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Abstract

All living organisms depend on highly complex networks of
intercellular signals to coordinate cell-cell communication in
various physiological functions. A large number of mechanisms
that rely only on cell signaling are capable of development,
collective behavior, self-repair and immunity. This abstract
proposes the use of an ANN-based GRN model to orchestrate
cell-cell communication in two contexts: unicellular organism
via Quorum Sensing and multicellular organisms via Notch
signaling pathway. A simple grammar inspired from membrane
computing is proposed to describe the dynamic cell-like
structure.

Introduction

Communication is vital to life. It represents the coordination of
cells and tissues to accomplish various physiological functions
as well as the adaptation to the environment. All forms of life
on earth (eukaryotes, prokaryotes and metazoan organisms)
need to communicate to survive.

Over hundreds of millions of years, evolution of metazoan
organisms has produced a complexity both in phenotypes as
well as the developmental mechanisms by which this
complexity is generated. It is now known, in developmental
biology, that this process is based on good coordination of intra
and intercellular communication signals. Indeed, a small toolkit
of cell signaling co-opted recurrently during development is
sufficient for tissue morphogenesis, angiogenesis and
metastasis.

Cell-cell communication occurs when a molecular signal is
emitted by a cell called emitting cell and recognized by another
cell called receiving cell. Basically, signals are composed of
growth factors, hormones, cytokines, and neurotransmitters
that bind to specific cell receptors. This ligand-receptor
interaction then generates several types of intracellular signals
that may be relayed by downstream signaling and by protein
phosphorylation cascades. Finally, these intracellular signals
lead to the activation of transcription factors that regulate target
genes responsible for the expression of diverse biological
outcomes: activation of cell cycle, proliferation, differentiation.

It does not come as a surprise that “Unicellular organisms
including both eukaryotes (e.g. yeast) and prokaryotes (e.g.
bacteria) utilize similar communication systems as
multicellular organisms. For example: receptors for insulin are
present in Drosophila which are similar to their vertebrate
counterparts in binding properties, general structure, and
insulin-stimulated enzyme activity.” [1]

In the artificial life community, cellular interactions have
been investigated using cellular automata [2, 3], agent-based

models [4], and GRN-based dynamics [5]. In most of these
models, cell—cell interactions are abstract and they do not rely
on an advanced exploration of the underlying biological
mechanisms. In fact, communications between cells are based
on: a diffusion system, information pathway passed through
neighboring cells, or the concentration of a molecule that has a
direct effect in regulating gene expression and cell behavior.
Moreover, communication between unicellular organisms like
bacteria Quorum Sensing has not been well investigated by the
Artificial Life community. Here, we assume that more realistic
unicellular and multicellular approaches must involve more
investigation of, the architecture of the chemical
communication network, how chemical information is
transduced to control gene expression; how intra- and
interspecies cell-cell communication is accomplished; and the
fascinating option of unicellular-multicellular crosstalk.

ANN Based GRN Model

Various modeling techniques have been developed to simulate
the functioning of the GRN. They can be divided into two
classes. The first class: logical models, including Boolean
networks and their variants. Although effective in dealing with
noise, they fail to consider temporal dynamic aspects that are
important features of regulatory network [6]. The second class:
Continuous models based essentially on differential equations
allow more detailed descriptions of GRN dynamics.

To describe the dynamics of a generic GRN supervising cell-
cell communication, we use an Artificial Neural Network
(ANN) modeling technique introduced by Vohradsky [7].
Formally, an ANN is defined by:

N
dXL/dt = Uif ZW”X] - 191' - kin' ﬂiviki >0
j=1

e X;, with i=1,..,N,is the i-th gene product
concentration.

e ;. is the maximal expression rate of gene i.

e w;; is the connection weight of control of gene j on gene
i. Positive values of wij indicate enhancing influences while
negative values define inhibiting influences.

e 9;: is the influence of external input on gene i, which
modulates the gene’s sensitivity of response to activating or
repressing influences.

e f: Represents a non-linear sigmoid transfer function
modifying the influence of gene expression products X; and



external input 9; to keep the activation from growing without
bounds.
o k; Degradation of the i-th gene expression product.

We extend the formula to take into account cellular processes
(e.g., signal translation) that influence the gene sensitivity.

Dynamic cell-like structure

Based on the idea that a cell is a complex structure, we consider
a cell as a multi-set of objects arranged in regions and delimited
by another main object which is the membrane. Each object
within the cell is composed of a multi-set of objects also. An
object can be: a lipid, a protein, a receptor, a cytoplasm or
a nucleus. So, the model of the cell-like structure is a
hierarchical arrangement of multi-sets of objects.

