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A B S T R A C T   

Head-tail planaria morphologies are influenced by the electric potential differences across the animal’s primary 
axis, as evidenced e.g. by voltage-sensitive dyes and functional experiments that create permanent lines of 2- 
headed but genetically wild-type animals. However, bioelectrical and biochemical models that make pre-
dictions on what would happen in the case of spatial chimeras made by tissue transplantation from different 
planaria (different species and head shapes) are lacking. Here, we use a bioelectrical model to qualitatively 
describe the effects of tissue transplantation on the shape of the regenerated head. To this end, we assume that 
the cells may have distinct sets of ion channels and ascribe the system outcome to the axial distributions of 
average cell potentials over morphologically relevant regions. Our rationale is that the distributions of signaling 
ions and molecules are spatially coupled with multicellular electric potentials. Thus, long-time downstream 
transcriptional events should be triggered by short-time bioelectrical processes. We show that relatively small 
differences between the ion channel characteristics of the cells could eventually give noticeable changes in the 
electric potential profiles and the expected morphological deviations, which suggests that small but timely 
bioelectrical actions may have significant morphological effects. Our approach is based on the observed re-
lationships between bioelectrical regionalization and biochemical gradients in body-plan studies. Such models 
are relevant to regenerative, developmental, and cancer biology in which cells with distinct properties and 
morphogenetic target states confront each other in the same tissue.   

1. Introduction 

When planarian flatworms are cut into fragments, the resulting 
pieces can make a complete worm following morphological mechanisms 
still under discussion (Cebrià et al., 2018, Pezzulo and Levin, 2016). In 
particular, the number, location, and shape of heads have been experi-
mentally and theoretically studied (Bischof et al., 2020, Cervera et al., 
2020a, Cervera et al. 2021a, Durant et al., 2019, Emmons-Bell et al., 
2015, Owlarn and Bartscherer, 2016, Pietak and Levin., 2018, Pietak 
et al., 2019, Saló et al., 2009). Distinct head–tail, no-head, and double- 
head axial morphologies are observed by controlling the electric po-
tential differences across the animal’s primary (anterior-posterior) axis 
as evidenced by voltage-sensitive dyes (Durant et al., 2017, Durant et al., 
2019). The functional importance of this bioelectrical prepattern (Beane 
et al., 2011, Durant et al., 2017, Durant et al., 2019, Nogi and Levin, 
2005, Pezzulo et al., 2021) was shown in experiments in which the 

number of heads in regenerating fragments was modulated by specif-
ically altering ion channel function or gap junctional connectivity. In 
addition to the number of heads (and the patterning of the primary axis), 
different morphologies of planarian heads, the shapes of their brain, and 
distributions of stem cells are obtained after gap junction (GJ) blocking 
caused by octanol (Cervera et al., 2021, Emmons-Bell et al., 2015). In 
this case, the heads of wild-type, genomically-normal planaria can be 
remodeled to resemble those of different planaria species by temporarily 
disturbing the intercellular connectivity during regeneration (Emmons- 
Bell et al., 2015). 

It has been proposed that bioelectric gradients, acting far earlier than 
the known (downstream) gene expression and morphogen distribution 
changes, are drivers of morphogenetic cues that enable fragments to 
rebuild a correct worm (Durant et al., 2017, Durant et al., 2019, 
Emmons-Bell et al., 2015). Also, the induced 2-head state is permanent 
-fragments of such worms continue to generate 2-headed worms in 
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perpetuity, without any further manipulation (Durant et al., 2017, 
Oviedo et al., 2010). In contrast to other species (mouse, fruit fly, etc.) in 
which genetic lines of aberrant anatomy are readily obtained and kept, 
the 2-headed worms remain the only known stable line with abnormal 
anatomy in planaria. A key aspect of understanding the target mor-
phologies reliably produced by independent cell activities is the delin-
eation of collective decision-making that leads to specific shapes within 
a given context. Such information is best obtained by perturbing the 
system in ways that explore its behavior outside the one standard sce-
nario of wild-type regeneration. A useful strategy in biology has been 
that of chimerism (Nanos and Levin, 2022) because by confronting cells 
and tissues with novel neighbors, insight can be gained into the ways in 
which growth and form depend on the properties of the cells. Although 
much information about the molecular steps guiding stem cell differ-
entiation in planaria exist (Aboobaker, 2011, Hwang et al., 2015, Red-
dien et al., 2005), models that make predictions about what shapes will 
arise in chimeric scenarios are lacking. 

