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Abstract: - Cell replacement strategies using stem cell-derived photoreceptor precursors (PRPs) offer a
promising route for retinal repair; however, a persistent translational bottleneck is the gap between neurite
elongation and functional synaptic integration. Recent experimental work combining ROCK inhibition (Y-
27632), taurine, retinal conditioned medium, and 3D collagen scaffolds showed pronounced neurite outgrowth,
yet transcriptomic readouts at 72 h did not reveal robust presynaptic ribbon marker induction. This manuscript
develops a theoretically grounded, multi-scale explanation for that separation between morphology and
synaptic maturation. We formulate the Comprehensive Spatiotemporal Elasto-Kinetic (CSEK) framework,
extended by the Stochastic Biomechanical Arborization & Transport (SBAT) model, to couple actin cortex
relaxation, motor-clutch-based elongation, stochastic branching, and delayed intracellular transport of synaptic
cargo. A further Classical Elasto-Kinetic and Reaction-Diffusion (CEK-RD) description is introduced to
capture target-cell tethering and compartmental mass transfer. The model predicts that strong elongation can
occur well before mature synaptogenesis becomes detectable, especially when contact-dependent transcription
and axonal transport delays are superimposed on rapid growth-cone extension. The framework therefore offers
a coherent theoretical basis for interpreting why early time-point RNA profiling may underestimate synapse
formation and suggests that longer observation windows are required to assess functional integration in
elongated, branched PRPs.
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1 Introduction structures in vivo and ex vivo highlights a profound
Retinal degenerative diseases, including retinitis gap in translating morphological survival into
pigmentosa and age-related macular degeneration, neurophys'lolog.lcal functionality [8]-[9]. Recent
involve progressive photoreceptor loss and remain neuro-enginecring approache.s have sgught to
major causes of irreversible visual impairment [1]- overcome this integration ~ barrier by

pharmacologically manipulating the biochemical

[2]. Cell replacement using stem cell-derived : ] !
and mechanical microenvironment of PRPs. The

photoreceptor precursors (PRPs) has therefore

emerged as an important restorative strategy [3]-[4]. application of small molecules, such as the Rho-
Experimental studies have demonstrated that associated coiled-coil kinase (ROCK) inhibitor Y-
transplanted PRPs can survive, migrate, and exhibit 276.32’ alongs.ifie growth 'factors like Taurine and
structural polarization within host retinal tissue; Retinal Conditioned Medium (RCM), has proven
however, the formation of stable, functional highly successful in mechanically driving PRP
synaptic connections with host bipolar cells remains neurite  elongation  [10]. Furthermore,' Fhege
the central challenge [5]-[6]. treatments §ffectlvely upregulate  intrinsic
Functional visual transduction requires the phototrapsducuon genes (e.g.., Rho, Gpatl).

formation of specialized presynaptic active zones, Paradoxically, ~despite this massive structural
known as ribbon synapses, which mediate the extension, reaching upwards of 22 to 26 um in 3D
continuous release of neurotransmitters [7]. The collagen scaffolds and _apparent developmental
frequent failure to observe these mature synaptic maturation, transcriptomic analyses at standard
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observational endpoints (e.g., 72 hours) reveal a
distinct lack of presynaptic ribbon markers, such as
Ctbp2, Bsn, and Ercl [10]. This dichotomy presents
a complex biological phenomenon: the uncoupling
of environment-permissive axonal elongation from
target-restrictive synaptogenesis.

The empirical basis for this morphological response
lies in the regulation of the actin cytoskeleton. The
RhoA/ROCK  signaling pathway is a well-
established negative regulator of neurite outgrowth,
primarily through its promotion of actomyosin
contractility and stabilization of the actin cortex
[11]-[12]. Direct inhibition of ROCK via Y-27632
bypasses extracellular signaling, directly
"unlatching" this cytoskeletal rigidity and promoting
an actin instability that allows internal microtubule
polymerization to physically thrust the neurite
outward [13]-[14]. Conversely, Taurine and RCM
influence elongation indirectly via extracellular
biochemical triggers, such as the BMP4/Smad
signaling loop, which alters gene expression to
facilitate subsequent cytoskeletal remodeling [15] —
[16]. Additionally, the physical microenvironment
plays a synergistic role; 3D collagen matrices
provide essential integrin-binding sites, offering the
necessary physical traction for the growth cone to
propel itself forward a vital biomechanical dynamic
that is absent in standard 2D in vitro cultures [17] —
[18].

To formally model these biophysical observations,
previous literature has relied heavily on the "motor-
clutch" paradigm. Originally conceptualized by
Chan and Odde [19] and later expanded to complex
neural systems, the motor-clutch model frames
axonal elongation as a continuous physical balance
between actin  polymerization pushing the
membrane outward and myosin II-driven retrograde
flow pulling it inward [20]-[21]. Transmembrane
focal adhesions act as the "clutches" that link the
actin network to the extracellular matrix, resisting
retrograde flow and translating cytoskeletal
dynamics into forward protrusion [22]-[23]. While
these models accurately describe the biomechanical
engine of the advancing growth cone, they
predominantly focus on steady-state elongation and
continuous matrix interactions. Consequently, they
fail to account for the abrupt mechanical and
transcriptomic shifts that must occur upon physical
contact with a target cell [24]-[25].

The transition from axonal growth to synaptogenesis
requires a  distinct  physiological  switch,
fundamentally driven by the contact-inhibition of
growth. Theoretical models of mechanotransduction
suggest that physical collision with a target dendrite
engages trans-synaptic adhesion molecules (e.g.,
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ELFNI on bipolar cells binding to mGluR6 on the
photoreceptor) [26]-[27]. This interaction generates
localized mechanical tension, which reverses actin
instability, anchors the terminal, and triggers
retrograde  signaling  cascades  (such  as
calcium/cAMP pathways) back to the soma to
unlock the transcription of synaptic genes [28]-[29].
Empirical evidence supports that synaptogenesis is
strictly extrinsic and target-dependent, making it
mechanically and transcriptionally — mutually
exclusive to the dynamic thrashing required for
elongation [30]-[31].

Furthermore, following target contact and somatic
transcription, the translated presynaptic proteins
(e.g., Ribeye, Bassoon) must be physically
transported down the newly elongated axonal shaft
to reach the terminal [32]. Existing mathematical
frameworks for axonal transport heavily rely on
reaction-diffusion equations to model kinesin-
mediated anterograde transport and dynein-mediated
retrograde transport [33]-[34]. These classical mass-
transfer models highlight the significant temporal
delays inherent in long-distance intracellular transit
[35]-[37]. Yet, in the context of regenerative
medicine and neuropharmacological interventions,
these spatiotemporal transport dynamics are rarely
superimposed onto the initial biophysical growth
models.

A recurring observation in recent reports is that
pharmacological and matrix-based interventions can
markedly enhance neurite elongation without
producing an equally rapid increase in presynaptic
ribbon markers. This dissociation suggests that
morphological extension and synaptic maturation
are controlled by distinct, partially decoupled
processes. A mechanistic explanation must therefore

integrate biomechanical permissiveness, target-
dependent gating, and delayed intracellular
transport.

The present manuscript addresses this gap by
reframing the observed phenotype as a time-
dependent, multi-scale problem. We first describe
the actin-cytoskeletal basis of elongation, then
couple this to target-contact signaling, and finally
incorporate transport and branching penalties that
delay the appearance of synaptic proteins at distal
terminals. The resulting framework is intentionally
theoretical, designed to organize the reported
experimental trends into a single analytic structure.
Formulating the Comprehensive Spatiotemporal
Elasto-Kinetic (CSEK) framework, culminating in
the Stochastic Biomechanical Arborization &
Transport (SBAT) model. By mathematically
separating the integration process into Phase 1
(Environment-Permissive Elongation) and Phase 2
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(Target-Restrictive Synaptogenesis), this study aims
to prove that the "missing synapses" observed in
recent literature are not pharmacological failures,
instead, highly predictable artifacts of subcellular
mass-transfer lags and geometric dilution across
arborized networks.

