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Abstract

Our ultimate goal is the top-down control of complex biological shape. The first
four years of our Center's primary work will focus on exploiting developmental
bioelectricity to understand how cell networks perform the computations that enable
them to coordinate their activity toward robust anatomical target states. Transformative
advances in birth defects, regenerative medicine, cancer, and synthetic bioengineering
require mastery of these mechanisms and computational algorithms.

Learning the rules of large-scale pattern regulation will enable the ability to
specify biological pattern and control its remodeling. Current technology and conceptual
schemes target the level of the biological "machine code" — they are all about proteins,
genes, and cells. The observables and operational parameters at this level do not refer
to large-scale shape and do not facilitate its manipulation. Thus, the field faces
complexity barriers with respect to rational control of morphology (“what genes must be
regulated, in what ways, to change the shape of the hand, or create a new eye?”).

While systems biology seeks to understand emergence of complex form from
molecular mechanisms, there is a major disconnect between the plethora of high-
resolution data and the ability to control patterning outcomes. A complementary top-
down understanding of the information-processing and computation carried out by cells
during development and regeneration is largely missing. We will address this profound
gap by building new tools to exploit endogenous bioelectric pathways that implement
high-level pattern homeostasis and control loops. This will greatly potentiate the impact
of the existing and future results of existing bottom-up reductionist approaches, and
result in highly impactful new capabilities in regenerative medicine and other fields.

We focus on the morphogenetic code: the mechanisms and information
structures by which cellular networks internally represent the target morphology, and
compute the cell activities needed at each time point to bring the body closer to that
morphology. We will of course use the standard work-horses of modern biology:
molecular genetics, biophysics, and developmental physiology. However, we will also
include new kinds of computational modeling, with techniques from statistical
mechanics and Al. One of the key unique aspects of this effort is that it will, for the first
time, deal squarely with an informational approach to morphogenesis. Truly
understanding and exploiting the morphogenetic code, especially its highly regulative
aspects, requires us to understand not only the molecules and genes involved, but also
the algorithms and computations that are performed by cell networks in making
decisions about anatomical growth and form.

We will specifically address the current lack of conceptual apparatus for asking
and answering questions of what patterning systems know, compute, and represent in
their efforts to make and maintain anatomical shapes. We will develop new techniques
and software for reading, writing, and rewriting the bioelectrical software that mediates
between the genome and morphological outcomes. The results of these four years are
expected to explore a new frontier at the boundary between biology, physics, and
information science, establishing foundational technology and concepts. The next four
years, and future efforts, will seek to transition these basic findings into applications in
regenerative medicine, cancer biology, synthetic morphology, bioengineering, and
unconventional computation.




Problem space definition

Explaining and learning to control large-scale anatomy, and its regulation toward
specific shapes, is a central unsolved problem facing modern science. At its core, it is
the task of understanding (and exploiting) the remarkable ability of biological systems to
acquire specific 3 dimensional shape: generating spatial order on many scales, from
tissues to the entire body plan. How all embryos, which begin as one stem cell (the
fertilized egg), reliably build a complex defined anatomy is a major unanswered puzzle.
However, stereotypical development is just the first manifestation of a more
fundamental property of living things: pattern homeostasis [1, 2].

The problem of reliably generating a specific shape is hard enough, but at least
the feed-forward’ development of a zygote into a reliable anatomical outcome gives
hope that complexity theory will explain the eventual reliable emergence of a specific
structural endpoint. However, the bigger issue is dynamic morphological homeostasis:
beyond forming a single well-defined structure, many biological systems have the ability
to repair their complex shape if it's damaged in unpredictable ways [3], and remodel
themselves to fit specific anatomical criteria. For example, many types of early
embryos, when cut in half, will reorganize, and give rise to two perfect twins. The target
morphology of a particular organism is not only a static final state, but an on-going
homeostatic process that harnesses individual cell activities toward repairing and
maintaining that specific shape. This occurs during aging (as individual cells die but the
overall organism continues), regeneration (for example in species that can replace
whole limbs, eyes, and hearts), and remodeling (a tail grafted to the flank of a
salamander will, in 9 months time, be remodeled into a limb — a structure more
appropriate to its new location). This process fails during carcinogenesis, as some cells
ignore the normally tight morphogenetic controls and become in essence unicellular
organisms, defecting from the bodyplan to grow tumors. Masters of regeneration, such
as planaria [4, 5], have also solved the aging problem: body-wide immortality through
continuous regeneration (while individual cells senesce and die).

