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Abstract
Despite the growing body of work on molecular components required for regenerative repair, we
still lack a deep understanding of the ability of some animal species to regenerate their appropriate complex anatomical structure following damage. A key question is how regenerating systems
know when to stop growth and remodeling – what mechanisms implement recognition of correct
morphology that signals a stop condition? In this work, we review two conceptual models of pattern regeneration that implement a kind of pattern memory. In the ﬁrst one, all cells communicate
with each other and keep the value of the total signal received from the other cells. If a part of the
pattern is amputated, the signal distribution changes. The difference fromthe original signal distribution stimulates cell proliferation and leads to pattern regeneration, in effect implementing an
error minimization process that uses signaling memory to achieve pattern correction. In the second
model, we consider a more complex pattern organization with different cell types. Each tissue contains a central (coordinator) cell that controls the tissue and communicates with the other central
cells. Each of them keeps memory about the signals received from other central cells. The values of
these signals depend on the mutual cell location, and the memory allows regeneration of the structure when it is modiﬁed. The purpose of these models is to suggest possible mechanisms of pattern
regeneration operating on the basis of cell memory which are compatible with diverse molecular
implementation mechanisms within speciﬁc organisms.
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Cell Memory Can Regulate Morphogenesis and
Regeneration
Many biological organisms can regenerate some of their
tissues and organs. Some species, such as hydra and planaria, can regenerate the whole organism from its small parts
(Birn-baum et al., 2008). Other organisms, such as salamanders, can regenerate limbs, eyes, portions of the brain, spinal
cords, and jaws (McCusker and Gardiner, 2011; Tanaka and
Reddien, 2011). Mammals have more limited regenerative
potential that nevertheless includes not only wound healing
(Baddour et al., 2012; Sousounis et al., 2014) but also regeneration of complex structures such as antlers (Li, 2012),
liver (Mao et al., 2014), and children’s ﬁngertips (Illingworth,
1974).
Experiments on regeneration in numerous species suggest
that tissues can keep some information about their former
states, including anatomical location (Carlson, 1983; Kragl
et al., 2009; Wang et al., 2009), and communicate this information to surrounding cells during repair processes. Speciﬁc