Why Strong Neurite Outgrowth Precedes Synaptic Maturation
in Retinal Photoreceptor Precursors (PRPs)

A Theoretical Multi-Scale Framework

2 Problem Formulation

2.1. Model Assumptions

To mathematically translate the biological
phenomena into a robust system of ordinary
differential equations (ODEs), the CSEK model
operates under the following foundational explicit
assumptions.

First, axonal elongation and synaptogenesis are
mechanically and transcriptionally —mutually
exclusive. On the contrary, synaptogenesis is
fundamentally  driven by  contact-inhibition,
requiring a localized stop signal (e.g. contact
stabilization) to anchor the terminal and halt actin
instability (Mutually Exclusive Phasing).

Second, the expression of presynaptic genes (Ctbp2,
Bsn) is strictly target-dependent and gated by trans-
synaptic mechanical tension rather than by intrinsic
maturation alone, operating independently of
intrinsic phototransduction maturation (Rho, Gnatl).
Third, at the cellular scale, inertial forces are
negligible compared to viscous forces, allowing
neurite motion to be strictly governed by
overdamped Newtonian force balances (Low-
Reynolds Mechanics).

Fourth, pharmacologically induced cytoskeletal
softening drives primary elongation and particularly,
promotes collateral branching, which in turn
fractionates the available transport flux among
multiple terminals. Intracellular protein fluxes are
subject to geometric fractioning (dilution) across the
resulting arborization tree (The Branching Penalty).
2.2. The Comprehensive Spatiotemporal
Elasto-Kinetic (CSEK) Framework
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A highly coupled dynamic system modeling the
biophysical ~ progression  from  Phase 1
(Environment-Permissive Elongation) to Phase 2
(Target-Restrictive  Synaptogenesis) is defined.
Continually, a Coupled Mechano-Transcriptional
System of Ordinary Differential Equations (ODEs)
will be formulated.

Phase 1 explains the quantitative data, why neurites
grow robustly under certain conditions and how the
cytoskeletal machinery is manipulated.

The data [10] shows that Y-27632 achieves massive
neurite growth (up to ~26.12um at 100uM), which
is barely halted by the BMP4-inhibitor Noggin
(dropping only slightly to 13.9um). In contrast,
Taurine and RCM induce moderate growth (~10-
11pm) which is completely neutralized by Noggin
(dropping to control levels of ~2.4 pm). The
mechanical explanation is that axonal elongation
requires the growth cone to push through the
extracellular matrix. This is governed by a balance
between actin stabilization (which restricts growth)
and actin instability/turnover (which allows the
growth cone to push forward).

Axis A (The Direct Mechanical Bypass via
ROCKi):  Y-27632  directly  inhibits  the
RhoA/ROCK pathway. Mechanically, this prevents
the phosphorylation of myosin light chain and
cofilin. As outlined in Figure 5 of Ref. [10], this
leads directly to actin instability, softening the
structural cortex of the cell and allowing internal
microtubule polymerization to physically push the
neurite outward. Because this is a direct physical
unlatching of the cytoskeleton, it bypasses the need
for extracellular BMP4 signaling, explaining why
Noggin fails to stop Y-27632-induced growth.

Axis B (The Biochemical Pathway via BMP4):
Taurine and RCM lack direct access to the
intracellular cytoskeletal levers. Instead, they act as
extracellular biochemical triggers that upregulate
Bmp4 that acts via Smad pathways to alter gene
expression, slowly leading to cytoskeletal
remodeling. Because this relies entirely on the
extracellular BMP4 signaling loop, blocking it with
Noggin totally halts the mechanical extension.

In the ex vivo retinal explant, PRPs embedded in a
collagen matrix exhibited the longest sustained
growth (~22.01pm). 2D cultures lack physical
traction. In 3D space, the collagen matrix provides
physical integrin-binding sites. The growth cone
operates like a cellular ratchet; it needs an
extracellular matrix (ECM) to grip onto to pull the
axon forward. The mechanical stiffness of the
collagen scaffold acts synergistically with the
internal "actin instability” induced by ROCKi or
Taurine, yielding maximum quantitative length.
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Phase 2 explains the qualitative data, why RNA-seq
revealed upregulation of phototransduction genes
(Rho, Gnatl) although a distinct lack of presynaptic
active zone genes (Ctbp2, Bsn, Ercl).

The model posits that axonal elongation and
synaptogenesis are mechanically and
transcriptionally mutually exclusive. A neuron
cannot build a static synapse while its cytoskeleton
is dynamically thrashing forward. Synaptogenesis
requires a localized stop signal to halt actin
instability and anchor the terminal. In the in vitro
2D models, the PRPs are extending blindly into
empty space. Because the growth cone never hits a
physical boundary or a target cell, the mechanical
"stop" signal is never triggered. Therefore, the cell
remains locked in Phase 1 (elongation) and never
transitions to Phase 2.

Finally, the model continually will also explain why
ROCK inhibition and Taurine are suitable for
bridging the physical gap (axonal growth), and yet,
must be paired with temporally delayed, contact-
mediated cues to achieve actual visual integration.

2.3. Biomechanical Engine: Overdamped
Viscoelastic Mechanics of Actin Stability and
Motor-Clutch Dynamics

Neurite elongation length (L) is driven by a classical
overdamped force balance, where the velocity
(dL/dt) is constrained by viscous drag (1) and
extracellular matrix permissive factors (Egcp).
Extracellular protrusion requires actin
polymerization (Vpe;,) to exceed myosin-driven
retrograde flow (Vyetro), proportional to the
instability of the actin cortex (1 —A) and the
permissive nature of the extracellular matrix
(Egcm), yet, is completely halted by trans-synaptic
contact C(L).

The actin network resists internal microtubule
growth forces. Y-27632 directly inhibits ROCK,
preventing the phosphorylation of myosin light
chain and cofilin, leading directly to actin instability
in time t. Actin cortex stability A(t) is modeled as a

relaxation process toward a drug-dependent
equilibrium:

dA _ Aeg—A

dt - TA (1)

where the dimensionless parameter A(t) stands for
the actin cortex stability, represents the structural
rigidity of the neurite, regulated by Rho/ROCK and
BMP4. A, is reduced by ROCK inhibition and, to a
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lesser extent, by taurine-mediated signaling. A
lower A(t) corresponds to a mechanically softer
growth cone and therefore a higher propensity for
neurite extension.

Where the target equilibrium stability A, is
determined by the presence of drugs:

Aeq = Apase(1 — ky[Y27632]) (1 — Krqy[Taurine])

2)

where ky and k74, represent the respective efficacy
constants of ROCKi and Taurine.

The neurite elongation rate (dL/dt) is rate is
assumed to scale with actin instability (1 — A),
Egcm permissiveness nature of the extracellular
matrix (Egcy), and the absence of trans-synaptic
target contact C(L).

2 = VaxBgenmax(0,1 — A(D)(1 - C(L)) (3)

where the dimensionless smooth contact C(L) acts
as a mechanical stop switch, modeled as a smooth
sigmoidal step function centered at the target
distance Dyqrger (the distance to the bipolar cell
dendrites):

C(L) = —==

T RCDrarged) 4)
where L(t) is the Neurite Length (um) is the physical
extension of the photoreceptor precursor (PRP).
This formulation captures the transition from free
extension to target-limited growth. The model
further distinguishes intrinsic phototransduction
maturation from target-dependent synaptic gene
induction.

The intrinsic phototransduction genes (P) are
upregulated simply when the cell detects
developmental structural relaxation (low A).