To simulate this hierarchical arrangement of the cell
structure, we introduce a simple cellular grammar inspired from
formal grammars like in Membrane Computing [8]. However,
rules of the grammar don’t govern (in any way) development.
Development occurs through cellular interactions that lead to
gene expression and regulation. Thus, rules are just a formal
description of the cell-like structure. This formal description
can be used to observe the resulting changes in the cell structure
and deduce the resulting grammar. Membrane computing is a
computational model that solves NP complete problems. This
can be used to investigate the computational power of the
resulting digital organisms.

Application on unicellular organisms
(Quorum Sensing)

Bacterial cell-cell communication, termed Quorum Sensing
(QS), is a signal-response process that regulates gene
expression according to the cell density in order to coordinate
collective behaviors. In [9], we have introduced a molecular
network that uses Ordinary Differential Equations (ODEs) to
calculate the concentration of Gram negative bacteria QS
components. The simulation shows that bacterial cells are able
to form micro-colonies and behave like a multicellular
organism (figure 1). The principal limitation of the model
resides in the use of a proposed algorithm of QS to simulate
bacteria cells communication instead of a regulation
mechanism that describes the mutual enhancing-inhibiting
influences in genes of a GRN. Moreover, bacterial response to
QS is various and includes biofilm formation,
bioluminescence, drug-resistance... Our work focuses on
investigating the wunderlying mechanisms behind these
phenomena; how chemical information is transduced to control
gene expression, and observing in simulation the emerging
phenotypic traits.

Figure 1: Micro-colonies of moving bacteria emerged from QS
communication [9].

Application on multicellular Organisms
(Notch signaling pathway)

Notch signaling plays a central role in cell differentiation
decision via the lateral inhibition process, which is a common
phenomenon during selection of neural and muscle precursor
cells [10]. Briefly, two or more equivalent cells express both
the receptor Notch and the ligand. A negative feedback loop
operates so that ligand expression became repressed in some
cells which will be specialized on receiving cells, and this will
lead to asymmetry. Despite the fact that the Notch pathway has
a myriad of roles in different developmental and disease
contexts, it is relatively simple in its functioning. This is why,
we made the choice of using specifically this signaling pathway
as instance of our model.

Conclusion

In the lineage of our previous work [11], we use Generative
Developmental Systems (GDS) that consist of a grammar
inspired by membrane computing to simulate the dynamic
structure of the cell. This is made to explore the computational
power of the emerged organisms.

Multicellular organisms are ecosystems that cohabit cells of
the organism and other microorganisms that are bacteria. We
assume that a link must be made for a future study of both the
artificial ecosystem and the pathological context (QS virulence
pathway) considering the two species.
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Abstract

We present a new model for the self-creation of an artificial
embryogenesis, using a new kind of organization, The Autopoietic
System Theory, at different levels. The development is dependent on a
global function in the environment and the regulation of the Artificial
GRN policy enzyme inside the cells.

Introduction

Natural systems distinguish themselves by their high
morphogenetic ability, and show the possibility of combining
self-organization with complex architecture[4]. The
exportation of these living system characteristics is desirable
as their self-formation capabilities to generate automatic
design of complex system such as artificial multicellular
organism is one of the most considerable challenges in
artificial life. Many developmental models have been
designed to simulate the growth of virtual multicellular
starting with one cell.

The biologists Adrian P. Bracken et al. [2], confirm that even
if cells have identical genomes, they can respond differently
to the same stimulus because of their preprogramed memory
considered by “Polycomb group (PcG)”. Moreover, cells are
considered as an autopoietic system. In which the external
events (the outside of the cell) have only a partial effect inside
the system, and the total and significant effect of the changes
is defined by the internal dynamics of the system and not by
the external [3]. Many natural systems such as cells, chemical
compounds, galaxies, organisms and planets show self-
organized construction. Maturana and Varela describe the
autopoeitic machine as an organization of living system which
define the universal self-organization [1]. Since the
autopoietic machine defines the organization of living system,
we adopt this theory in our model to develop an artificial
multi-cellular organism. That has the capacity to create and
organize itself without any external driver.

We propose an “A Multi-Level Autopoietic System” with
different levels of organization (cell level, tissue level and
organ level), where each different individual is an autopoietic
machine figurel (1). A GRN policy enzyme controls cell fate
during development figurel (2), where the morphogens in the
environment have a partial effect in the cell decision. The
direct effect is from the interior of the cells (memory system
and policy enzyme), which are inspired in their role by the
PcG protein.