Thus, the profound problem before us is that of closed loop morphogenesis: not
only forming a complex shape from constant starting conditions (the fertilized egg), but
repairing a shape under deformations that can not be known in advance [6]. How do
systems detect when their correct shape has been altered by injury or disease, compute
what steps to take to restore their correct target morphology, and decide when to stop
growing (after their anatomical goal has been reached)? Regenerating animals rebuild
precisely what is missing, no more no less, in the face of external injuries they could not
have anticipated. When half of a planarian's head is removed, a perfect match is
restored, of the right size and orientation, and then growth stops. Such systems process
information about their current state and its deviation from the target morphology,
perform computations about what should be done next, and make decisions about what
to grow and when to stop [7, 8].

Note that morphogenesis is not just a problem of biology — the core issues of
complex self-assembly, robustness, and information processing among cells and
molecules, to give rise to macroscopic properties (like "organ size" and "heart is anterior

A developing system progresses forward in time, and pattern emerges from physical forces and cell
interactions — a so-called “open loop” process. This is in contrast with “closed loop” processes, in which a
system receives feedback, allowing the effects of its actions to modify what it does in the future.



to liver") also impinge on complexity theory, information sciences, and engineering [9-
12]. They involve issues of self-organized complexity (relevant for thermodynamics and
information theory [13]), the inverse problem of managing outcome from low-level
interactions (relevant for computability and systems optimization tasks [14]), robustness,
and the control of variability (relevant for engineering and communications networks).
Progress in truly solving this problem — cracking the morphogenetic code — entails being
able to specify the desired large-scale shape of a biological structure and the properties
by which that shape will be dynamically self-maintained. It means mastery over the
guidance systems that utilize feedback and memory to harness individual subunits
(cells, pathways) toward large-scale goals like a topologically-correct structure. Control
over these processes would have transformative implications for not only biology and
medicine but many other disciplines. Studying top-down control in biology puts us at the
edge of a very interdisciplinary frontier, with many transformative implications for other
fields that must integrate across levels of organization and control.

A novel approach to overcome current fundamental gaps

The efforts of molecular biologists have made remarkable inroads into identifying
the genetic and biochemical components necessary for these capabilities. However,
there are key gaps in our understanding about what dynamics are sufficient for shape
homeostasis to occur. This is revealed for example by the impossibility of describing the
3D shape or remodeling properties of an organism or tissue given its gene-regulatory
network or genome. We simply do not know how (in the general case) to predict large-
scale patterning outcomes from the molecular-level information. The flip side of
prediction is control. Consider the process of trophic memory in antler regeneration:
some species of deer reproduce a particular rack pattern each year, but if a cut is made
in one location, subsequent years’ growth will include an ectopic tine in that location
[14]. How can the stem cells at the scalp modify their genetic and biochemical pathways
so that next year, one specific area of the emergent branched structure will grow an
additional branch? The possibility that the growth zone at the scalp maintains an
encoded map of the antlers, within which to represent damage sites, and which is used
to guide subsequent growth, is a kind of model that has never been explored
mechanistically: we do not have conceptual tools today to understand how
representational pattern memory could be implemented by biochemical networks. This
is an example of a case where large-scale pattern control is not readily reducible to cell-
level pathways; however, rewriting this internal pattern memory, if we knew how,
represents a much more tractable approach to being able to modify the outcome.

