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Abstract

Spinal interneurons constitute the computational core of spinal circuitry, integrating excitatory and
inhibitory inputs to generate the rhythmic patterns that drive locomotor, postural, and autonomic
control. Their developmental logic, molecular diversity, and adaptive plasticity make them central
determinants of functional recovery after spinal cord injury. Yet most regenerative strategies
continue to emphasize cellular replacement rather than the restoration of the computational integrity
of spinal networks. In this review, we reframe spinal repair as the reconstitution of circuit
computation. We synthesize current insights into how embryonic patterning programs defined by
SHH, Wnt, and BMP gradients, refined by Notch and retinoic acid signaling, and consolidated by
axon guidance cues, establish interneuron diversity, connectivity, and network symmetry that
together encode the logic of motor coordination. Spinal cord injury disrupts this developmental logic,
fragmenting excitatory and inhibitory balance and desynchronizing rhythmic modules, while
residual circuits retain latent capacity for resynchronization through plasticity and neuromodulation.
Building upon this developmental and computational continuum, we propose the Patient Specific
Interneuron Precision Model (PIPM), a closed loop framework that links patient specific biological
states including progenitor competence, morphogen sensitivity, and metabolic tone to circuit level
computation and recovery potential. By bridging molecular, physiological, and clinical insights, the
PIPM establishes a systems logic that unifies biological competence with circuit recovery, positioning
interneuron computation as the conceptual foundation for precision spinal cord regeneration.

Keywords: spinal interneurons; spinal circuit computation; neurorehabilitation; spinal cord injury;
neuromodulation; central pattern generator (CPG); interneuron diversity; locomotor recovery;
patient-specific modeling; regenerative medicine

1. Overview

The spinal cord functions as an autonomous computational network capable of generating patterned
motor and autonomic output independent of supraspinal input [1,2]. This intrinsic capability arises
from the organization of spinal circuits, within which interneurons, comprising diverse excitatory
and inhibitory populations, play a central computational role as components of the central pattern
generator (CPG) [3,4]. Through their structured synaptic connectivity, these interneurons encode the
rhythm, directionality, and coordination of muscle activation across motor pools, sustaining
locomotion, posture, and visceral regulation [5,6]. Rather than serving as passive relay elements,
interneurons act as the intrinsic logic units of spinal computation [7,8]. Their diversity, spanning
multiple progenitor domains and neurotransmitter identities, confers modularity and adaptability,
and distinct subtypes mediate left-right alternation, flexor-extensor transitions, and sensory gain

control [4,8,9]. Interneurons also establish distributed circuits that dynamically adjust to
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biomechanical and sensory inputs, facilitating partial functional recovery after injury [3,10,11].
Despite this central role, most regenerative interventions remain agnostic to interneuron subtype
identity or circuit-level organization. As a result, structural replacement without restoring the

diversity and connectivity of interneurons has yielded inconsistent or incomplete recovery outcomes
[12-14].

Conventional transplantation of neural stem or progenitor cells frequently results in incomplete
lineage specification and fails to restore the precise excitatory-inhibitory balance required for
rhythmic coordination, leading to structural repair that yields limited or incoherent function
[12,14,15]. These limitations reveal a fundamental conceptual gap, suggesting that replacing neurons
does not equate to restoring computation of spinal circuits [16-18]. Adding further complexity, the
biological competence of human neural stem/progenitor cells (NSPCs) is profoundly heterogeneous
[19,20]. This variability directly influences the ability of transplanted or endogenous progenitors to
generate appropriate interneuron subtypes and integrate into existing spinal circuits [21,22]. Age,
systemic metabolism, chronic inflammation, and prior neurological injury reshape progenitor
transcriptional programs and morphogen responsiveness, constraining interneuron differentiation
and circuit integration [23-26]. Aging induces progenitor quiescence and narrows the spectrum of
interneuron lineages produced, while astrocytic and immune reactivity sculpt permissive or
restrictive microenvironments that govern interneuron survival and connectivity [22,24,27]. These
patient-specific variables likely underlie the inconsistent interneuron patterning and circuit outcomes
observed across ostensibly similar regenerative interventions. At the systems level, several
computational and biological models have been proposed to guide spinal repair, ranging from
morphogen-based developmental maps to network simulations of CPG. However, most remain
generalized and do not account for patient-specific variability in interneuron competence, subtype
identity, or network integration [28-30]. Consequently, regenerative strategies derived from such
population-level frameworks often fail to predict or reproduce patient-specific outcomes,
highlighting a major conceptual gap between cellular potential and the restoration of functional
interneuron circuitry [23,30]. To address this gap, we introduce the Patient-specific Interneuron
Precision Model (PIPM), a conceptual framework that reframes spinal regeneration as the restoration
of circuit computation rather than structural continuity. The model positions interneurons as the core
computational units of spinal circuitry and integrates developmental patterning logic, patient-
specific biological competence, and circuit-level feedback to iteratively reconstruct rhythmic and
coordinated function. Through the integration of cellular state variables and emergent network
dynamics, the PIPM establishes a mechanistic foundation for predicting regenerative trajectories and
refining interventions across defined interneuron subtypes and circuit motifs.