A Multi-Level Autopoietic System (MLAS)

Maturana and Varela provide the following definition : “An
autopoietic machine is a machine organized (defined as a
unity) as a network of processes of production (transformation
and destruction) of components that produces the components
which: (i) through their interactions and transformations
continuously regenerate and realize the network of processes
(relations) that produced them and (ii) constitute it (the
machine) as a concrete unity in the space in which they (the
components) exist by specifying the topological domain of its
realization as such a network.”’[1]. Despite the fact that the
theory of autopoietic system was originally proposed in
biology, we will use an interpretation of the autopoietic theory
in artificial embryogenesis, that combines self-organization
and an architecture system.
At initialization, the environment has a single concentration of
an artificial protein. This protein represents the global function
that the whole process attempts to achieve. The environment
also has energy, one stem cell that contains an irregular GRN
policy enzyme, and an empty memory system. The global
function presented in the environment as a concentration of
protein at the organ level has the following properties:
. The protein identifier (ID) is coded as an integer
between 1 and p that represents the identifier of the organ.
. Individual Reports(I_R) are coded as a float between
0 and 1 and the concentration I_R expresses the success rate
of the component. They work to achieve the global
function. I_R is initialized by 0.
. Autopoietic factor (A_F) is coded as a float between
0 and 1 and initialized by 1. This A_F represents the new
function and it will be sent to the sub level. These two initial
concentrations (I_R at 0 and A_F at 1) demonstrate that the
organ doesn’t exist yet.
This protein is the beginning of the network of processes of
production of the first autopoietic machine (organ) that
produces the components (tissues), and the reason for all the
other autopoietic machines that will appear in the system.
When the concentration of this autopoietic factor is superior
to a threshold, this will create the beginning of new tissues.
The production of new tissues (the components of the first
autopoietic machine) is done by generating another protein in
the environment, in which the structure of this protein
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Figure 1: (1) Autopoietic system in different levels; In (a), first organ level with tissue, the interaction and transformation generate a network that
stimulates the organ to produce itself. The same process happens in (b), at the tissue level, the number of tissues is proportional to the number of the
autopoietic systems in this level. In (c), a network is generated between cells and genes level which stimulates the cell to regulate its GRN. (2) GRN
Policy Enzyme Architecture. (A) Represents morphogens in the environment, (B) the first layer or regulation (gene action). (C) The second layer of
regulation (policy enzyme), (M.S) the Memory system. (3) The evolution in the development of two different organ with different global functions
diffused in the environment, (a) the first protein of the global function (protein organ) was initialized by {ID =1, |_R=0, A_F=1} , and in (b) {ID =3,

I R=0. A F=1%}. with enerav eaual to 250 and o eaual to 0.01 for both.

(function in tissue level) is different from the previous protein
only at protein identifier level. This new protein has the ID of
the organ and the 1D of the tissue that is coded as an integer
between 1 and P. The initialization of the concentration of the
two reports of this protein (I_R, A_F) is the same than the
organ protein. This protein can be received by one type of
cells that is stem cell, the cell will know the function that
allows her to work for its global interest for all its lifetime.
Thus, the interaction between each of the two levels in our
system is made by these two reports, individuals show their
level of success in fulfilling its function.

At the cell level, the first report (I_R), is the total of the
evaluation of each action. The evaluation of an action :
Eva(Action; [t]) is equal to 1 if it is a “good” action support
the global interest of the cell, else it is equal to 0, divided by
the number of the action which are executed. This report is in
[0..1], the optimal result is one, where individual executes
only the good actions, if the number action “N_A” equal to 0,
the individual report for the cell is one.

I_R,, = X.iLf Eva(Action,[t])/N_A

For the other levels, tissue and organ, the individual report
I_Ryis the total of all their individual reports I_R; divided by
the number of their individuals, if they are more than the
minimal number, else by the minimal number of individual
“Nb_m”.

IR, = YN[ R, /((N_ind + Nb_m) + ||(N_ind +Nb_m)|[)/2

The second report between an higher level and a sub level is
calculated by the difference between the optimal value, and its
individual report: A_F, =1-—1R.

We define a as a threshold. If A_F,<a, the functions are
accomplished.

On-line GRN Policy Enzyme
To achieve an embryogenesis process, we must know how the
tissues and organs of the developing embryo take their
miraculous forms, we use an Artificial GRN with new
additions in order to obtain an on-line learning process with
memory concept. Our proposed model is defined as follows:
1. Reinforcement learning realized by an Artificial GRN.

2. A policy enzyme that accelerates the activation of one of the
potential actions using the memory system.

3. Memory system, represented by two matrices: “best action”
and “worst action”.

4. Evaluation module with two evaluation functions, the first
against local interest, and the second against the global
interest, initialized at the genesis of the individual.

Morphogens in our model are obtained from neighbors as a
signal of the individual, the energy, responsible for achieving
an action, and signals from the upper level. These morphogens
can activate more than one action at the same time in the first
layer. With a GRN, an individual can activate the right action
in the right place using reinforcement learning. Two
regulation layers are used here; the first one assures that all the
necessary morphogens of the environment are present for each
action. If the gene action of the first layer is active, they pass
to the second layer (policy enzyme), where it chooses between
the actions activated to select the right action according to the
memory. These two layers regulate the output of the GRN.

Conclusion

We presented a new model of artificial embryogenesis. We
used in our model the concepts of the autopoietic theory that
we interpreted in different levels coupled with the use of a new
On-line GRN Policy Enzyme. Our model exhibits the self-
organization of natural system shown to be
organizationally closed.
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