Bioelectrical networks can provide useful qualitative ideas con-
cerning the system morphology under different environmental con-
straints (Cervera et al., 2020b). We consider here model simulations that 
address what will happen if you mix cells from different planaria 
(different species and head shapes), e.g., what kind of head shape will 
result (Levin et al., 2019). In this way, we aim at qualitatively describing 
the effects of tissue transplantation on the shape of the regenerated 
head. 

We employ a purely bioelectrical perspective (Fig. 1) as a comple-
mentary view to the biochemical (Cebrià et al., 2018, Stückemann et al., 
2017) and biomechanical (Bischof et al., 2020, Leronni et al., 2020) 
descriptions. To this end, we focus on the cell bioelectrical character-
istics of two species of decapitated flatworms with distinct head shapes 
(Fig. 1), assuming that the two cell types have different gene expressions 
which are specific to their respective morphologies (Levin et al., 2019). 
Thus, the cells may have different sets of ion channels and gap junctions 
(GJ) (Cervera et al., 2020b, Levin, 2021, Nogi and Levin, 2005). 

While we incorporate in the model the cellular ion channel hardware, 
we analyze which shape would result from the heterogeneous mixture of 
Fig. 1 by focusing on the bioelectrical software, implemented here by the 
multicellular electrical signals that control the large-scale outcomes. In 
this way, we ascribe the morphological system outcome after trans-
plantation to the axial distribution of cell potentials (Cervera et al., 

2020a, Durant et al., 2017, Durant et al., 2019). The steady-state elec-
trical potential profiles are obtained for the two decapitated planarians 1 
and 2 from different species and compared with that of a chimera in 
which planarian 2′s cells are transplanted onto decapitated planaria 1. 
The deviation of the bioelectrical profile of the transplanted chimera 
planaria with respect to the decapitated planaria 1 is used to predict the 
transplanted planaria outcome (Fig. 1) because it is experimentally 
known that the distributions of signaling ions and molecules are 
spatially coupled with multicellular electric potentials (Cervera et al., 
2020b, Durant et al., 2017, Levin, 2021). In this way, multicellular 
electric potentials can contribute to the distributed positional informa-
tion (Cervera et al., 2019, Levin 2021) needed for development and 
regeneration. 

Assuming that head regeneration occurs after transplantation, we 
predict the final head shape of the transplanted planaria on the basis of 
deviation criteria for the different steady-state potential distributions 
before and after the transplantation of Fig. 1. Certainly, this constitutes a 
simplifying model assumption. Note however that a large number of 
mechanisms relating bioelectrical cell states to biochemical downstream 
processes have been described; specifically, it has been shown in ex-
periments in vivo that the bioelectric state regulates (and can even 
reverse) the downstream implementation machinery which includes 
biochemical, transcriptional, and likely biomechanical pathways (Cer-
vera et al., 2020b, Durant et al., 2017, Durant et al., 2019, Emmons-Bell 
et al., 2015, Harris, 2021; Levin et al., 2019, Levin, 2021, Pai et al., 
2020, Pezzulo et al., 2021, Pietak and Levin, 2018). 

Our rationale here is that: (i) multicellular electrical potentials are 
morphologically instructive (Cervera et al., 2020b, Durant et al., 2017, 
Durant et al., 2019, Harris, 2021, Levin et al., 2019) and (ii) the short- 
term bioelectrical information eventually modulates the long-term 
transcriptional responses because of the coupling between the electric 
potential and the signaling ions (e.g., calcium) and molecules (e.g., se-
rotonin) spatiotemporal distributions (Cervera et al., 2020b, Levin, 
2021), as shown in Fig. 2. Thus, while the head morphology is not 
exclusively dependent on just the electric potential, the experimental 
fact is that cell potentials significantly influence crucial downstream 
biochemical and genetic responses in planaria. Note however that, in 
this model, we will put emphasis on the dynamics of bioelectrical pat-
terns rather than on the biochemical processes that they can control 
downstream. 