2. Developmental & Circuit Logic

Spinal interneurons arise from a spatially ordered developmental program that translates
dorsoventral patterning cues into the structural and computational architecture of the mature spinal
cord [31,32]. Gradients of Sonic Hedgehog (ventral floor plate) and BMP/Wnt (dorsal roof plate)
establish progenitor domains (p0-p3 and dI1-dI6) through graded Gli signaling and cross-repressive
transcriptional networks involving Dbx1, Enl, Chx10, Lhx3, and Siml (Figure la). Temporal
regulation by Notch and retinoic acid signaling further refines lineage competence, while axon
guidance systems including Netrins, Slits, Ephrins, and Semaphorins direct projection trajectories
that consolidate spatial identity into circuit organization [32,33]. The coordinated action of these
molecular programs produces a reproducible map of interneuron subtypes whose intrinsic
electrophysiological and synaptic properties reflect their developmental origin (Figure 1b,c). Each
class contributes a discrete computational role within the central pattern generator (CPG) network.
V0 neurons derived from Dbx1 progenitors project commissurally to coordinate left-right alternation,
whereas V1 interneurons defined by Enl expression regulate flexor-extensor transitions and temporal
precision [33,34]. V2 interneurons diverge into excitatory V2a (Chx10*) and inhibitory V2b (Gata2/3*)
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subtypes that balance excitation and inhibition within motor pools, while V3 neurons marked by
Siml expression maintain bilateral rhythm and robustness [35,36]. Dorsal interneurons (dI1-dI6)
integrate proprioceptive and cutaneous inputs to couple sensory feedback to motor output [31].
Collectively, these excitatory, inhibitory, and commissural motifs embody the fundamental logic of
spinal computation, in which developmental identity dictates intrinsic excitability and connectivity
to generate patterned locomotor and autonomic output [30]. This developmental framework also
delineates the boundaries of regeneration after injury, linking each subtype’s embryonic specification
to its selective vulnerability and therapeutic potential (Figure 1d). Excitotoxic and inflammatory
cascades preferentially eliminate inhibitory and commissural interneurons, while chronic gliosis and
extracellular matrix remodeling degrade residual connectivity and conduction fidelity [37,38]. The
resulting imbalance in inhibitory and excitatory drive manifests as spasticity, hyperreflexia, and
neuropathic pain, while loss of commissural coordination abolishes rhythmic stepping [38,39]. Such
deficits reflect a breakdown of interneuron computation rather than mere neuronal loss.
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Figure 1. Developmental and functional logic of spinal interneuron diversity and its translational relevance. (a)
Dorsoventral morphogen gradients (BMP/Wnt dorsally and SHH ventrally) organize the embryonic spinal cord
into discrete progenitor domains (p0-p3, dI1-dI6) that encode spatial and molecular identity through
transcriptional cross repression.(b) These progenitors generate ventral interneuron subtypes (V0-V3) and dorsal
sensory classes (dI1-dI6) that assemble into inhibitory, excitatory, and commissural motifs forming the core of
the CPG. VO commissural neurons (Dbx1*) coordinate left and right alternation, V1 inhibitory neurons (En1*)
regulate flexor and extensor timing, V2a (Chx10*) and V2b (Gata2/3*) interneurons balance excitation and
inhibition, and V3 excitatory commissural neurons (Sim1*) stabilize bilateral rhythm. Dorsal interneurons
integrate proprioceptive and nociceptive input, linking sensory feedback to locomotor and autonomic control.
(c) Domain specific transcription factor combinations delineate lineage boundaries and encode circuit function,
while temporal morphogen exposure (SHH, Wnt, BMP, Notch, RA) defines dorsal and ventral bias and
developmental competence. (d) Functional mapping of interneuron subtypes illustrates how developmental
specification predicts circuit vulnerability and therapeutic potential after spinal cord injury (SCI). Selective loss
of VO neurons disrupts commissural symmetry, imbalance in V1 and V2b networks induces spasticity, and
diminished V2a or V3 activity weakens rhythmic drive. Subtype directed grafting, neuromodulation, and