The mainstream paradigm in this field is largely bottom-up: it rests on the hope
that systems biology and complexity theory will explain morphogenesis if we know all of
the necessary mechanistic details. And some aspects of patterning have been
successfully addressed this way [15-19]. However, this is not the whole story, as has
been increasingly appreciated in engineering, physics, and other disciplines [20-26].
Limb regeneration for example can be seen as a feed-forward, emergent process of cell
interaction guided by gene-regulatory networks and biochemical pathways. This model
implies that pattern-changing interventions are to be implemented by providing specific
factors in specific locations — an approach that faces important practical limitations due
to complexity. Another view of the same system is as an information-processing



homeostatic system executing these steps: 1) if damaged (current pattern doesn’t
resemble encoded target pattern), then 2) issue commands to individual cells to bring
overall pattern one step closer to the target morphology; 3) if done, stop, else go back to
#2. This type of model would be defined in terms of pattern memory, anatomical
measurements, and error minimization functions, performed by cellular networks. It is
one of the foundational hypotheses of this Center that we begin, for the first time, to
seek explanations that merge information-level descriptions and control strategies with
the molecular mechanisms that implement them. A second foundational hypothesis is
that rational design of interventions that manipulate systems at the level of large-scale
pattern regulatory modules, not only molecular networks, will provide an essential and
heretofore missing level of control over large-scale shape for applications in
regenerative medicine, synthetic bioengineering, and many other areas.

Regenerative medicine will not reach its true potential until we learn to control the
endpoints we actually care about: the shape and functional structure of complex organs,
not only genes or protein levels. Our Center will work on developing an understanding
of not only mechanism but meaning, addressing the computational referents of
molecular events. Learning to control shape will require development of a “compiler”
that allows one to write instructions in terms of a “high level” language of anatomy, and
convert it to the “machine level” language of genes and proteins. The immense progress
in information technology was made possible in large part by the development of
conceptual tools integrating high-level object-oriented descriptors with the underlying
physical implementation details that could be subsumed into modular, tractable controls.
This enabled altering large-scale functional dynamics without having to address every
underlying physical detail. Several disciplines outside of developmental biology have
developed practical, quantitative formalisms for describing and analyzing causally-
potent emergent controls of complex system behavior [10, 27].

Thus, an important opportunity for fundamental advances in biology is developing
a systems-control description of pattern regulation. In complement with the essential
work of understanding the molecular details, we have to develop a cybernetic or control-
theory view of patterning systems in terms of the information they manage and the
computations they perform during pattern regulation. We currently have few conceptual
tools for modeling or investigating questions of measurement, control, decision-making,
or computation in patterning tissues [28, 29]. Almost all of the existing models are
bottom-up, and we lack the tools to quantify and manipulate what patterning systems
are measuring, storing, and computing as they remodel to specific large-scale specs.
This is highly limiting — analogous to studying behavior and cognition but being limited
only to molecules, and never speaking about higher-level descriptors like depth
perception, memory, inference, learning, goal satisfaction, etc. Another example is
doing physics by studying exclusively the motions of each molecule in a gas, and never
reaching Boyle’s law and thermodynamics. Even if it were possible to do science
exclusively at the lowest level, advances in cognitive science, statistical mechanics, and
engineering have long validated the importance of integrating and controlling multiple
levels of description.

What is needed is the development of frameworks (both experimental and
conceptual) to link high-level descriptors of pattern control (defined at the anatomical
level) with the molecular pathways underlying them. We seek to develop a solid,




quantitative understanding of how large-scale information-processing capabilities of
morphogenetic systems reduce to molecular events, and how biophysical and genetic
processes integrate into systems that make decisions about things that don’t exist at
that level of description (organ identity, size, and topological placement). There are
precedents for successful cross-level integration in the physical and information
sciences? [33-38], but this has not been done in the biology of patterning and cell
regulation. Achieving this would gain for biology what engineering has long exploited to
great success: modularity and top-down guidance, which enable much more efficient
prediction and control by operating at the most efficient level of intervention. Reduction
and integration also make use of “implementation independence” — the low-level details
can vary, as long as the functional control loops remain intact (the same computation
can be done on a PC or a system of pulleys and string).