Fig. 1. (A) Schematic of the thought experiment involving two different planarian species with distinct head morphologies and similar tails. (B) The head region 
removed is assumed to amount to 20 % of the total multicellular aggregate. In the simulations, the different axial potential profiles obtained are supposed to be 
instructive for the distinct head anatomies. These axial potentials V are calculated by averaging the two-dimensional multicellular distribution at each point along the 
sectional grid. (C) After the two heads bisection, a percentage of the planaria 2 cells is transplanted into the removed trunk of the planaria 1. (D) The mixing zone in 
the transplanted planaria where limited cell mixing may occur. Because of the mechanical junctions between cells, the inter-diffusion of cells 1 and 2 should be 
limited to a relatively small mixing zone. We tentatively assume that this zone amounts to 10 % of the non-decapitated multicellular aggregate, which is significant 
but smaller than the two individual planaria fragments. 
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2. Biophysical model 

The complexity of the feedback between the spatial and time scales 
of transcriptional, mechanical, and electrical processes (Bischof et al., 
2020, Capek and Müller, 2019, Herath and Lobo, 2020, Ivankovic et al., 
2019, Owlarn and Bartscherer, 2016, Reddien, 2018, Stückemann et al., 
2017, Williamson et al., 2021) makes a complete biological description 
difficult. Here, we concentrate on the electrical polarity only, estab-
lishing a minimal bioelectric framework sufficient to analyze the 
chimeric scenario, and assume that the different head morphologies 
arise from the bioelectrical signals and the resulting downstream 
biochemical processes. In this short-term approach, the number of model 
cells after transplantation is fixed and the subsequent long-time tran-
scriptional and regeneration processes are ignored (Cervera et al., 
2020b). 

In this phenomenological model, the experimental outcomes of Fig. 1 
depend on the relative contributions of the individual ion channel 
conductances and the intercellular gap junction conductance, as shown 
in Fig. 2 (Cervera et al., 2020a). From an instructive bioelectrical 
perspective (Cervera et al. 2020b, Levin, 2021), the multicellular elec-
tric patterns control the system morphology through the interplay be-
tween the individual cell ion channels that establish the electric 
potential difference across the membrane and the intercellular gap 
junctions that propagate the single-cell states to their neighbors (Durant 
et al., 2017, Durant et al., 2019, Emmons-Bell et al., 2015). 

Fig. 2 shows a multicellular aggregate characterized by the single- 
cell potentials Vi < 0, i = 1, 2, …, N (Cervera et al., 2020a). The elec-
tric potential pattern can be visualized by using voltage-sensitive dyes 
(Durant et al. 2019, Lazzari-Dean et al., 2021, Levin, 2021). The cell 
potentials depend on the dynamic current balance modulated by two 
generic depolarizing and polarizing channels together with the inter-
cellular currents through the gap junctions established between neigh-
boring cells (Cervera et al., 2020b). Analogously, counteracting voltage- 
gated channels and synaptic junctions modulate the cell excitability and 
plasticity of neural networks, respectively. 

In a real cell, there is a myriad of membrane channels and ion 
transporters. The polarizing (pol) voltage-gated channel in Fig. 2 

represents the whole class of (hyper-)polarizing channels that act to 
establish an effective equilibrium potential Epol. Similarly, the depola-
rizing (dep) channel in Fig. 2 represents the whole class of depolarizing 
channels that act to establish an effective equilibrium potential Edep. 
These potentials, which characterize the polarized and depolarized cell 
bioelectrical states depend on the external and cell inside ionic con-
centrations that are assumed to be constant here. The model cell 
capacitance C parametrizes the cell sensitivity to bioelectrical signals. 
The simulation conditions are briefly described in the Methods section. 

3. Results and discussion 

Fig. 3 shows the cell potential distributions for planarias 1 and 2 
before transplantation together with those obtained for the transplanted 
planaria after insertion (Fig. 1). Note the different axial distributions 
assumed for the dep channel conductance of planarias 1 and 2 in Fig. 3. 
Because the two cell types should have different gene expressions which 
are specific to the respective planaria morphologies (Levin et al., 2019), 
it is reasonable to assume that these cells may show distinct sets of ion 
channels (Cervera et al., 2020b, Levin, 2021). We may consider that the 
differences between the cells channel characteristics could be either 
qualitative (i.e., different genes and protein ion channels) or quantita-
tive (i.e., genes with different expression levels). Experimentally, the 
interplay between two voltage-gated depolarizing channels (Wheeler 
et al., 2012) with different axial localizations (Zhang et al., 2011) has 
been found to influence planarian polarity because of the calcium- 
controlled local gene expression. 