= p(1-AW) — VP (5)

where P(t)is the Phototransduction Gene
Expression (e.g., Rho, Gnatl), i.e., intrinsic
maturation markers triggered by cytoskeletal
loosening.

In stark contrast, presynaptic genes (S) are
transcriptionally  locked  until  trans-synaptic
mechanical tension is applied by making physical
contact C(L) with the target cell.
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ds
- = asC(L) —ysS(O) (6)
where  S(t), presynaptic  synaptogenesis  Gene

Expression (e.g., Ctbp2) is the Extrinsic ribbon
synapse markers triggered exclusively by physical
target contact. The first equation describes a
maturation-associated phototransduction program
that can rise during elongation, whereas the second
describes presynaptic genes that remain suppressed
until contact is established.

3. The Spatiotemporal Motor-Clutch
Numerical Theory (SMCNT)

This theory divides the photoreceptor precursor
(PRP) into three coupled domains: the Soma
(Transcriptional Hub), the Growth Cone
(Biomechanical Engine), and the Axonal Shaft
(Transport Delay Conduit).

and

3.1. Spatiotemporal motor-clutch

transport module

Neurite elongation (L) is governed by the Molecular
Clutch mechanism. The neurite extends when actin
polymerization pushing outward (Vo pmh™)
exceeds the myosin-driven retrograde flow pulling
inward  (Vyerro tmh™?). To represent delayed
synaptic maturation, the model separates the soma,

axonal shaft, and growth cone into coupled
compartments. Elongation follows a motor-clutch
balance between actin polymerization and
retrograde flow:

dL

Py (Upoly = Vyetro)(1 — Ctarget) (7)

where Vpo1y, Vyetro are the Polymerization and
retrograde flow velocities. Also, Cigrger 1S the
dimensionless target-recognition switch, while actin
Polymerization  (vpepy) is stimulated by the
BMP4/Smad pathway (induced by Taurine/RCM as:

Vpoly = Vpasar + ksmad[SmadP] ()
Retrograde flow (v;et0) 1s driven by Non-Muscle
Myosin II contractility, which is activated by the
RhoA/ROCK pathway. ROCK inhibitors (Y-27632)

suppress this flow, allowing forward protrusion. It is
mechanically resisted by the Extracellular Matrix

(Egcm)-
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[ROCKactive] )
v =v 9
retro max_pull ([ROCKactive]‘l'ﬂEE(:M ( )

where Egcy is the dimensionless extracellular
matrix permissiveness (e.g. traction factor).

3.2. The Soma:
Transcription

Biochemical Signaling &

ROCK inhibition is represented as a relaxation of
active ROCK signaling, while Smad
phosphorylation captures the taurine-responsive
biochemical arm of the model. Signaling cascades
integrate the drug inputs to alter gene expression.
ROCK Inhibition is expressed as:

d[ROCKacti 1
% — ;(1 — [ROCKgetive] —
Ky [Y27632] - [ROCK erime])dt (10)

Smad Phosphorylation (BMP4/Taurine):

W = Ti (Krqu[Taurine](1 — [Smadp]) —
S

[Smadp]) (11)

Phototransduction ~ Gene  (Ppgrya)  €xpressed

by intrinsic maturation, driven by Smad and
structural loosening as:

% =ap - [Smadp] + Bp(l - [ROCKactive
D —vp[Pmrnal (12)

3.3. The Axonal Shaft: 1D Spatial Transport &
Delay

Ribbon synapse formation requires proteins
like Ctbp2. Once the growth cone hits the target
distance (D¢grget), @ trans-synaptic adhesion signal
(Ctarget) ftriggers transcription the
Crucially, the translated protein (Sgomq ) must
be physically  transported down  the axon
length L(t) by Kinesin motors (v;,) to reach the
Growth Cone (SGC). Target contact is then used to
gate synaptic mRNA induction and protein
transport, modelled as:

in soma.

1

Ctarget - 1+exp(—kc(L—Dtarget)) (13)
Soma synaptic transcription:
da[s ]
% = aSCtarget — YmrnalSmaval  (14)
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Soma protein pool:

d[Ssomal
dt

= ke [SmRNA] - Ll(z()iZe ([ soma]) - [SGC

]) — Vprot [Ssoma] (15)

where Sgomq 1S somatic mRNA and protein pools.
Growth cone protein pool:

d[Sec]  Vkin
dt - L(t) +e ([Ssoma]) - [SGC])
- kassemble Ctarget [SGC]
(16)
Functional synapse assembly:
da
W = kassemble Ctarget [SGC] - )/Syn [Synapse] ( 1 7)

In this formulation, synapse formation is not
instantaneous after transcription; it requires both
cargo delivery and contact-stabilized assembly,
which can lag behind morphological outgrowth by
many hours. Solving (7)-(17)-variable stiff
differential system over 120 hours. The study's 72-
hour [10] mark is extended past to theoretically
predict the delayed synaptogenesis that the
researchers missed due to spatial transport lags.

4. Stochastic Biomechanical
Arborization & Transport (SBAT)
Model Extension

Because ROCK inhibition can also increase
collateral branching, the model extends the CSEK
framework by introducing an arborization index
B(t). Branching creates a dilution penalty that
reduces the elongation rate available to each
terminal and fractions the available protein flux
across the resulting tree, such as a highly coupled,
non-linear system of Ordinary Differential
Equations (ODEs) expanding the previous theory to
account for dynamic branch generation, B(t) is
constructed.

4.1. Cytoskeletal Softening and Arborization

The actin stability A(t) drops in the presence of Y-
27632. The arborization index B(t) (representing
the total number of branches — branch count) grows
proportionally to the available surface area (neurite
length L) and the cytoskeletal instability (1 — A).
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dB
ar Thrancnmax(0,1 — A(t))L(¢) —

Yprune(B(t) - 1) (18)
4.2. Dilution of Elongation

Neurite elongation (L) is driven by instability,
however, mathematically attenuated by the square
root of the arborization index, modeling the
distribution of structural resources across multiple
growth cones.

dL Vmax

E = m . (1 - A) * (1 - Ccontact) (19)

1
1+e—k(L—Dtarget)
target-recognition switch and the maximum
elongation rate is defined by v, (um-h™1),
repsectively.

where Ceontact = acts as the spatial

4.3. The Mass-Transfer Branching Penalty

Upon target contact, synaptic mRNA (M) is
transcribed, and the Soma protein pool (Pspma)
begins to fill. The outward flux J,,; is transported
down the axon. However, the critical flux arriving
atany single terminal (Jiermina) 18 heavily
penalized by the arborization network B(t):

Jout — Umotor P
max(1,B(t)) L(t)B(t) Soma

(20)

Jterminal =

aP term

dt = ]terminal - ksyn Ccontactpterm - VPterm

ey

where Vp,or0r 18 the Anterograde transport speed
um - h™!. By expanding the topic to the level of
arborization and branching, the SBAT
model completely resolves the study's paradox and
provides a  highly rigorous mathematical
counterpoint to pure topological network models
currently present in the literature. Moreover, this
extension provides a mechanistic explanation for
why heavily branched neurites may exhibit reduced
protein concentration at any one terminal even when
total cellular expression increases.

Elasto-Kinetic and
(CEK-RD)

5. Classical
Reaction-Diffusion
Interaction Model

For completeness, the terminal interaction between
a PRP growth cone and a host bipolar dendrite can
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be written as an overdamped mechanical system
coupled to  receptor-ligand  binding  and
compartmental transport. To deeply analyze the
cell-cell and cell-matrix interaction phenomena
described, the Classical Elasto-Kinetic & Reaction-
Diffusion (CEK-RD) model is proposed. This model
uses classical overdamped mechanics to describe the
physical interaction (tethering) between the growing
neurite and its target, coupled with classical mass-
action kinetics and reaction-diffusion equations to
model the resulting biochemical interaction. The

interaction phenomenon is divided into the
following three interacting classical physical
regimes.