Evolutionary theory, cancer biology, and many other areas are now facing the
gulf between a wealth of molecular detail and having in hand the key control parameters
of a complex biological system. Synthetic and systems biology seek to address this
largely via bottom-up approaches to programming metabolism and signaling among
single cells in culture, but the control of shape remains largely an unsolved problem.
The molecular and computational tools developed in the last decades have been ideally
suited for learning about the materials of biology. This facilitates accumulating data on
molecular interaction, at ever higher resolution, but eschews key issues of the
information content and its encoding for optimal control. Tools for bridging the gap
between molecular detail and large-scale outcomes, targeting the algorithms and
information content that could enable efficient control of anatomy, have not been built.

Such approaches will inevitably reach a limit due to the inherent complexity of,
for example, assembling a hand directly from stem cell progeny, or rewriting the subtle
pattern of the human face to ameliorate an incipient birth defect. Bottom-up strategies
face the notorious “inverse problem” — the difficulty of knowing what low-level
intervention to make, in order to achieve a specific change in emergent outcomes. Ant
colony simulations can explain complex behavior by large groups of ants; but which of
the ants’ few simple behaviors would we need to change, and how, to have them build
an ant-hill with a chimney with a different shape? It is easy to plot a fractal image by
iterating a formula such as Z = Z?+c, but how to find the formula that will give a specific
desired image? Iterative, emergent control systems are only predictable in one
direction, which greatly hampers control. Such inverse problems are intractable in
general, and put the goals of regenerative biologists and synthetic bioengineers into the
far future, if we cannot discover how biological systems represent key large-scale states

2 Examples include top-down control in lasers (where the emergent property of coherence is both induced
by, and controls, microstates that emit light 30. Haken, H., Synergetics of brain function. Int J
Psychophysiol, 2006. 60(2): p. 110-24, 31. Haken, H., A. Wunderlin, and S. Yigitbasi, An
introduction to synergetics. Open Systems & Information Dynamics, 1995. 3(1): p. 97-130.) and virtual
governors — theoretical constructs defined by the properties of several real current generators that are not
real but nevertheless define an optimal control policy for regulating the entrained activity of those
generators 22. Dewan, E.M., Consciousness as an Emergent Causal Agent in the Context of Control
System Theory, in CONSCIOUSNESS AND THE BRAIN: A Scientific and Philosophical Inquiry, G.M. G.
Globus, and I. Savodnik, Editor. 1976, Plenum Press: New York. p. 181-198, 32. Wiener, N.,
Cybernetics; or, Control and communication in the animal and the machine. 2d ed. 1961, New York,:
M.I.T. Press. 212 p..



and the computations needed to harness molecular-level details to macroscopic
outcomes — top-down control.

It is our hypothesis that evolution achieved highly plastic, self-repairing systems
that operate not by solving inverse problems, but by exploiting modularity and feedback
loops that represent pattern goal states and computing differences among them. This
strategy (control of high-level properties) minimizes the information load on underlying
mechanisms and facilitates coherent pattern control. A thermodynamics analogy for
using these as potent control knobs is the ability to manage “temperature” and
“pressure”, not the velocity of each molecule, when regulating a boiler. Synthetic
biologists will continue to design effective building blocks, but important barriers stand in
the way of traditional systems biology approaches to understand how to derive needed
large-scale outcomes (specific patterns with self-repair capability) from those building
blocks. To transition cell-level synthetic biology to true morphogenetic engineering [39-
41], we must begin to understand how cells process information about current and
future shape outcomes.

In a sense, our approach is the necessary top-down component to today’s
systems biology, learning from the modularity and information-processing capabilities of
complex animal bodies to help achieve rational design and modification of growth and
form. Our work will complement existing approaches and begin a novel way to address
this type of problem, by learning from the successful examples of top-down control in
the biological world around us. Many model systems illustrate control circuits operating
over large-scale, not only molecular properties, and we need to learn to understand and
control events at that level. The existence and transition-rules of a morphogenetic code
functioning in parallel with genes and molecular pathways, forms the “dark matter” of
biology today. Given that we want to control organ identity, placement, and topological
arrangement, how do we practically interface (at the bench) with these high-level
metrics and top-down control knobs?