cell types that exhibit instructive capacity for positional
information include muscle cells (Witchley et al., 2013) and
ﬁbroblasts (Chang et al., 2002; Rinn et al., 2006). Another
cell type that non-cell-autonomously directs cell movement
and diﬀerentiation state is the glycine-gated chloride channel-expressing instructor cell, which regulates the behavior
of other cell types via serotonergic signaling (Blackiston et
al., 2011; Lobikin et al., 2012). Importantly, this information
is not cell-autonomous, and often must coordinate activity
of cells across large distances. For example, when bisected, the anterior end of a planarian ﬂatworm grows a head,
while the posterior piece grows a tail: radically different anatomical structures are produced by cells that were adjacent
neighbors before the arbitrarily-placed cut (Salo et al., 2009;
Lobo et al., 2012), and had been at the same position within
the worm. Thus, it is clear that the decision of which bodyparts to regenerate at a wound site cannot be made locally;
the worms adult stem cells must integrate information from
distant body regions that reveals what parts are missing and
where the wound is located. The long-range communication
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within the body is at least partially mediated by physiological
signaling through electrical synapses known gap junctions
(Palacios-Prado and Bukauskas, 2009; Pereda et al., 2013), as
revealed by the result of allowing worms to regenerate after
being exposed to gap junctional inhibitors or being injected
with RNAi that knock down innexin proteins (Oviedo et al.,
2010). Upon modulation of normal electrical connectivity
among its cells, a planarian with two heads is obtained from
the bisection of a normal one-headed animal (Levin et al.,
2012; Levin, 2014). Remarkably, when both heads are amputated in plain water (no more gap junctional blockers),
in subsequent rounds of regeneration, pieces of the normal
mid-body (gut) reliably regenerate 2 heads inperpetuity
(Levin, 2014), revealing the ability of physiological networks
to store patterning information on long time scales (a kind
of long-term memory). Here, we review our recent work
attempting to computationally model the events that control
regeneration in planaria.
During planarian regeneration, one or two heads are possible: the basic bodyplan of the worm can be altered by a
brief perturbation of the endogenous bioelectric network
guiding pattern formation (Levin, 2013; Tseng and Levin,
2013; Mustard and Levin, 2014), switching between the
2-headed and the 1-headed state (Oviedo et al., 2010; Beane
et al., 2011). The choice between these diﬀerent conﬁgurations of the planarian anatomy is not determined entirely
at the genetic level, because the target morphology of the
worm can be permanently altered by a transient physiological perturbation that does not alter genomic sequence.
While chromatin modiﬁcation (epigenetic remodeling) may
be involved, this does not in itself resolve the question of
how the patterning information is stored in a distributed
manner. Since any reprogrammed (ectopic head) tissues are
discarded at each cut, and the cut can be made anywhere, it
is clear that every piece of the worm now knows that upon
cutting, it is to make a 2-headed worm instead of the normal
1-headed pattern. However, side wounds made in such animals do not automatically make ectopic heads, showing that
the worm’s state has not simply been changed to implement
a rule like “any wound forms a head”. The information about
the number and location of heads that the stem cells must
build is kept in the remaining tissue after the ectopic heads
are removed. It is important to note the fundamental fact
that even a normal worm is a system whose cells know to
stop moving, diﬀerentiating, and proliferating when the correct pattern has been achieved (when for example are generated head is complete). Together, these observations suggest
the existence of a set of properties and mechanisms that
allow pieces of the worm to stably encode information that,
upon cutting, guides cellular activity towards appropriate
morphogenesis and also provides a suﬃcient stop condition
when the correct shape has been restored.
Despite many recent high-resolution studies of the genetic
pathways regulating stem cell diﬀerentiation (Reddien et al.,
2005; Petersen and Reddien, 2011; Wagner et al., 2011; Agata
et al., 2014), it is entirely unclear how altered bodyplan layouts can be re-written into the default planarian target morphology, or how the stem cells know to stop their remarkable
activity once a correctly shaped and sized head(s) has been
produced. Moreover, the development of conceptual models
to understand information processing and control dynamics
in large-scale pattern repair has not kept up with the rapid
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progress of mechanistic detail of pathways regulating events
at the level of single cells. Thus, it is crucial to attempt to formulate computational models that serve as examples of the
kinds of mechanisms that could exist (Reitz, 2012; Friston et
al., 2015; Ogawa and Miyake, 2015). This is especially important for progress in regenerative medicine and developmental
biology, as such models will be needed to guide strategies for
repairing birth defects and traumatic injury, where growth
must be induced towards a particular organ shape (not merely gene expression), and limited to avoid cancer in favor of
regeneration of complex body structures (Ingber and Levin,
2007; Davies, 2008; Wang et al., 2009; Baddour et al., 2012;
Levin, 2013). We analyzed a class of models of pattern regeneration that implements a kind of cell memory suﬃcient to
explain the amazing properties of planarian regeneration.
In this work, we review two conceptual models of pattern
regeneration (Bessonov et al., 2015; Tosenberger et al., 2015).
In the ﬁrst one (Section 2) all cells communicate with each
other and keep the value of the total signal received from the
other cells. If a part of the pattern is amputated, the signal
distribution changes. The diﬀerence with the original signal
distribution stimulates cell proliferation and leads to pattern
regeneration, in eﬀect implementing an error minimization
process that uses signaling memory to implement pattern
correction. In the second model (Section 3) we consider a
more complex pattern organization with diﬀerent cell types.
Each tissue contains a central (coordinator) cell that controls
the tissue and communicates with the other central cells.
Each of them keeps memory about the signals received from
other central cells. The values of these signals depend on the
mutual cell location, and the memory allows regeneration of
the structure when it is modiﬁed. The purpose of these models is to suggest possible mechanisms of pattern regeneration
operating on the basis of cell memory which are compatible
with diverse molecular implementation mechanisms within
speciﬁc organisms.

Model of Pattern Regeneration Based on Cell
Memory
In this model, biological cell structures are considered as
ensemble of mathematical points on the plane. Each cell
produces a signal which propagates in space. It is received by
other cells. The total signal received by each cell forms a signal
distribution deﬁned on the cell structure. This distribution
characterizes the geometry of the cell structure. If a part of
this structure is removed, then remaining cells have two signals. They keep the value of the signal which they had before
the amputation (memory), and they receive a new signal produced after the amputation. Regeneration of the cell structure
is stimulated by the diﬀerence between the old and the new
signals. It is stopped when the two signals coincide.
Consider a 2D domain D ﬁlled by cells. Each cell produces
a signal u which spreads in space. Its intensity decays with
distance as some function f(d). If the distance between cell i
(Ci) and cell j (Cj) is dij, then Cj receives signal f(dij) from Ci.
We will assume here that each cell produces the same signal.
Therefore, Ci receives from Cj a signal of the same intensity
f(dij). For each cell Ci we can count the total signal which it
receives from other cells:
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We will use also the notation u(x) assuming that x belong to
the domain D, ui = u(xi), where xi is the coordinate of the ith
cell.
Clearly, cells located in diﬀerent part of the domain will
receive diﬀerent signals. For example, a cell located at the
boundary receives signals only from one side and the value
of the signal can be less than for a cell which is located inside
the domain. Therefore the distribution u(x) represents some
information about the geometry of the domain.
We suggest an algorithm for the placement of new cells,
as one hypothesis of the policy guiding the migratory and
diﬀerentiation behavior of neoblasts during regeneration. It
is determined by the following three conditions:
1. All cells are placed in the nodes of the square grid. Each
cell has 8 neighbors, 4 of them with a common side and 4
other cell with a common diagonal. Each new cell is placed
in such a way that among its neighbors there is at least one
cells from the cut (blastema) or another new cell. This condition provides continuity of growth of the regenerating
domain, beginning from the place of the cut,
2. When we add a new cell we calculate the signal in every
control cell. The new signal should be less than or equal to
the old signal,