5.1. Overdamped Viscoelastic Mechanics
(The Physical Interaction)

At the cellular scale, inertial forces (mass) are
negligible compared to viscous forces (low
Reynolds number regime). The motion of the
neurite growth cone (x) is governed by an
overdamped Newtonian force balance:

dx
n qt = Farive — Ftetner

(22)
This classical approach mathematically proves the
limits of interpreting the study's 72-hour endpoint
RNA-Seq data [10]. The parameters 71, Firive
represent the viscous drag - resistance of the
extracellular matrix and driving force - the internal
force of actin polymerization pushing outward (Y-
27632 (ROCK inhibitor) maximizes this by
reducing retrograde pull), respectively. The elastic
tethering force, Fiptper, Whereas the neurite
physically interacts with the target cell (at
distance D¢grger), trans-synaptic adhesion molecules
bind. These act as classical Hookean springs:

Fiether = kspringN(t) max(0,x — Dtarget) (23)

where kg,ring is the stiffness of a single adhesion
bond, and N (t) is the number of active bonds.

5.2. Classical Mass-Action Kinetics (The
Receptor-Ligand Interaction)

The formation of adhesion complexes N (t) between
the PRP (photoreceptor precursor) and the host
bipolar cell follows a classical second-order
reversible reaction, triggered only when the growth
cone physically overlaps the target distance:
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PRPreceptor + Targetligand =
Adhesion Complex (N) (24)

dN
- = kon®(x — Dtarget)(Npmax — N) — koppN

(25)

where ®is a smooth Heaviside/tanh function
representing spatial overlap, k,,, is the binding rate,
and k,r is the dissociation rate.

Discretized Reaction-Diffusion (The Biochemical
Interaction)

Once N(t) bonds form, they generate a retrograde
signal to the Soma to transcribe synaptic mRNA
(Mg). The resulting protein must undergo 1D
classical transport (advection-diffusion) down the
axon. We analytically discretize this into three
compartments: Soma (Pspma), AXon (Phyon), and
Terminal (Pygpy,). The mass-transfer rate across the
axon is inversely proportional to the integration
distance, growth cone position, (t) (um):

dPaxon
at = Jin — Jout — YPaxon (26)
Deff+Vmotor
out — % axon (27)

where P,,,, and Pi,p, are the axonal and terminal
protein pool, respectively.

Finally, the mature interaction (Functional
Synapse, S) is a bimolecular reaction between the
trans-synaptic bonds (N) and the arriving
presynaptic proteins (Prepm):

das
& ksynN(t)Pterm - VsynS (28)

where N(t) is the number of active adhesion bonds.
Later, highly coupled non-linear classical system of
Equations (22) — (28) is numerically solved. The
model is focused on the specific interaction where a
Y-27632-treated PRP navigates the 3D collagen
explant and interacts with a host retinal cell.
Together, these equations predict a sequential order:
softening and elongation occur first, contact-
dependent signaling follows, and detectable terminal
synapse assembly appears only after transport and
branching constraints are overcome.
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6. Results and discussion

The model reproduces the qualitative structure of
the reported experimental outcome: a strong
elongation response to ROCK inhibition, a moderate
response to taurine and retinal conditioned medium,
and the strongest effect in 3D collagen. In the
framework presented here, the key point is that
maximal length and early synaptic maturity are not
expected to coincide at a 72 h endpoint.

(3) Phase 1- Heurite Eiangation Kinetics

(5] Biochemical Actin Destadizston

Figure 1 Validation of the Comprehensive
Spatiotemporal Elasto-Kinetic (CSEK) Model: (@)
Neurite Elongation Kinetics: Numerical simulation of
Phase 1 environment-permissive elongation over 72
hours. The model accurately reproduces empirical
findings: control neurites exhibit minimal growth
(~3 pm), Taurine induces moderate growth (~11 um),
and Y-27632 combined with a 3D collagen multiplier
(EECM=1.5) successfully bridges the 20 um target
boundary, reaching exactly ~23 um. (b) Cytoskeletal
Mechanotransduction: Mathematical mapping of Actin
Cortex Stability (A). ROCKi (Y-27632) bypasses
receptor signaling to directly instigate actin instability,
providing the "clutch" release necessary for the massive
elongation seen in panel A. (C) Transcriptional Mutually
Exclusive Phasing: Simulation of intrinsic vs. extrinsic
gene expression. Phototransduction genes (Rho, Gnatl)
rise intrinsically upon actin destabilization. Conversely,
synaptic markers (Ctbp2) remain completely suppressed
until the neurite crosses the trans-synaptic spatial target
threshold.

Figure 1 summarizes the central validation of the
CSEK model. The elongation traces show that
control cells remain short, taurine produces an
intermediate increase, and Y-27632 in a permissive
3D ECM environment yields the largest growth.
Figure la-c indicate that actin destabilization is the
proximal driver of elongation, whereas presynaptic
markers remain low until target contact is reached.
This supports the interpretation that the observed
transcriptomic profile is temporally premature rather
than mechanistically inconsistent. Following
accurate numerical replication results of the study's
paradox. Figure la examining the length validation
which shows that the control neurites barely grow
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(~3um). Taurine causes a moderate boost (~11um),
while Y-27632 causes a large boost (~18um).
Crucially, Y-27632 combined with the 3D collagen
multiplier (Egcp = 1.5) reaches exactly ~23um at
72 hours, have good agreement with the data
brought in Figure 1E and Figure 4E in Ref. [10]. In
addition, the "Missing Synapse™" Paradox is solved
through Figure 1C observation. Notice the curves
for Rho (Phototransduction)

versus Ctbp2 (Synaptogenesis) in the Y-27632 3D
condition. The Rho curve begins rising almost
immediately because it is triggered intrinsically by
the drop-in actin stability (1 —A). However,
because the growth cone takes nearly 65-70 hours to
finally cross the Digrger = 20pum threshold and hit
a target cell, the contact switch C(L) does not
activate until the very end of the simulation.

Consequently, at t = 72 hours, when  the
researchers extracted RNA for their RNA-
seq, Rho has accumulated significantly,

nevertheless Ctbp2/Bsn expression is flat lining near

zero. The model analytically proves that the
experiment succeeded mechanically, although
ended temporally too earlyto  witness the

mechanically-gated transcriptomic phase of trans-
synaptic assembly.

To provide a mathematically rigorous and
biologically accurate representation of the
phenomena observed in the study, one must move
beyond simple phenomenological switches. Axonal
elongation and synaptogenesis are not instantaneous
point-processes; they are governed by physical
forces at the growth cone and the spatiotemporal
transport of molecules along the elongating axon.

Figure 2 Elongation Control: (a) Time course of target-
contact probability Ciqrger(t) as the neurite approaches
the bipolar-cell boundary. (b) Predicted onset of synaptic
mRNA induction in the soma after target contact is
reached. (¢) Compartmental protein dynamics showing
separation between somatic synthesis and growth-cone
delivery. (d) Projected synapse assembly trajectory
extending beyond the 72h experimental endpoint.
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Figure 2 extends the analysis by explicitly modeling
the transport delay. In the simulation, target-contact
signaling rises only after the neurite approaches the
critical distance to the host cell. Somatic synaptic
mRNA begins to increase, but translated protein
remains distributed across the soma and axonal shaft
before appreciable terminal accumulation occurs.
Consequently, a 72 h extraction can plausibly
capture the onset of synaptic transcription without
yet detecting mature terminal assembly.