Bioelectricity: an inroad to new biology

Top-down approaches have not been attempted to date (despite classical
theoretical discussions [42-45]) because current paradigms of molecular biology do not
readily reveal how cells can implement information-processing functionality that makes
decisions about large-scale properties and acts with respect to encoded goal states.
However, we do have a robust science that has done exactly this: computational
neuroscience. We definitively know from neuroscience that it is possible for cell
networks to implement memory, representation, distributed processing, and goal-
directed activity that integrates signals and provides flexible, robust outcomes — the
brain does this routinely, harnessing molecular signaling within cells toward global
cognitive states. Importantly, neither the molecular mechanisms (ion channels, electrical
synapses, and neurotransmitters) nor the algorithms of decision-making and memory
arose de novo in the brain. Instead, they evolved from far more primitive cell
communication events that brains merely optimized for speed when the CNS evolved
[46-48]. As we know from computational neuroscience and computer engineering,
networks of flexible electrically-controlled voltage gates are an ideal medium for
computation, memory, and plasticity. Crucially, all cells express these ancient
components, not just neurons.



We conjectured years ago that bioelectrical signaling should have been exploited
by evolution as an ideal modality for mediating the modular computation and information
processing needed for top-down pattern control in development, regeneration, and
remodeling. The Levin lab has been pursuing numerous predictions of this idea, and
was the first to develop molecular approaches to monitor, model, and modify electrical
potential distributions in patterning systems in vivo [49, 50]. We [51-75] and others [76-
78] have now used these methods to test the implications of this unique hypothesis [79-
81]. This body of work has revealed that in parallel with the genetic code (ideal for
making sure the right protein components are available in the right place and time), and
the epigenetic code (used for tweaking gene expression as a function of physiological
history), there is also a bioelectric code — a dynamic distribution of electrical properties
in somatic cell networks which mediates large-scale coordinated information processing
in pattern homeostasis, orchestrating cell activity toward large-scale anatomical states.

Bioelectricity is one layer of a
complex morphogenetic field (Fig. 1)
that harnesses individual cell behavior
towards the anatomical needs of the
body. Bioelectric signals interact with
chemical gradients and various physical
forces, in numerous bi-directional loops.
However, it is not simply yet another
mechanism of single-cell control. It is a
convenient and tractable entrypoint for
understanding and rationally controlling (i, ) emosing > mopmosisss }{reganesion }— ime =
information processing that maintains o ~
large-scale order in vivo. Much as o ek o .
cadherin proteins allow gene networks i R R SRS
to harness the physics of adhesion [82]
and thus exploit a whole new set of dynamics for multicellularity, ion channel and
electrical synapse proteins allow cell networks to harness the unique properties of
computation and implement local and long-range signaling with extensive plasticity
(history, memory). Our efforts in this Center are focused on understanding and gaining
control of this powerful unexplored property.

Bioelectric circuits
form when the function of ion Y O
channels and pumps alters N
resting potential, which in
turn (Fig. 2A) can affect
voltage-sensitive  channels
and electrical synapses.
These circuits can exhibit
complex dynamics in
connected cells, and form a
layer of control with their own
intrinsic behavior (and self-
organizing capabilities) that
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couples to, but is distinct from, the transcriptional networks studied by most (Fig. 2B).
We now know that modulating the dynamics of this regulatory layer enables coherent
large-scale patterning changes [83] (Fig. 2C).

Bioelectric signaling has several unique properties that make it an ideal pressure-
point for the Center’s directions. First, it operates on multiple scales of organization: we
have shown that specific bioelectric states define properties at the cell [84-91], organ
[52, 53, 64], and whole organism axis [66, 73, 92] levels. Second, bioelectrical states
provide a convenient and tractable method for over-riding genome-default outcomes.
For example, modulation of voltage states can induce eye formation in body areas
where the master eye regulator Pax6 normally induce eyes [64], remodels heads to
shapes belonging to different species (despite a normal genomic sequence) [57], and
rescues normal brain patterning and function despite the presence of mutated
neurogenesis genes such as Notch [52].