In numerical simulations this condition should be satisﬁed
with certain accuracy.
3. Let us introduce total signals:

Among all cells, which satisfy conditions 1 and 2, at each
time step we choose the cell for which the diﬀerence S*– S(t)
is minimal (Figure 1).

Tissues Exchange Signals and Control Their
Mutual Location
We suppose in this model that not all cells possess memory
and the ability to instruct surrounding cells, but only some
special cells within each tissue (a reasonable supposition
based on the positional memory and instructive capacity
found in speciﬁc cell types). We call them central or coordinator cells. Moreover these cells exchange signals with other
cells of this tissue and with the coordinating cells of other
tissues. Thus, the organism is considered as an ensemble of
tissues, while the growth of each individual tissue is directed by its centre of organisation. In the simplest model, we
assume that the centre of organization is a single stem cell,
which is able to generate its surrounding tissue through a
series of asymmetric divisions. The question we pose here
is whether the cell memory can be suﬃcient to restore the
relative spatial position of individual tissues in the organism
and thus characterize the organism’s morphology. As was the
case in the regeneration model, here we again assume that
tissue centres can exchange signals and that each centre can
possess a genetic or a temporary memory of signal intensity.
Therefore, we consider that each centre Ci produces a signal
si which decays exponentially in space. The signal si is then
perceived by cell Cj as sji = f(dij), where dij is the distance between cells Ci and Cj and f is the exponential decay function.

Each organizing cell Cj possesses amemory uji* of the ideal
intensity of the signal produced by each other cell Ci. In a
case of a perturbation of the spatial conﬁguration of organizing cells, each organizing cell receives signals with intensities that diﬀer from the memorized intensities. As a result of
that diﬀerence cell Cj will produce a response to cell Ci:

where is the vector of position, t is the moment of time,
and d( , j(t)) is the distance between the spatial position
and the position of the cell Cj at the moment t. The response
signals zji then direct the movement of the cell Ci along their
gradient:

where i(t) denotes the spatial position of the organizing cell
Ci at the moment t.
The described model of tissue centres organization has
been shown to be suﬃcient for keeping their spatial conﬁguration stable and resistant to non-extreme perturbations.
Thus, for an organism with n organizing cells (n tissues) It
is suﬃcient to memorise n(n − 1) diﬀerent signal intensities and to be able to produce n2 diﬀerent signal types. If we
reduce this requirement to two diﬀerent signal types (one
initial signal type and the response signal type), the system
becomes unstable even for small perturbations.
In order to demonstrate the possibility of the model to
characterize spatial conﬁguration of diﬀerent tissues we
apply a simple model of tissue growth and growth control.
Each organizing cell is a stem cell which can divide in an
asymmetric way, producing a new stem cell containing the
memory of the mother cell and a diﬀerentiated cell of the
corresponding tissue unable to divide. In order to limit tissue
growth each stem cell produces a life support signal which
decays in space. If a diﬀerentiated cell of that tissue perceives
the intensity of the support signal which is lower than some
threshold, it dies through apoptosis. Figure 2 shows a stable conﬁguration of several bordering tissues representing
a model organism. Firstly, the ﬁgure shows the formation
of tissues and that the conﬁguration remains stable when
the tissues come in a contact with each other. Secondly, it is
shown how the organism stays stable through the process of
regeneration following an amputation of a part of the tissue.