molecular reprogramming offer strategies to restore specific computational modules within spinal networks.

3. Injury-Induced Computation Loss
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Following spinal cord injury (SCI), the coordinated computation of spinal networks collapses as
rhythmogenic modules lose excitatory—inhibitory balance and cross-segmental synchrony [30,37,40].
Disconnection of descending input destabilizes interneuron ensembles, producing aberrant firing,
spastic reflex loops, and fragmented locomotor output®4. Within the lesion and spared tissue,
surviving interneurons attempt limited reorganization through collateral sprouting, dendritic
remodeling, and partial re-engagement of local feedback circuits [39,42]. Electrophysiological
mapping shows that ventral interneurons can reroute sensory input and transiently reconstitute
rhythmic activity [43-45], but these emergent patterns remain unstable without supraspinal
coordination [46,47]. Rehabilitative and sensory-evoked activity transiently restore excitability within
dormant central-pattern-generator (CPG) nodes, yet the recovered dynamics lack phase precision and
fade without continued stimulation48.Neuromodulatory drive through epidural or transcutaneous
stimulation can re-entrain surviving circuits by reinstating baseline membrane excitability [49,50],
and targeted activation of specific interneuron subclasses (V0, V1, V2) or transplantation of stem-cell-
derived V2a/V1 populations can partially rebalance excitation and inhibition [51,52]. Collectively,
these observations reveal that recovery depends less on neuronal replacement than on reinstating
coherent interneuron computation, highlighting that the core deficit of SCI is computational, not
structural.

Beneath this circuit-level collapse lies a progressive molecular exhaustion that erodes the
transcriptional programs sustaining interneuron identity and adaptive capacity [30,53,54]. Progenitor
competence declines as aging, metabolic tone, and inflammation suppress Notch-EGF, SHH, and
Wnt signaling, reducing stemness factors such as SOX2, NES, and MKI67 [22,55]. Attenuated
SHH/Wnt activity and loss of BMP antagonism diminish GLI1-{-catenin signaling and downstream
factors (Chx10, Evx1, Lhx3), shifting progenitors toward dorsalized or gliogenic fates and
destabilizing CPG architecture [31,54,56]. These molecular deficits compress the regenerative
bandwidth of the spinal cord by coupling transcriptional fatigue with reduced morphogen sensitivity
[23,57]. Consequently, regenerative outcomes vary widely across individuals, driven by differences
in progenitor competence, molecular accessibility, and circuit reintegration capacity [23,57]. This
heterogeneity highlights that spinal repair follows no uniform biological rule but instead arises from
patient-specific configurations of cellular, molecular, and computational parameters [22,58,59]. It is
therefore important to understand how these multilevel variables interact to shape regenerative
computation.