We need now to define deviation criteria to extract morphological 
consequences from the simulations. In biochemical models, instructive 
information can be obtained from the concentration profiles of signaling 
molecules over morphologically significant regions (Cervera et al., 
2021, Herath and Lobo, 2020, Werner et al., 2015). Analogously, we 
assume here that the electric potential over the left fragment of the 
transplanted system is crucial to the subsequent head development. 
Thus, Fig. 4 shows the axial potential profiles, together with the results 
of averaging these potentials over this fragment, for different trans-
plantation percentages parametrized by the relative size of the 

Fig. 2. (A) Schematic of the multicellular aggregate of N = 500 cell potentials. The cells are fixed in place with a fixed number of intercellular gap junctions. The 
concentration distribution S of a positively charged ion or molecule regulated by the electric potential is also shown for comparison. Particular examples of these 
signaling biochemical species can be found elsewhere (Aslanidi et al., 2001, Cervera et al., 2020b, Durant et al., 2017, Harris, 2021, Levin, 2021). (B) The ionic 
currents Idep,i and Ipol,i flow through two generic depolarizing (dep) and polarizing (pol) voltage-gated channels when the cell potential Vi deviates from the respective 
equilibrium potentials Edep and Epol. Here, G∘

k,i (k = dep, pol) is the maximum channel conductance, z is the gating charge number, Vth is the threshold potential, and 
VT = RT/F is the thermal potential, where R is the gas constant, T is the temperature, and F is the Faraday constant (Cervera et al., 2020b). The intercellular current 
Gij(Vi − Vj) flows from cell i to its neighboring cell j through a gap junction with conductance Gij⩽G∘ , where G∘ is the maximum junction conductance. The potentials 
V0 and V∘

th characterize the junction conductance shape (Cervera et al., 2020b). This intercellular current flows between the central cell i and the n ≈ 4 nearest- 
neighbor (nn) cells j. Note that each cell type 1 and 2 may have different channels and junction conductances. 

J. Cervera et al.                                                                                                                                                                                                                                 



Journal of Theoretical Biology 558 (2023) 111356

4

transplanted trunk. The numbers in the 4 × 4 panels of Fig. 4 quantify 
the deviation between the transplanted planaria and the decapitated 
planaria 1. Note that the deviation index could be interpreted not only as 
the most probable head outcome but also as a measure of intermediate 
morphological outcomes. 

The experimental variability associated with cutting and trans-
plantation makes it necessary to introduce some stochastic characteris-
tics in the mixing zone. On the opposite side, however, the zone 
characteristics should be approximately specified to allow a direct 
comparison between simulations. Taking advantage of the two- 
dimensional geometry of the mixing zone (Figs. 2 and 3), we consider 
different distributions for the cell concentration in the cross-section but 
force them to follow a linear probability distribution along the mixing 
zone axis in the simulations. This stochastic characteristic of the model is 
clearly shown by the different results obtained in Fig. 4 for the case of 
four distinct mixing zones at fixed transplantation percentage. As ex-
pected, the relative axial potential differences obtained tend to decrease 
with the transplanted percentage because of the concomitant increase in 
the absolute number of planaria 2 cells contributing to this potential. 

The results of Fig. 4 are summarized in Fig. 5, which provides esti-
mations of the expected deviations between the transplanted planaria 
and the planaria 1 heads for different transplanted percentages of 
planaria 2 and three degrees of intercellular connectivity. These de-
viations are estimated from the deviation index of Fig. 4, which is based 
on the different axial potentials averaged over the left region of the 
system. As expected, the deviations increase with the transplanted 
percentage and decrease with the multicellular aggregate connectivity 
because of the bioelectrical buffer effect due to planaria 1 counteracting 

the inserted planaria 2 perturbation. 
Note the wide range of intermediate values obtained for the per-

centage deviations in the expected transplanted planaria head (Fig. 5). 
While the model may ascribe these values to the probabilities of 
obtaining the planaria 2 morphology after transplantation, there is also a 
possibility of intermediate morphologies. Note also that the network 
effects derived from changes in the gap junction conductance can 
significantly influence the biosystem dynamics and the morphology 
outcomes (Cervera et al., 2020c, Cervera et al., 2021, Emmons-Bell 
et al., 2015, Riol et al., 2021). In particular, the connectivity provided 
by the intercellular junctions can also influence the planaria head 
morphology, as shown experimentally (Emmons-Bell et al., 2015) and 
theoretically (Cervera et al., 2021) in junction blocking studies. 