Examining the output from Figure 2, it resolves the
underlying 72-Hour RNA-Seq Missing Synapse
Paradox [10] through non-linear spatiotemporal
dynamics rather than biological failure. Figures 2a-b
exhibit the Subcellular Compartment Lag. The
previous 1D Reaction-Diffusion modeling of
intracellular  transport model assumed that
if Ctbp2 (Synaptic mRNA) was not measured at 72
hours, synaptogenesis completely failed. While
synaptic mRNA triggers somatic translation
(Psoma), the synthesized protein is physically
bottlenecked in the soma and transit pools due to
kinesin motor advection velocity limits (vy;,). By
the time the neurite hits the target (L=20um att =

55hrsin  Y-27632), the contact  signal
triggers S;urya production in the Soma. In other
words, time-course simulation illustrating the
delayed onset of synaptic mRNA (Ctbp2). Because
the elongating neurite does not hit the host bipolar
target until £ = 55 hours, somatic transcription only
barely begins prior to the standard 72-hour
empirical RNA extraction point. Moreover, att =
72 hrs (when the extracted RNA [10]), Figure 2¢
shows that S,,zn4 is only just beginning to rise in
the somatic compartment. More importantly, Figure
2¢ shows that the translated protein (Sgpmq) 1S
entirely trapped in the soma. Furthermore, the
functional ribbon synapse (Synapse, green line in
Figure 2d) does not begin to accumulate until t =

90 hrs (The Assembly Horizon). The time
derivative d[ZiC] explicitly demonstrates that the
mass transfer —< ([Ssomal — [Sgc]) creates

L(t)+e
about = 20 hour phase-delay = between  somatic
mRNA detection and growth cone localization. True
presynaptic interaction maturation at the growth
cone remains functionally zero at 72 hours due to
transport delays, beginning exponential
accumulation only after 90—100 hours.

The numerical theory proves that the lack of
synaptic markers in the RNA-Seq discussed in Ref.
[10] is not a failure of the ROCK inhibitor to allow
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integration. Instead, the combination of the
biophysical clutch extension time plus the
anterograde transport lag pushes functional

synaptogenesis beyond the 72-hour observational
window.

A. Neurite Elongation B Pharmacological Arborization Index

R

€. Synaptic Protein Dilution (Y-27632) D. Delayed Synaplogenesis Paradox

Figure 3 (a) Stochastic branching dynamics, represented
by the arborization index B(t), under reduced actin
stability. (b) Length growth after inclusion of the
branching penalty, which reduces extension per terminal
as arbor complexity increases. (C) Terminal protein
concentration after dilution of the total cargo across
multiple branches. (d) Delayed accumulation of mature
synaptic signal at individual terminals under sustained
branching.

Figure 3a introduces stochastic branching. Under
ROCK inhibition, branch formation increases as
actin stability falls. Although this increases the total
contact surface, it also dilutes cargo across multiple
terminals and therefore reduces the concentration
reaching any one terminal. The model predicts that
branching can improve the probability of eventual
connectivity while simultaneously delaying the
appearance of high-abundance ribbon markers in
bulk assays.

As shown in Fig. 3b, ROCK inhibition (Y-27632)
radically alters the morphology of the cell. The
destabilization of the actin cortex not only drives the
primary axon to the 20pm target but induces
runaway collateral and terminal branching,
reaching >15 active branches by the 72-hour mark.
On the other hand, while biologically favorable for
maximizing integration chances, this creates a
severe geometric sink for protein transport (Fig. 3¢).
At 72 hours, the exact moment the researchers
extracted RNA and protein for analysis, the Soma
pool (Pspma) 1s highly saturated with newly
synthesized synaptic proteins. However, because
this outward flux (J_,,) is physically fractionated
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across 15+ branches, the concentration arriving at
any individual terminal (Pgg;y,, black line in Fig. 3¢)
remains infinitesimally low.

Notably, existing empirical and continuum models
fail to account for this geometric fractioning. By
bridging pharmacological biomechanics with
reaction-diffusion mass transfer, the SBAT theory
demonstrates that the lack of Ctbp2 or Bsn markers
is a classical artifact of spatial dilution. The ROCKi-
treated cells are forming synapses, but the process
has been dispersed across a massive arborization
network, pushing the absolute concentration of
mature synapses per terminal below detection
thresholds until significantly later timeframes
(>100 hours, Fig. 3d). This fresh theoretical
paradigm directly informs future study designs,
suggesting that late-stage spatial transcriptomics or
post-100-hour longitudinal tracking is required
when utilizing branch-inducing small molecules like
Y-27632.

A Viscoslantic Telhering Interaction

B, Targe! Adhasion (Receplor-Ligand)

€. Compartmental Miss Transter 0. Functional Synapss Formation

Figure 4 Y-27632-trcated PRP interaction: (4a)
Overdamped growth-cone displacement under the
balance of driving and tethering forces. (4b) Receptor-
ligand adhesion kinetics governing the number of active
bonds at the target interface. (4c) Compartmental
reaction-diffusion transport of synaptic proteins across
soma, axon, and terminal pools. (4d) Predicted mature
synapse formation as a function of contact stabilization
and terminal cargo delivery.

Figure 4 provides the most explicit cell-to-cell
description. The growth cone advances under
overdamped mechanics until it reaches the target
cell, at which point receptor-ligand binding acts as a
tethering brake. The reaction-diffusion compartment
model shows that synaptic proteins are synthesized
upstream of the terminal, although do not
instantaneously populate the contact site. Mature
synapse assembly therefore begins only after the
mechanical stop signal and transport delivery both
become effective. As classical mechanics dictate
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(Figures 4a-b), the neurite velocity dx/dt is
constant until x = 20um. At this threshold, the
receptor-ligand kinetics (Figure 4b) trigger N(t) to
rapidly bind. The Hookean spring force Fipiper
immediately balances F;,iy,e, acting as an automatic
brake that stabilizes the neurite at the target tissue.
In addition, the eaction-Diffusion Bottleneck
appearing at Figure 4¢; The RNA-Seq conducted by
the authors [1] occurs at exactly t = 72 hours.
Observing at Figure 3c at 72 hours: The
transcription (M) has peaked, and the protein is
synthesized, nevertheless it is entirely in the Soma
and Axon transit pools.

The Interaction Maturation Delay (Figure
4d): Because the target interaction S requires
classical bimolecular collision at the terminal
(kKsynNPierm), the lack of Prepy means  true
interaction maturation is functionally zero at 72
hours. It begins to exponentially climb
only after 85-100 hours.

By using classical elasto-kinetic equations
combined with mass transfer, it is demonstrated
that the failure to observe synaptic genes is not a
biochemical failure of the ROCK inhibitor, but a
predictable artifact of classical biophysical transport
lag.

(@

3D Nourito Bio-Film Matrix: Coll-Cll Intoraction & Elongation Growth

®
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Figure 5 Conceptual 3D visualization of (a) a single PRP
navigating a collagen matrix, encountering a target cell,
and undergoing transport-limited synaptic maturation. (b)
Expanded multi-cellular neurite biofilm network showing
collective outgrowth within a 3D matrix and convergent
contact with host retinal cells.

Figures 5a and 5b translate the same process into
3D spatial geometry. Figure 5 illustrates a single
PRP navigating collagen, stopping at a defined
target boundary, and accumulating a local transport
bottleneck. Figure Sb generalizes this to a multi-
cellular biofilm-like neurite network, in which
multiple PRPs share a 3D scaffold and establish
convergent connections with host cells. In both
cases, the visual emphasis is on the coupling
between matrix traction, target recognition, and
delayed cargo delivery.

