would help move the framework from a conceptual
hypothesis toward a predictive and experimentally validated theory.
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7.10 Summary of Interpretation
Taken together, the framework suggests that:

. regeneration is not a single mechanism but a coordinated state

. aging may reflect a loss of access to that state

. restoring regeneration may require re-establishing system-wide
coordination under constraint

This perspective emphasizes integration over isolation and highlights
the importance of understanding how biological processes interact
across scales.

8. Conclusion

This work proposes a systems-level framework in which regeneration
is understood not as the output of a single pathway, but as an
emergent state arising from coordinated interactions across multiple
biological layers. These include source—niche signaling, controlled
plasticity, bioelectric and oscillatory coordination, delayed feedback
mechanisms, coexistence of compatible internal states, and anti-
runaway control.

Within this framework, biological systems operate along a continuum
between stabilization-dominant and generation-dominant regimes.
Durable regeneration depends on the ability to enter, sustain, and exit
a coordinated generative state while preserving structural integrity
through regulatory constraints. Aging is interpreted as a progressive
loss of access to this state, resulting in increased reliance on
maintenance and localized repair rather than distributed renewal.
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The framework integrates findings from diverse areas of biology into a
unified conceptual model and generates testable predictions regarding
the role of coordination, timing, plasticity, and constraint in
regenerative processes. It suggests that effective restoration of
regenerative capacity may require re-establishing system-wide
coordination rather than targeting individual mechanisms in isolation.

While the model remains conceptual and requires experimental
validation, it provides a structured basis for investigating regeneration
as a systems phenomenon. Future work aimed at measuring and
modulating coordination across biological layers may clarify the
conditions under which durable renewal can be achieved.
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