4. Patient-Specific Interneuron Precision Model (PIPM) Linking Molecular State
to Circuit Recovery

The Patient-Specific Interneuron Precision Model (PIPM) provides a unified translational
framework built on a closed-loop computational architecture that integrates individual-specific
molecular competence, developmental encoding, circuit computation, and adaptive feedback (Figure
2). Within this system, regeneration operates as an iterative inference process that continuously
predicts, tests, and corrects deviations between biological state and network output until coherent
spinal dynamics are re-established. The framework positions spinal repair as a control architecture
in which biological parameters define the initial state, developmental logic translates them into
structural configurations, circuit computation evaluates functional recovery, and adaptive feedback
progressively recalibrates both biological and engineering layers. In this framework, regeneration
begins with the establishment of patient-specific competence, representing the intrinsic capacity of
neural stem and progenitor cells to decode morphogenetic signals and generate functional
interneuron subtypes. This competence is not a fixed trait, but a multidimensional state defined by
morphogen sensitivity, redox equilibrium, metabolic tone, and inflammatory load. Together, these
variables set the initial conditions for repair and determine the range of accessible regenerative
trajectories. Among these states, high competence reflects efficient morphogen decoding, balanced
oxidative metabolism, and accessible chromatin architecture, all of which sustain transcriptional
programs required for neuronal diversification and integration [22,24]. Conversely, diminished
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competence reflects energy deficit, oxidative stress, and pro-inflammatory load, producing restrictive
differentiation and network fragmentation [22,25]. Patient-specific metrics such as age, systemic
metabolism, and immune activity shift this balance and thereby reshape the regenerative potential of
the spinal cord [23,57]. Once competence is defined, the system redeploys the developmental logic
that originally constructed the spinal cord. Morphogen gradients of Sonic Hedgehog, BMP, Wnt,
Notch, and retinoic acid are decoded through transcriptional networks to generate canonical
interneuron subtypes-VO0 to V3 and dI1 to dI6 that serve as the computational primitives of spinal
circuitry. These subtypes encode distinct rhythmic and regulatory functions. VO commissural
neurons coordinate left-right alternation, V1 interneurons control flexor-extensor phasing, V2a and
V2b units stabilise excitatory-inhibitory balance, and V3 neurons sustain bilateral rhythmicity
[3,4/41]. The success of regeneration therefore lies not in cellular yield but in the accurate
reinstatement of these functional motifs that restore feedback gain and temporal coherence within
locomotor and autonomic circuits.

At the systems level, the spinal cord operates as a network of interconnected oscillatory circuits
that generate stable rhythmic patterns under healthy conditions [2,60]. Injury displaces these
trajectories into desynchronised regions of state space, producing fragmented computation and
unstable motor patterns [37]. Regeneration succeeds when network dynamics return to stable
physiological states, marked by the re-emergence of coordinated rhythm, phase stability, and
synchrony across motor pools characteristic of intact circuitry [30,61]. Functional recovery can thus
be described in terms of computational fidelity rather than structural completeness. Observable
metrics such as electromyographic coherence, reflex modulation, gait periodicity, and autonomic
variability serve as system observers that continuously assess performance and provide error signals
to drive recalibration [62,63]. These error signals propagate backward through the PIPM architecture,
adjusting morphogen exposure, graft pre-patterning, interneuron composition, and stimulation
parameters to correct deviations from the desired computational trajectory. Engineered grafts,
patterned scaffolds, and closed-loop neuromodulatory interfaces act as actuators that implement
these corrections [64-66]. Their parameters are dynamically tuned through physiological feedback,
progressively aligning biological growth with functional demand. Each cycle of feedback updates the
system’s internal state, reducing phase error, enhancing intersegmental coherence, and moving the
network toward a regime of stable rhythmic output. Through these iterative adaptations, the spinal
cord transitions from disordered, low-competence configurations to synchronised, high-coherence
states within the competence-morphogen manifold.
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Figure 2. The Patient-specific Interneuron Precision Model (PIPM): an adaptive framework linking biological
inputs, developmental logic, engineering design, and circuit feedback for spinal cord regeneration. The PIPM
illustrates the logical flow of spinal circuit reconstruction as a closed loop control process that restores
computation rather than simply replacing cells. The model progresses through four interconnected domains:
Competence, Developmental Logic, Design and Implementation, and Circuit Demand with Feedback, each
representing a stage of biological computation. Competence defines the regenerative starting conditions,
integrating patient-specific variables such as progenitor responsiveness, metabolic tone, and inflammatory state.
Developmental Logic redeploys morphogen pathways (SHH, Wnt, BMP, RA, Notch) to generate V0-V3
interneuron subtypes and establish the neuronal blueprint. Design and Implementation bridges molecular code
to circuit reconstruction through engineered grafts, patterned scaffolds, and neuromodulation tuned to CPG
logic. Circuit Demand and Feedback evaluate rhythmic, bilateral, and autonomic coherence, using EMG, gait,
and physiological outputs as feedback signals that recalibrate graft patterning and stimulation parameters.
Patient-specific biological inputs are processed through this recursive framework, allowing developmental logic

