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Introduction
Tissue response after amputation induces either scar formation or regeneration and, in particular,
regeneration has been observed and described in axolotl. However, what are the mechanisms implicated
in the regulation of regenerative processes and what is their role remains poorly understood. Our goal
is to develop a numerical model for tissue regeneration and to use it to explore the main mechanisms
influencing spinal cord regeneration in axolotl.

Model
We consider a tissue, in particular the spinal cord of axolotl, which undergoes amputation. After the
injury, tissue cells start to proliferate and their proliferation is the response to some chemical signal
which starts to be present at the plane of amputation.
We developed a 2D hybrid model whose main ingredients are the tissue cells and the injury signaling
particles (ISPs), which represent the chemical signal diffusing through the tissue. The tissue cells are
represented by individual 2D spheres which interact via mechanical repulsion with their close neighbors
(agent-based model) and divide randomly with a division rate depending on ISPs (continuous field).

TISSUE CELLS
The tissue particles are described by the position of their centres Xi(t) with i = 1, . . . , NC and NC the
number of particles in the domain. Moreover, we call ρC(x, t) the density of particles at a point x ∈ R2

in the domain and at time t and we define it as follows

ρC(x, t) = 1
NC

NC∑
i=1

δ(x − Xi(t)),

where δ indicates the Dirac delta function.

Proliferation

After the amputation, tissue cells have the possibility to divide with birth frequency

νb = ν∗C
b Ψh(ρS)

where ν∗C
b is a fixed parameter, ρS represents the density of ISPs and Ψh(r) = 1

1+e−(r−r0)h is a sigmoid
function where h represents the slope of the function and r0 is the threshold above which the function
becomes concave (see Figure 1).

Figure 1: Ψh.

Interaction and motion

Tissue cells interact with each other and move in the domain. We suppose that the link between
particles acts as spring of rest length R. Hence, R is the rest length and this means that we consider
a case in which particles repulse each other up until distance R. We suppose that R is also detection
radius. We define the repulsion interaction potential Φ as

Φ(Xi, Xj) = κ

2
(|Xi − Xj | − R)2,

where κ is the repulsion intensity between tissue cells and i, j = 1, . . . , NC . Assuming that the link-
ing/unlinking processes are very fast, the equation which describes the motion of the tissue particles
can be written as

dXi

dt
= −1

ε

∑
j ̸=i

∇Φ(Xi, Xj)1(|Xi − Xj | < 2R), ∀ i ∈ {1, · · · , NC},

where ε ≪ 1 since we need the potential to be strong enough to not allow particles to overlap each
other.

INJURY SIGNALING PARTICLES
We call ρS(x, t) the density of ISPs and we are interested in following its evolution over time. For this
reason, we write the equation

∂tρS = ∇ · (D(ρC)∇ρS)︸ ︷︷ ︸
diffusion

+ νb(|∇ρC |)︸ ︷︷ ︸
birth

− νdρS︸︷︷︸
death

. (1)

Diffusion

In the first term on the right hand side of Eq. (1) the diffusion coefficient is

D(ρC) = DispΨh(ρC)

where Disp is the diffusion speed of ISPs and Ψh is a sigmoid function (see Figure 1). Note that the
diffusion coefficient D(ρC) depends on the density of tissue particles and this implies that the chemical
will diffuse in the direction in which particles can be found and not in the void.

Birth and death

The second term on the right hand side of Eq. (1) expresses the idea that the density ρS(x, t) varies
according to the gradient of the density of the particles. This means that, at the plane of amputation,
the gradient ∇ρC will reach a high value and the density of chemical will increase. The third term on
the right hand side of Eq. (1) introduces the idea that the chemical has a finite lifetime and it will die
with a death rate νd.

Numerical simulations
Boundary conditions

Methods

In the numerical code, we use the Particle-In-Cell (PIC) method to compute the density of tissue cells.
Then, we use finite differences to compute the gradient of tissue cells. Whereas, we use the Smoothed-
Particle Hydrodynamics (SPH) approach coupled to a diffusion velocity method to compute the density
and the gradient of ISPs.

Example of a typical simulation

Results
Non-diffusive regime: linear vs exponential outgrowth

We first consider a non-diffusive regime for the ISPs, i.e. Disp = 0, and we explore two cases: νd large,
i.e. νd = 5 · 10−1, and νd small, i.e. νd = 10−3. Simulations are shown in Figure 2. In Figure 2(a) we
observe that large values of νd (small lifetime of ISPs) lead to a linear outgrowth of the tissue while
smaller values of νd (large lifetime of ISPs, Figure 2(b)) lead to an exponential outgrowth. These first
results show that νd is a critical parameter for the tissue outgrowth, and that the model is able to
recover an exponential outgrowth as observed experimentally (Figure 2(c) from [4]).
A calibration of the model parameters is needed to recover the exponential rate measured in real
experiments, and an extensive parametric analysis will be made to identify the role of each parameter
on the reconstruction speed of the tissue.

(a) (b) (c)

Figure 2: Outgrowth with νd = 5 · 10−1 (a) and with νd = 10−3 (b), outgrowth in the experimental results (c).
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