The three-dimensional scene in Figure 5a provides a
schematic  visualization of the  proposed
Spatiotemporal Motor-Clutch and Interaction
Model. In this representation, the photoreceptor
precursor (PRP) soma is depicted as the central
transcriptional compartment in which synaptic
cargo, including Cthp2, is synthesized, however, not
yet fully delivered to the distal terminal because of
intracellular transport delay. The elongating neurite,
shown as a cyan cylindrical process, represents the
approximately 22 um axon propelled outward by Y-
27632-mediated ROCK  inhibition  through
cytoskeletal destabilization and reduced actomyosin
resistance. Surrounding the neurite, the grey mesh
and point cloud denote the three-dimensional
collagen matrix, which functions as an extracellular
scaffold that supplies the traction necessary for
efficient extension, herein denoted as the
extracellular environment permissiveness factor
(EECM). The green target cell corresponds to the
bipolar cell positioned within the inner nuclear layer
(INL), serving as the postsynaptic partner toward
which the PRP grows. At the interface between the
neurite tip and the target cell, the red synaptic
tethering zone marks the site of trans-synaptic
adhesion, = where  mechanical coupling is
hypothesized to act as a braking force that
terminates further elongation and initiates terminal
maturation.

Upon rotation of the three-dimensional plot in
Figure 5a, the scene becomes a consolidated
visualization of the empirical observations reported
in [10] integrated with the physical interpretation
advanced in this manuscript. The grey background
field illustrates the tractional contribution of the
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collagen matrix, emphasizing that PRPs cultured in
a three-dimensional environment exhibit superior
neurite extension relative to cells maintained on
planar two-dimensional substrates, where growth
remains substantially limited. Mechanistically, this
difference is consistent with the requirement for
integrin-mediated extracellular anchorage, which
allows the growth cone to generate forward motion
against the matrix and thereby achieve maximal
extension. The blue arrow represents the
pharmacological “gas pedal” effect of Y-27632,
which reduces structural resistance within the actin
cytoskeleton and facilitates protrusive advance of
the neurite into the matrix. In contrast, the red
sphere and arrow identify the “brake pedal” at the
neurite—target interface, where trans-synaptic
binding is modeled as an overdamped tethering
force, Fietner, that arrests forward progression and
thereby shifts the system from Phase 1, dominated
by elongation, to Phase 2, characterized by
synaptogenic maturation. The magenta puncta
distributed along the neurite correspond to the
missing presynaptic proteins, including Ctbp2 and
Bsn, observed in the RNA-seq dataset. Because the
soma is separated from the distal terminal by a finite
distance of approximately 20 um, these proteins
must physically traverse the axonal shaft before they
can accumulate at the site of synapse assembly. This
spatial ~ constraint provides a  mechanistic
explanation for why the 72-hour sampling point
failed to capture mature synaptic signatures: the
relevant molecular cargo remains confined within an
intracellular transport bottleneck rather than being
absent from the system.

At a broader scale, the Classical Elasto-Kinetic and
Reaction-Diffusion (CEK-RD) theory extends this
single-axon interpretation to a multicellular
topological framework, in which the system is
expanded from an isolated neurite to a three-
dimensional neurite bio-film network as presented
in Figure 5b. The principal strength of this
framework lies in its conceptual and mechanistic
clarity. Instead of treating neurite elongation and
synaptogenesis as a single continuous process, the
manuscript separates them into distinct biological
regimes governed by different control variables,
different physical constraints, and different temporal
scales. This distinction is important because it
reduces the risk of over interpreting -early
transcriptomic readouts as evidence of failed
synaptic competence, when in fact they may simply
reflect the temporal mismatch  between
morphological extension and molecular maturation.
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The model also clarifies why ROCK inhibition can
be highly effective at promoting neurite outgrowth
while still failing to produce an immediate synaptic
transcriptional ~ phenotype. In  the  present
formulation,  Y-27632  primarily = decreases
cytoskeletal resistance and increases the probability
of extension, but synaptic maturation requires

additional sequential events, including target
contact, stabilization of adhesion, retrograde
signaling, local protein synthesis, intracellular

transport, and terminal assembly. Any one of these
steps may lag behind the visually apparent
outgrowth of the neurite. Consequently, robust
extension does not necessarily imply immediate
synaptic maturation, particularly when the readout is
obtained at a relatively early time point.

An additional consideration is introduced by
branching. When elongation occurs together with
extensive arborization, newly synthesized synaptic
cargo is distributed across multiple emergent
processes rather than being concentrated within a
single terminal. Under such conditions, bulk
measurements may substantially underestimate local
synaptic assembly, even when the cell is actively
advancing toward connectivity. This issue is
especially relevant for transcriptomic or pooled
protein analyses performed after short incubation
periods, because signals originating from multiple
branches may remain diluted below detection
thresholds at individual terminal sites.

The framework should nevertheless be interpreted
cautiously. It is not intended as a substitute for
direct electrophysiological assessment,
ultrastructural confirmation, or functional validation
of synaptic transmission. Moreover, several
biologically complex processes are necessarily
reduced here to smooth switching terms and
effective rate parameters. Adhesion, transport, and
gene induction likely involve multiple partially
overlapping pathways rather than a single governing
variable. Even so, the model remains valuable
because it generates testable predictions: later time
points should show stronger terminal enrichment of
presynaptic markers, and experimental conditions
that increase branching should shift the apparent
maturation window toward later time points.

Future work should therefore aim to parameterize
the model using longitudinal imaging, live-cell
transport measurements, and single-terminal
proteomic or transcriptomic profiling. It would also
be informative to test whether the same delayed-
maturation pattern persists across different
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extracellular matrices, developmental stages, and
trophic factor combinations. Such studies would
determine whether the present theoretical structure
is specific to the experimental system studied in [10]
or whether it represents a generalizable principle of
PRP-host interaction.

At the multicellular level, a dense population of
photoreceptor  precursors (PRPs) may be
conceptualized as forming a continuous bio-film-
like layer at the basal plane. Driven by Y-27632-
mediated mechanical unlatching, in which actin
polymerization exceeds retrograde flow, these cells
collectively extend a network of neurites through
the three-dimensional viscoelastic collagen matrix
and converge toward a layer of target host cells. In
Figure 6, this architecture is visualized as a
coordinated network in which lateral cell-cell
coupling stabilizes the basal PRP population, the
neurites ascend through the extracellular matrix
under overdamped mechanical control, and the
emerging synaptic terminals cluster toward the
target boundary. The bio-film component denotes
the lateral organization of PRPs into a mechanically
coherent cell layer supported by cadherin-mediated
adhesion and intercellular signaling. The collective
overdamped drive reflects the simultaneous
progression of multiple neurites through the ECM
under the influence of drag forces and directional
guidance cues. The reaction-diffusion gradient is
illustrated by the concentration of synthesized
protein near the somatic compartment and its
gradual attenuation toward the growth cones,
thereby encoding the spatial delay imposed by
intracellular transport. Finally, convergent tethering
at the distal interface represents the accumulation of
multiple neurites on fewer target cells, consistent
with mass-action receptor-ligand clustering at the
contact boundary.

Rendered as a volumetric simulation, the model
maps physical equations onto biological topology.
At Z = 0, the bottom layer consists of a ring of blue
spheres corresponding to the PRPs. The thick blue
horizontal links connecting these cells depict bio-
film behavior and emphasize the formation of a
unified mechanical base through cell-cell adhesion,
which may enhance survival and coordinate
signaling across the population. The upward sweep
of cyan neurites reflects the impact of ROCK
inhibition, which diminishes actin retrograde flow
and permits extension through the grey matrix.
Their curved trajectories are consistent with a
combination of biased chemotactic guidance and
matrix displacement. Along the lower-to-middle
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segments of the axons, the magenta gradient
represents the intracellular transport burden
associated with synaptic protein trafficking; because
the experiment terminates at 72 hours, these proteins
remain trapped within the transport bottleneck rather
than reaching mature terminal sites. At the distal
end, the red nodes identify the target boundary,
where classical Hookean and mass-action principles
are invoked to describe the tethering force Figiper
that anchors the growth cone to the target cell and
initiates the transition into Phase 2 synaptogenesis.