to be computationally re-engaged for adaptive and precision-guided spinal regeneration.

The interaction between competence and feedback defines the regenerative landscape of the
PIPM (Figure 3). In this framework, morphogen responsiveness is plotted against metabolic-redox
equilibrium, with regenerative coherence expressed as a gradient from low to high. Low-competence
zones are dominated by chronic scarring and minimal plasticity, intermediate states exhibit partial
morphogen decoding and limited re-patterning, and high-competence regions support robust
regeneration driven by efficient signal decoding and metabolic stability. The trajectory of adaptive
feedback (F) traces the system’s ascent through this landscape, representing the progressive
refinement of molecular and circuit parameters under continuous control. Over successive cycles of
metabolic adjustment and inflammatory modulation, the system’s competence landscape remodels
itself, widening the regenerative manifold and fostering the gradual re-establishment of coherent
circuit architecture. Operationally, the PIPM generates a patient-specific matrix linking competence
class, target interneuron subtype, and neuromodulatory strategy. Quantitative thresholds derived
from system observers define progression and rollback boundaries, ensuring adaptive precision
across biological and technological domains. Through this recursive integration of measurement and
correction, spinal regeneration becomes a self-learning control process in which developmental
patterning, physiological feedback, and computational restoration converge. The model thus
reframes regeneration as the recovery of spinal computation rather than the replacement of lost cells
or a tissue, a process in which rhythm, symmetry, and control emerge from the continuous coupling
of molecular state, network topology, and adaptive feedback.
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conditions define a position within this landscape, where regenerative coherence (R) increases along an adaptive
trajectory (F). Competence zones reflect the capacity of progenitor systems to respond to guidance cues, with
high-competence regions enabling robust circuit reconstruction and low-competence zones associated with

scarring and impaired plasticity.

5. Clinical Translation

For clinical translation, we operationalize the PIPM using patient relevant biological and
electrophysiological inputs to quantify how competence directs interneuron targeting, stimulation
design, and recovery trajectories. Competence values derived from systemic, molecular, and circuit
readouts set interneuron priorities and stimulation parameters, producing individualized trajectories
toward coherent locomotor output (Figure 4a,b). Within a low-competence regime, typical of aging,
metabolic burden, or persistent inflammation, impaired responsiveness to morphogens coincides
with scarring and redox imbalance [22,67]. Under these conditions, lineage output shifts toward V1
and V2b inhibitory phenotypes and dorsal sensory classes dI3 to dI5 [3,41]. These populations
stabilize segmental relay activity yet provide limited rhythmic adaptability, and the resulting
network state expresses weak phase coordination and reduced bilateral symmetry. When metabolic
tone and redox control are restored, the effective morphogen window widens and the probability
space for Chx10+ V2a and Evx1+ VO lineages increases, which supports the re-emergence of locomotor
symmetry and more reliable rhythmic drive [4,7]. In a high-competence regime, more common in
younger or acutely injured contexts, morphogen decoding remains intact and progenitor excitability
is higher, which expands the accessible regenerative space [42,59]. Here, balanced engagement of V2a
and V3 excitatory interneurons with VO commissural modules re-establishes alternation across sides
and strengthens central pattern generator dynamics [42]. Recovery follows from restoring the
proportion and timing of inhibitory and excitatory activity rather than from amplifying either alone
[33,35]. Iterative adjustment of morphogen exposure, graft composition, and stimulation frequency
improves entrainment and phase stability, with modeled coherence values approaching those
observed in empirical electrophysiology [68].