4. Conclusions 

Head-tail planaria morphologies are influenced by the electric po-
tential difference between the axial extremes, as evidenced by voltage- 
sensitive dyes (Durant et al., 2017, Durant et al., 2019) and originally 
identified by applied field effects (Lange and Steele, 1978, Marsh and 
Beams, 1952). We have employed a biophysical approach to qualita-
tively describe the effects of fragment transplantation on head regen-
eration when different cell types of planaria are present (Fig. 1). As a 
complementary view to the dominant biochemical descriptions (Adell 
et al., 2010, Meinhardt, 2008), we concentrate on the bioelectrical 
characteristics by assuming that the different cells may have distinct sets 
of ion channels. We ascribe the system outcome to the axial distributions 
of average cell potentials over morphologically relevant regions. Our 

Fig. 3. (A) The electric potentials Vi of the cells of planarias 1 and 2, both before and after decapitation, together with the resulting steady-state values obtained for 
the transplanted planaria. (B) The corresponding dep channel conductance distributions that give rise to the cell potentials. The lines above the multicellular 
aggregate show the axial profiles of these bioelectrical magnitudes. Note that the single-cell characteristics z = 2 and Vth = − VT = − RT/F = − 27 mV are the same 
for both channels. For the pol channel, we use Epol = − 55 mV and G∘

pol/G∘
ref = 1, where G∘

ref is a reference conductance. For the dep channel, however, we use Edep =

− 5 mV and consider the different G∘
dep/G∘

ref axial profiles shown in the figure to characterize the distinct planarias 1 and 2. For the gap junction conductance of Fig. 2, 
we assume also the common values G∘/G∘

ref = 1, V0 = 10 mV, and V∘
th = 20 mV. 
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rationale here is that the instructive signaling ions and molecules dis-
tributions are spatially coupled with the multicellular electric potentials. 
Thus, long-time downstream transcriptional events should be triggered 
by short-time bioelectrical processes. 

It may be surprising that a relatively small difference between the ion 
channel characteristics of cells # 1 and # 2 (Fig. 3) could eventually give 
noticeable changes in the electric potential profiles (Fig. 4) and the ex-
pected morphological deviations (Fig. 5). It is important to realize that 

Fig. 4. The axial potential V (black curves) of the transplanted planaria vs position for different sizes of the transplanted trunk of planaria 2 (rows, 10–40 % per-
centages) and different compositions of the mixing zone (columns). The curves describing the axial potential V of the decapitated planarias 1 (top, red) and 2 (bottom, 
blue) are the same in all panels. The percentage shown in each panel is the deviation index 100 %|〈Vt〉 − 〈V1〉 |/|〈V2〉 − 〈V1〉 |, where 〈Vt〉, 〈V1〉, and 〈V2〉 are average 
values of V over the 10 % left region (shadowed) of the transplanted, decapitated 1, and decapitated 2 planarias, respectively. This index serves as a predictive system 
outcome, because a large value of the index indicates that the transplanted planaria deviates significantly from decapitated planaria 1 and resembles decapitated 
planaria 2. The mixing zone (m. z.) contains cells from the receiver (planaria 1, light green) and the donor (planaria 2, dark green) planaria, as shown in the insets. The 
cell composition in the m. z. is generated randomly (see Methods). The m. z. is centered at the right end of the transplanted region and its size is 10 % of the planaria 
length. The system parameters used are those of Fig. 2. 

Fig. 5. (A) Estimated percentage deviation of the expected transplanted planaria head with respect to that of the planaria 1 as a function of the planaria 2 trans-
planted percentage. The curve is obtained from the deviation indexes of Fig. 4 and three distinct (weak, W; medium, M; strong, S) intercellular connectivities. The 
results correspond to 10 simulations with different mixing zones (Fig. 1) at each percentage transplanted. The central dot is the average value between the maximum 
and minimum values shown by the error bars. The inset shows the 10 % left fragment where the axial potentials are averaged. (B) The multicellular aggregate 
connectivities are parametrized by three voltage-gated conductances in the model of Fig. 2, where Vij is the intercellular potential across the gap junction. The 
junction conductance parameters are G∘/G∘

ref = 0.5 and V0 = 20 mV (weak connectivity), G∘/G∘
ref = 1 and V0 = 10 mV (medium connectivity), and G∘/G∘