7 Conclusion

This paper presents a unified theoretical framework
for understanding why PRPs can exhibit strong
ROCK:Ii- or growth factor-driven neurite outgrowth
while showing weak or absent presynaptic ribbon
marker expression at 72 h. The CSEK, SBAT, and
CEK-RD formulations together indicate that
elongation, target contact, intracellular transport,
and terminal synapse assembly are sequentially
coupled, and yet, temporally separated processes.
Accordingly, early bulk RNA-seq may be
insufficient to evaluate functional synaptogenesis in
highly elongated or branched PRPs. The main
practical implication is that studies of retinal
replacement should include longer observation
windows, terminal-specific readouts, and spatially
resolved measures of synaptic maturation to
distinguish genuine biological failure from delayed,
nevertheless ongoing integration.

Declaration of Generative Al and Al-assisted
Technologies in the Writing Process The authors
wrote, reviewed and edited the content as needed
and they have not utilised artificial intelligence (Al)
tools. The authors take full responsibility for the
content of the publication.

References:

[1] Jayakody, S. A., Gonzalez-Cordero, A., Ali, R.
R., & Pearson, R. A. (2015). Cellular strategies
for retinal repair by  photoreceptor
replacement. Progress in Retinal and Eye
Research, 46, 31-66.
https://doi.org/10.1016/j.preteyeres.2015.01.00
3

[2] Mandai, M., Watanabe, A., Kurimoto, Y.,
Hirami, Y., Morinaga, C., Daimon, T.,
Fujihara, M., Akimaru, H., Sakai, N., Shibata,
Y., & Takahashi, M. (2017). Autologous
induced stem-cell-derived retinal cells for
macular degeneration. New England Journal of

E-ISSN: 2732-9992

Jacob Nagler

Medicine,  376(11), 1038-1046.  DOL:
10.1056/NEJMoal608368
[3] Gonzalez-Cordero, A., West, E. L., Pearson, R.
A., Duran, Y., Carvalho, L. S., Chu, C. J., ... &
Ali, R. R. (2013). Photoreceptor precursors
derived from three-dimensional embryonic
stem cell cultures integrate and mature within
adult degenerate retina. Nature
biotechnology, 31(8), 741-747.
https://doi.org/10.1038/nbt.2643
[4] Assawachananont, J., Mandai, M., Okamoto,
S., Yamada, C., Eiraku, M., Yonemura, S., ... &
Takahashi, M. (2014). Transplantation of
embryonic and induced pluripotent stem cell-
derived 3D retinal sheets into retinal
degenerative mice. Stem cell reports, 2(5), 662-
674. DOI: 10.1016/j.stemer.2014.03.011
[5]Singh, M. S., Charbel Issa, P., Butler, R.,
Martin, C., Lipinski, D. M., Sekaran, S., ... &
MacLaren, R. E. (2013). Reversal of end-stage
retinal degeneration and restoration of visual
function by photoreceptor
transplantation. Proceedings of the National
Academy of Sciences, 110(3), 1101-1106.
https://doi.org/10.1073/pnas.1119416110
[6]Ribeiro, J., Procyk, C. A., West, E. L., O’Hara-
Wright, M., Martins, M. F., Khorasani, M. M.,
... & Ali, R. R. (2021). Restoration of visual
function in  advanced  disease  after
transplantation of purified human pluripotent
stem cell-derived cone photoreceptors. Cell
reports, 35(3). DOLI:
https://doi.org/10.1016/j.celrep.2021.109022
[7]tom Dieck, S., & Brandstitter, J. H. (2006).
Ribbon synapses of the retina. Cell and tissue
research, 326(2), 339-346.
https://doi.org/10.1007/s00441-006-0234-0
[8]Gasparini, S. J., Llonch, S., Borsch, O., &
Ader, M. (2019). Transplantation of
photoreceptors into the degenerative retina:
Current state and future perspectives. Progress
in retinal and eye research, 69, 1-37.
https://doi.org/10.1016/j.preteyeres.2018.11.00
1
[9]Waldron, P. V., Di Marco, F., Kruczek, K.,
Ribeiro, J., Graca, A. B., Hippert, C., ... &
Pearson, R. A. (2018). Transplanted donor-or
stem cell-derived cone photoreceptors can both
integrate and undergo material transfer in an
environment-dependent  manner. Stem  cell
reports, 10(2), 406-421.
https://doi.org/10.1016/].stemer.2017.12.008
[10] Slotky, A., Markus, A., Farah, N., Yaron,
0., Asher, H. W. B., & Mandel, Y. (2026).
Enhancing Retinal Photoreceptor Neurite

Volume 6, 2026


https://doi.org/10.1016/j.preteyeres.2015.01.003
https://doi.org/10.1016/j.preteyeres.2015.01.003
https://doi.org/10.1038/nbt.2643
https://doi.org/10.1016/j.stemcr.2014.03.011
https://doi.org/10.1073/pnas.1119416110
https://doi.org/10.1016/j.celrep.2021.109022
https://doi.org/10.1007/s00441-006-0234-0
https://doi.org/10.1016/j.preteyeres.2018.11.001
https://doi.org/10.1016/j.preteyeres.2018.11.001
https://doi.org/10.1016/j.stemcr.2017.12.008

MOLECULAR SCIENCES AND APPLICATIONS
DOI: 10.37394/232023.2026.6.9

Outgrowth with Small Molecules and Growth
Factors. Experimental Eye Research, 111001.
https://doi.org/10.1016/j.exer.2026.111001

[11] Ahmed, Z., Douglas, M. R., John, G., Berry,
M., & Logan, A. (2013). AMIGO3 is an
NgR1/p75 co-receptor signalling axon growth
inhibition in the acute phase of adult central
nervous system injury. PloS one, 8(4), ¢61878.
https://doi.org/10.1371/journal.pone.0061878

[12] Feng, L., Wang, Y., Wang, Z., & Li, Y.
(2013). ROCK inhibitor Y-27632 promotes the
survival and neurite outgrowth of retinal
ganglion  cells. Journal ~ of  Molecular
Neuroscience, 50(2), 268-276.

[13] Hirose, M., Ishizaki, T., Watanabe, N.,
Uehata, M., Kranenburg, O., Moolenaar, W.
H., ... & Narumiya, S. (1998). Molecular
dissection of the Rho-associated protein kinase
(p160ROCK)-regulated neurite remodeling in
neuroblastoma NI1E-115 cells. The Journal of
cell biology, 141(7), 1625-1636.
https://doi.org/10.1083/jcb.141.7.1625

[14] Tonges, L., Frank, T., Tatenhorst, L., Saal,
K. A., Koch, J. C., Szegé, E. M., ... & Lingor,
P. (2012). Inhibition of rho kinase enhances
survival of dopaminergic neurons and
attenuates axonal loss in a mouse model of
Parkinson’s  disease. Brain, 135(11), 3355-
3370. https://doi.org/10.1093/brain/aws254

[15] Liao, H., Li, Y., & Wang, M. (2018).
Taurine promotes neurite outgrowth and
synaptogenesis  through the BMP4/Smad
pathway. Neuroscience Letters, 664, 45-51.