The intervention matrix in Figure 4b summarizes how competence-defined biology can be
translated into therapeutic design. Each competence profile aligns with a distinct circuit demand,
interneuron target, and stimulation plan, defining a reproducible framework for precision-guided
spinal repair. Profiles with low competence favor from dorsal sensory-biased inputs in the 10-30 Hz
range combined with strategies that stabilize inhibition, which fortify relay integrity while
competence is being conditioned upward [69]. Whereas, high competence conditions benefit from
alternating dorsal and ventral activation in the 20-40 Hz range together with deliberate recruitment
of commissural pathways to consolidate bilateral coordination [70]. These relationships delineate a
mechanistic framework where molecular competence directs circuit-level strategy and stimulation
design, providing a streamlined pathway from developmental biology to translational repair.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Clinical translation of the Patient-Specific Interneuron Precision Model (PIPM). The PIPM integrates
patient-derived biological inputs to simulate regenerative trajectories across competence states. (a) Low-
competence conditions, common in older, metabolically impaired, or chronically inflamed patients, are
characterized by attenuated SHH/BMP signaling, glial scarring, and reduced morphogen responsiveness,
biasing differentiation toward inhibitory (V1, V2b) and proprioceptive (dI13—dI5) interneurons that stabilize relay
circuits but limit rhythmic flexibility.In high-competence conditions, preserved morphogen sensitivity and
progenitor excitability expand the regenerative space toward excitatory (V2a, V3) and commissural (VO0)
populations that restore bilateral rhythm and phase symmetry. (b) The translation matrix links each competence
profile to targeted interneuron recruitment and stimulation parameters, positioning progenitor competence as a
functional biomarker of recovery velocity, circuit coherence, and responsiveness to neuromodulatory

intervention.

6. Conclusions

The convergence of developmental biology, patient-specific modeling, and circuit neuroscience
is gradually redefining spinal cord injury treatment from generalized repair to precision-guided
regeneration [23,71,72]. The Patient-Specific Interneuron Precision Model (PIPM) embodies this
transition by viewing spinal repair as the restoration of computation rather than structure. Through
the integration of molecular competence, developmental logic, and circuit feedback, the PIPM
provides a systems framework in which regenerative outcomes can be iteratively refined by
biological input. This perspective positions recovery as an adaptive learning process within the
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injured spinal network, guided by measurable parameters of progenitor responsiveness, morphogen
sensitivity, and circuit coherence. Existing developmental and computational models have advanced
our understanding of spinal circuitry, yet most remain generalized and do not incorporate patient-
specific biological variation [10,68,73]. The PIPM extends these frameworks by linking molecular
state to circuit-level performance and embedding individual variability directly into regenerative
logic. Rather than replacing prior models, it complements them by offering a mechanism to integrate
patient data, developmental mechanisms, and physiological feedback into a coherent design
framework. Recent advances now make it feasible to evaluate these predictions in controlled human-
derived system [65,74,75]. Human spinal organoids, assembloids, and microphysiological platforms
reproduce segmental identity and rhythmic network behavior, enabling quantitative readouts of
progenitor competence and responsiveness [65,74,76]. When combined with multi-omics profiling,
electrophysiological mapping, and computational inference, they can help predict recovery
trajectories and inform graft patterning or stimulation design [77,78]. Integration with bioelectronic
interfaces and wearable sensors further supports adaptive, feedback-driven modulation of therapy
in vivo [79,80]. Key challenges remain, including variability among induced pluripotent stem cell
lines, incomplete vascular and biomechanical realism in vitro, and the need for rigorous translational
and regulatory frameworks for closed-loop neuromodulation [61,81,82]. Even so, patient-specific
computational models such as the PIPM offer a pragmatic step toward individualized regenerative
strategies that align therapeutic design with measurable biological competence. Here, patient
variability becomes a parameter to harness rather than a limitation to overcome, guiding the
development of more coherent and reproducible recovery outcomes.
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