Discussion
Information and communication
The models presented above suggest possible mechanisms of
pattern regeneration on the basis of cell communication and
memory. In the ﬁrst model, we consider the case of horizontal communication. All cells are similar to each other, they
produce the same type of signal and receive signals from all
other cells. The information cost of this model for each particular cell is very low. Each cell memory consists of a single
real number. On the other hand, since each cell participates
in this signal exchange, this mechanism poses a limitation on
the total number of cells and on the size of the pattern.
The two-level communication scheme suggested in the
second model is more ﬂexible. The pattern consists now of
several tissues. Each tissue has some central or coordinating
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Figure 1 An example of pattern regeneration in the first model.
The pattern after amputation represents a rectangle. Regeneration
reproduces exactly the original patterns before amputation. Different
regenerated patterns are obtained because the memory remaining after
amputation is different. Reprinted from Bessonov et al. (2015).

cells whose function is twofold. They communicate with the
cells of this tissue with the purpose to control its form and
size formandsize. On the other hand, they communicate
with the coordinating cells of other tissues. This second signal exchange keeps the information about the global pattern
organization: how diﬀerent tissues are located with respect
to each other. Here only coordinating cells possess memory,
but it is now more extended than in the ﬁrst model. It consists of several numbers, where “several” is the number of
other coordinating cells.
These models suggest conceptual mechanisms of pattern
regeneration. They do not take into account numerous
speciﬁc features of biological organisms. Many mechanisms
of cell communication and memory (including chemical,
bioelectrical, and tensile forces) compatible with the signaling described in these models are currently an active area of
study (Davies, 2008; Mustard and Levin, 2014).
A possible suggestion of molecular basis of the phenomenon of cell memory implies that the signals between cells,
included in our model, can depend on a set of epigenetic information, comprised by speciﬁc types and locations of cell
surface molecules, distributed during cell divisions according
to a set of laws, preserving some of them in each cell (Morozova and Shubin, 2012). Thus, the distribution of these molecules of the epigenetic code which has rested on the membranes of the control cells after amputation, will inﬂuence a
process of new signals formation and distribution, as during
the process of regeneration, so in the normal development.
Then this additional level of molecular information can be
considered as the epigenetic code for the target morphology
of an organism.
Perspectives
Our model reveals a scheme which explains how a stable pattern can be stored, and re-written, in a cellular network. Future eﬀorts will extend the model to other examples of target
morphology change, such as crab claws and trophic memory
in deer antlers (reviewed in (Lobo et al., 2014)). Fleshing out
the model with additional realistic parameters will enable
derivation of testable predictions, which can readily be tested
in planaria. Convergence of agent-based models of pattern
memory (Bessonov et al., 2015; Tosenberger et al., 2015)
with other algorithmic (Slack, 1980; Friston et al., 2015) and
continuous gradient models (Meinhardt, 2008, 2009; Werner
1904

Figure 2 Numerical simulation of organism growth and regeneration
with the second model.
There are several diﬀerent tissues represented by diﬀerent colors. a)
The dots show equilibrium positions of central cells of each tissue, the
circles around them the size of the corresponding tissue controlled by
the central cells. b) Beginning of growth. c) Final form of the organism.
d) A part of the organism is amputated. e) Regeneration to the original
form.

et al., 2015) will provide the ﬁeld with much-needed theory
to guide experiments on pattern memory.
While much of the regeneration ﬁeld is searching for
ways to induce regeneration, there are two other crucial
components. One is the possibility of programming growth
at the level of organs: providing signals that trigger complex
downstream patterning cascades (developmental modules)
without needing to micromanage the process directly. This
will allow us to defeat the complexity barrier that stymies
efforts to rebuild organs such as the hand or the eye even if
all stem cell derivatives were readily available (Levin, 2011).
The second is the issue of how such growth, once triggered,
stops after a correctly shaped and sized body-part is rebuilt; this is crucial if regenerative therapies are to avoid
carcinogenesis. Cancers have often been called “wounds
that do not heal” (Dvorak, 1986; Riss et al., 2006; Byun and
Gardner, 2013), underlying the critical nature of patterning information that separates regenerative wound repair
with uncontrolled and lethal tumor growth. The dynamics
of this patterning information must be understood, if we
are to develop eﬀective strategies for guiding patterning by
rewriting, in vivo, the parameters that regulate target anatomical outcomes.
Aside from regenerative repair, three other areas will
beneﬁt from similar approaches. First, the repair of birth defects during embryogenesis likewise depends on knowledge
of the dynamics that implement particular shapes (in this
case, self-organized from the fertilized egg stage). Second,
evolutionary biology may face signiﬁcant implications of
genomic alterations that regulate key aspects of this kind of
cell-to-cell communication; molecular studies in this ﬁeld
could ask which cells mutations and which epigenetic inﬂuences could rewrite the cellular parameters toward adaptive outcomes of the pattern regulation. Finally, synthetic
bioengineering will need models such as this to guide eﬀorts
to build self-assembling hybrid constructs, the so-called
biobots implemented with synthetic morphology (Doursat,
2006; Davies, 2008; Doursat et al., 2012, 2013; Doursat and
Sanchez, 2014; Kamm and Bashir, 2014).
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