[16] Uehata, M., Ishizaki, T., Satoh, H., Ono, T.,
Kawahara, T., Morishita, T., ... & Narumiya, S.
(1997). Calcium sensitization of smooth muscle
mediated by a Rho-associated protein kinase in
hypertension. Nature, 389(6654), 990-994.
https://doi.org/10.1038/40187

[17] Athamneh, A. 1., & Suter, D. M. (2015).
Quantifying mechanical force in axonal growth
and guidance. Frontiers in cellular
neuroscience, 9, 359.
https://doi.org/10.3389/fncel.2015.00359

[18] Lantoine, J., Grevesse, T., Villers, A.,
Delhaye, G., Mestdagh, C., Versaevel, M., ... &
Gabriele, S. (2016). Matrix stiffness modulates
formation and activity of neuronal networks of
controlled architectures. Biomaterials, 89, 14-
24,

https://doi.org/10.1016/j.biomaterials.2016.02.041

[19] Chan, C. E., & Odde, D. J. (2008). Traction
dynamics of filopodia on compliant
substrates. Science, 322(5908), 1687-1691.
DOI: 10.1126/science.1163595

E-ISSN: 2732-9992

112

Jacob Nagler

[20] Bangasser, B. L., Rosenfeld, S. S., & Odde,
D. J. (2013). Determinants of maximal force
transmission in a motor-clutch model of cell

traction in a compliant
microenvironment. Biophysical
journal, 105(3), 581-592.

DOI: 10.1016/j.bpj.2013.06.027

[21] Riaz, M., Versaevel, M., Mohammed, D. et
al. Persistence of fan-shaped keratocytes is a
matrix-rigidity-dependent =~ mechanism  that
requires osP; integrin engagement. SCi Rep 6,

34141 (2016).
https://doi.org/10.1038/srep34141
[22] Ghassemi, S., Meacci, G., Liu, S.,

Gondarenko, A. A., Mathur, A., Roca-Cusachs,
P., ... & Hone, J. (2012). Cells test substrate
rigidity by local contractions on submicrometer
pillars. Proceedings of the National Academy of
Sciences, 109(14), 5328-5333.

https://doi.org/10.1073/pnas. 1119886109

[23] Prahl, L. S., Bangasser, P. F., Stopfer, L. E.,
Hemmat, M., White, F. M., Rosenfeld, S. S., &
Odde, D. J. (2018). Microtubule-based control
of motor-clutch system mechanics in glioma
cell migration. Cell reports, 25(9), 2591-2604.
DOI: 10.1016/j.celrep.2018.10.101

[24] Franze, K., Janmey, P. A., & Guck, J.
(2013). Mechanics in neuronal development
and repair. Annual review of biomedical
engineering, 15(1), 227-251.
https://doi.org/10.1146/annurev-bioeng-
071811-150045

[25] Koser, D. E., Thompson, A. J., Foster, S.
K., Dwivedy, A., Pillai, E. K., Sheridan, G. K.,
... & Franze, K. (2016). Mechanosensing is
critical for axon growth in the developing
brain. Nature neuroscience, 19(12), 1592-1598.
https://doi.org/10.1038/nn.4394

[26] Cao, Y., Sarria, 1., Fehlhaber, K. E.,
Kamasawa, N., Orlandi, C., James, K. N, ... &
Martemyanov, K. A. (2015). Mechanism for
selective synaptic wiring of rod photoreceptors
into the retinal circuitry and its role in
vision. Neuron, 87(6), 1248-1260.

DOI: 10.1016/j.neuron.2015.09.002

[27] Graham, H. K., & Duan, X. (2021).
Molecular mechanisms regulating synaptic
specificity and retinal circuit formation. Wiley
Interdisciplinary ~ Reviews:  Developmental
Biology, 10(1), e379.
https://doi.org/10.1002/wdev.379

[28] Suter, D. M., & Miller, K. E. (2011). The
emerging role of forces in  axonal
elongation. Progress in neurobiology, 94(2),
91-101.

Volume 6, 2026


https://doi.org/10.1016/j.exer.2026.111001
https://doi.org/10.1371/journal.pone.0061878
https://doi.org/10.1083/jcb.141.7.1625
https://doi.org/10.3389/fncel.2015.00359
https://doi.org/10.1016/j.biomaterials.2016.02.041
https://doi.org/10.1126/science.1163595
https://doi.org/10.1016/j.bpj.2013.06.027
https://doi.org/10.1073/pnas.1119886109
https://doi.org/10.1016/j.celrep.2018.10.101
https://doi.org/10.1146/annurev-bioeng-071811-150045
https://doi.org/10.1146/annurev-bioeng-071811-150045
https://doi.org/10.1016/j.neuron.2015.09.002
https://doi.org/10.1002/wdev.379

MOLECULAR SCIENCES AND APPLICATIONS
DOI: 10.37394/232023.2026.6.9

https://doi.org/10.1016/j.pneurobio.2011.04.00
2

[29] Sytnyk, V., Leshchyns’ka, 1., & Schachner,
M. (2017). Neural cell adhesion molecules of
the immunoglobulin superfamily regulate
synapse  formation, = maintenance, and
function. Trends in neurosciences, 40(5), 295-
308. DOL: 10.1016/].tins.2017.03.003

[30] Qi, C., Luo, L. D., Feng, 1., & Ma, S.

(2022). Molecular mechanisms of
synaptogenesis. Frontiers in synaptic
neuroscience, 14, 939793.

https://doi.org/10.3389/fnsyn.2022.939793

[31] Shen, K., & Cowan, C. W. (2010).
Guidance molecules in synapse formation and
plasticity. Cold Spring Harbor perspectives in
biology, 2(4), a001842.
doi: 10.1101/cshperspect.a001842

[32] Kuznetsov, I. A., & Kuznetsov, A. V.
(2014). What tau distribution maximizes fast
axonal  transport toward the  axonal
synapse?. Mathematical biosciences, 253, 19-
24. https://doi.org/10.1016/j.mbs.2014.04.001

[33] Bressloff, P. C., & Newby, J. M. (2013).
Stochastic models of intracellular
transport. Reviews of Modern Physics, 85(1),
135-196.
https://doi.org/10.1103/RevModPhys.85.135

[34] Fenn, J. D., Johnson, C. M., Peng, J., Jung,
P., & Brown, A. (2018). Kymograph analysis
with high temporal resolution reveals new
features of neurofilament transport
kinetics. Cytoskeleton, 75(1), 22-41.
https://doi.org/10.1002/cm.21411

[35] Tedeschi, A., & Bradke, F. (2017). Spatial
and temporal arrangement of neuronal intrinsic
and extrinsic mechanisms controlling axon
regeneration. Current opinion in
neurobiology, 42, 118-127.
https://doi.org/10.1016/j.conb.2016.12.005

[36] Guedes-Dias, P., & Holzbaur, E. L. (2019).
Axonal transport: Driving synaptic
function. Science, 366(6462), eaaw9997.
https://doi.org/10.1126/science.aaw9997

[37] Wortman, J. C., Shrestha, U. M., Barry, D.
M., Garcia, M. L., Gross, S. P., & Yu, C. C.
(2014).  Axonal transport: how  high
microtubule density can compensate for
boundary effects in small-caliber
axons. Biophysical journal, 106(4), 813-823.
DOI: 10.1016/].bpj.2013.12.047

E-ISSN: 2732-9992

Jacob Nagler

Contribution of Individual Authors to the
Creation of a Scientific Article (Ghostwriting
Policy)

The author contributed in the present research, at all
stages from the formulation of the problem to the
final findings and solution.

Sources of Funding for Research Presented in a
Scientific Article or Scientific Article Itself No
funding was received for conducting this study.

Conflict of Interest
The author has no conflict of interest to declare that
1s relevant to the content of this article.

Creative Commons Attribution License 4.0

(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the

Creative Commons Attribution License 4.0

https://creativecommons.org/licenses/by/4.0/deed.en
US

Volume 6, 2026


https://doi.org/10.1016/j.pneurobio.2011.04.002
https://doi.org/10.1016/j.pneurobio.2011.04.002
https://doi.org/10.1016/j.tins.2017.03.003
https://doi.org/10.3389/fnsyn.2022.939793
https://doi.org/10.1016/j.mbs.2014.04.001
https://doi.org/10.1103/RevModPhys.85.135
https://doi.org/10.1002/cm.21411
https://doi.org/10.1126/science.aaw9997
https://doi.org/10.1016/j.bpj.2013.12.047