ref = 1.5 and 
V0 = 5 mV (strong connectivity). The channel conductances parameters are those of Figs. 2–4. 
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local bioelectrical perturbations are the initial step for the system 
outcome to be established downstream: the new electric potential 
pattern is instructive because it triggers subsequent biochemical pro-
cesses that lead to the final morphology (Cervera et al., 2020b, Levin, 
2021). For instance, it has been shown that even a single ion channel 
mRNA can induce very significant morphogenetic changes such as the 
induction of whole eyes in ectopic locations (Pai et al., 2012) or the 
repair of complex brain defects (Pai et al., 2020), which suggests that 
small but timely bioelectrical actions may have significant morpholog-
ical effects. Note also that spatial correlations between neighboring cells 
are crucial for establishing patterns at both the local level and the overall 
system (Cervera et al., 2020b, Glen et al., 2018, Sajid et al., 2021). These 
experimental facts show the inherent capacity of multicellular systems 
to transit different configuration spaces (Fields and Levin, 2022) and 
clearly suggest that bioelectricity should contribute to the combination 
of plasticity and robustness characteristic of morphology (Cervera et al., 
2020b, Levin, 2021). 

The model simulations are not without limitations. For instance, we 
use only a small number of cells and have not considered the time- 
dependent regeneration process (Herath and Lobo, 2020, Werner 
et al., 2015), attempting to emphasize those bioelectrical parameters 
(Figs. 2 and 3) that can be manipulated to obtain the different mor-
phologies (Figs. 4 and 5). Also, other relevant polarity effects concerning 
flow driven by the multiciliated epithelium and the nervous system role 
(Bischof et al., 2020) are ignored. Despite these limitations, this theo-
retical approach offers testable predictions concerning morphological 
outcomes and can be developed further, e.g. by considering distinct sets 
of gap junctions (Figs. 2 and 5) and by integrating together the initial 
bioelectrical regionalization with the subsequent long-time biochemical 
gradients in more complete body-plan studies. Most importantly, it 
provides a framework for understanding large-scale outcomes of 
morphogenesis in scenarios where tissues have distinct target mor-
phologies. Subsequent experiments in planarian and other models will 
test these predictions, toward developing a better understanding of the 
control of emergent large-scale growth and form. 

5. Methods 

The simulation conditions are now briefly described. The ensemble 
of cells was constructed by generating a Voronoi diagram in 2D from a 
seed of points that form a square grid with a 25 % randomness over their 
position. The Voronoi diagram gives the different regions of cells 
including its vertices and edges. Two neighboring cells share one edge. 
The final ensemble is cut off from the Voronoi diagram. In every 
transplantation, the donor and receiver cell ensembles have the same 
geometry. 

Once the geometry is determined, we give to every cell the particular 
bioelectrical parameters that correspond to its central position in the 
ensemble (Fig. 3). Initially (time t = 0), the steady-state potential of the 
single-cell isolated from its neighbors is used. In those cases where there 
are more than one steady-state potential (the bi-stable region; see Cer-
vera et al. 2020a), the depolarized value is selected. Then the cells are 
“connected” to their neighbors and the systems are left to evolve for 100 
times the characteristic bioelectric time. For typical values of C = 10 nF 
and G∘

ref = 1 nS, the characteristic bioelectric time is C/G∘
ref = 10 s. The 

evolution of the system is calculated from the equations of Fig. 2 using a 
finite-difference scheme. First, a maximum time variation for the cell 
potential is set at Vmax = 10− 3 mV together with a minimum and 

maximum time steps Δtmin = 10− 3
(

C/G∘
ref

)
and Δtmax = 102

(
C/G∘

ref

)
, 

respectively. Then, for each simulation time, the time variation of every 
cell potential Vi is calculated from the equation of Fig. 2. The time step is 
obtained as Δt = min[dVi/dt]/Vmax for all i, but keeping Δtmin⩽Δt⩽Δtmax. 
Then both the time and the cell potentials are updated as t→t+Δt and 
Vi→Vi + (dVi/dt)Δt respectively. The calculation proceeds until the 
desired time is reached. Once the time is reached, we eliminate the cells 

of the head (the most-left 20 % of the ensemble) and left the system 
evolve for another 100 times the characteristic bioelectric time. 

The transplantation starts by selecting the zone to be transplanted by 
indicating the position xcut of the trunk cut off from the donor ensemble. 
Then, the transplanted zone is divided into two sections based on the 
average axial position xcell of the cell. If xcell < xcut − 0.05L (5 % of the 
ensemble), the cell of the donor ensemble replaces that of the receiver 
ensemble. If xcut − 0.05L < xcell < xcut + 0.05L (mixing zone), we 
proceed to generate a random number r. Only if 
r < (xcut + 0.05L − xcell)/0.1L, the cell is transplanted; otherwise, the 
original cell remains in its original place. Once the transplantation is 
completed, the ensemble 1 is left to evolve other 100 times the char-
acteristic bioelectric time. Note that the use of random generated 
numbers makes every transplantation different. 

The average potential profile of Figs. 3 and 4 is calculated by dividing 
the length of the decapitated ensemble into 100 different sections. Then, 
the average potential of every section V is calculated from the cells 
whose center is located within the section. The mean value 〈V〉 used for 
the deviation index of Figs. 4 and 5 is obtained by averaging the po-
tential of all the cells whose coordinate xcell is within the initial 10 % of 
the decapitated ensemble. 
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Saló, E., Abril, J.F., Adel, T., Cebrià, F., Eckelt, K., Fernandez-Taboada, E., Handberg- 
Thorsager, M., Iglesias, M., Molina, M.D., Rodríguez-Esteban, G., 2009. Planarian 
regeneration: achievements and future directions after 20 years of research. Int. J. 
Dev. Biol. 53, 1317–1327. 

Stückemann, T., Cleland, J.P., Werner, S., Thi-Kim, V.H., Bayersdorf, R., Liu, S.Y., 
Friedrich, B., Jülicher, F., Rink, J.C., 2017. Antagonistic self-organizing patterning 
systems control maintenance and regeneration of the anteroposterior axis in 
planarians. Dev. Cell. 40, 248–263. 

Werner, S., Stückemann, T., Beirán Amigo, M., Rink, J.C., Jülicher, F., Friedrich, B.M., 
2015. Scaling and regeneration of self-organized patterns. Phys. Rev. Lett. 114, 
138101. 

Wheeler, D.G., Groth, R.D., Ma, H., Barrett, C.F., Owen, S.F., Safa, P., Tsien, R.W., 2012. 
CaV1 andCaV2 channels engage distinct modes of Ca2+ signaling to control CREB- 
dependent gene expression. Cell 149, 1112–1124. 

Williamson, C., Chamberlin, H.M., Dawes, A.T., 2021. Coordination of local and long 
range signaling modulates developmental patterning. J. Theor. Biol. 517, 110596. 

Zhang, D., Chan, J.D., Nogi, T., Marchant, J.S., 2011. Opposing roles of voltage-gated Ca2 
+ Channels in neuronal control of regenerative patterning. J. Neurosci. 31, 
15983–15995. 

J. Cervera et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0022-5193(22)00347-2/h0050
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0050
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0055
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0055
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0055
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0060
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0060
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0065
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0065
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0065
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0070
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0070
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0070
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0075
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0075
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0075
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0075
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0080
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0080
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0085
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0085
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0085
https://doi.org/10.1242/dev.180794
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0095
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0095
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0100
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0100
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0100
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0105
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0105
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0105
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0110
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0110
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0115
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0115
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0120
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0120
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0120
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0125
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0125
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0130
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0130
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0130
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0135
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0135
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0135
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0140
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0140
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0145
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0145
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0150
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0150
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0150
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0155
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0155
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0155
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0160
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0160
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0165
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0165
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0165
https://doi.org/10.1242/dev.073759
https://doi.org/10.1242/dev.077917
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0175
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0175
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0175
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0180
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0180
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0180
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0185
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0185
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0185
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0190
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0190
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0190
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0195
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0195
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0200
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0200
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0200
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0205
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0205
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0205
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0210
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0210
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0215
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0215
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0215
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0215
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0220
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0220
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0220
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0220
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0225
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0225
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0225
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0230
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0230
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0230
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0235
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0235
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0240
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0240
http://refhub.elsevier.com/S0022-5193(22)00347-2/h0240

	Transplantation of fragments from different planaria: A bioelectrical model for head regeneration
	1 Introduction
	2 Biophysical model
	3 Results and discussion
	4 Conclusions
	5 Methods
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