Perhaps most crucially, briefly altering the bioelectric connectivity of a cellular
network enables permanent rewriting of an organism’s target morphology [93]:
genomically-normal worms can be changed to a 2-headed form that regenerates with 2
heads in perpetuity, illustrating the ability to stably re-wire bioelectric circuits with
permanent changes to the overall anatomy (Fig. 3). These data identify exciting gaps in
knowledge and opportunities with respect to novel control points for reprogramming
besides genome editing: stable physiological circuits that store information.
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The “bioelectric code™ is defined as the mapping of real-time electric circuit
dynamics among tissues to the pattern-regulatory functions that cells carry out. What
we have learned, after 16 years of focused effort in this field, is that bioelectrical
signaling 1) exerts profound control over large-scale morphogenetic properties in a
range of model systems [64, 66], 2) facilitates exploiting native modularity (such as
triggers complex downstream patterning outcomes as a kind of master regulator) [75,
94], 3) is transduced by a set of known mechanisms into downstream chemical signals
(neurotransmitters and other morphogens) [65, 95] and gene transcription changes [51],
and 4) forms feedback loops with genetic pathways, often over-riding competing signals
from other modalities [64, 89, 96].

Fundamental gaps in knowledge include [9, 83, 97-102] answers to several
questions. How is the mapping defined by cells (the origin of the code)? What level(s) of
organization is the interpreter of the code (molecular networks, cells, tissues, etc.)? How
can the code be interpreted (by cells or by morphogenetic engineers)? Whence do the

Figure 3
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3 The definition of this process as a “code” (implying messages, senders, and receivers) is consistent with
our plan to include approaches of control and signal theory to address this fascinating aspect of biology.
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initial bioelectric prepatterns arise? What are
the transition rules between specific bioelectric
states? How does the code change during
development, regeneration, and aging? What
is the best framework for computing
interventions that can be applied to re-write
encoded pattern memories and thus control
morphogenesis top-down? What are the limits
of the morphogenetic editing allowed by this
code (what shapes are possible to achieve).
Answering these questions, and harnessing
new modalities for reading and writing the
bioelectric code toward pattern control would
be the goal of this inaugural Allen Discovery
Center. Our work will thus have several parallel
components: understanding the information
processing (theory), and developing practical
mechanisms for manipulating the pattern
control loops in vivo.

Implementation plan: 1%

four years

Driving vision hypotheses

. Instructive information is encoded and
communicated in tissues via bioelectric code

. This code facilitates top-down, modular
control of pattern formation

. It is possible to learn to interpret and
write the code, for modifying the information
control layer of patterning (1% 4 years)

. This will have huge implications for
evolution, regenerative medicine, birth defects,
cancer, bioengineering, and  computer
architectuires, all of which we can exploit via
specific applications in the subsequent 4 years.

Our sub-goals will be to (1) learn to read
the code, (2) learn to interpret the code, and
(3) learn to write the code in vivo, in complex
animal models. The intellectual mindmap of our
project components is illustrated by the
schematic on the left of this page.

Each of our efforts falls somewhere
along the scale (represented here in planarian
regeneration) from (Fig. 4A) molecular
networks (GRNs), to (Fig. 4B) bioelectric



circuits in single cells and tissues [56, 103] (image obtained from work by Alexis Pietak),
to (Fig. 4C) large-scale gradients [66, 104], to (Fig. 4D) symbolic representations of the
kind we use for Al-based model inference [105-109], to (Fig. 4E) algorithmic
descriptions of the growth process (taken from [15, 110]). The goal is to learn to control
the high-level properties such as organ placement, size, and shape (Fig. 4D,E), by
interventions that manipulate properties of networks that encode these large-scale
features (Fig. 4B). We will learn how to make changes in the algorithmic process that
regulates large-scale features (Fig. 4E) by taking advantage of the representation and
mapping of these features within cell signaling dynamics (Fig. 4B-C).

Each of the participants’ subprojects contributes to a key aspect of the overall
vision and will be merged together into a multi-scale integration of low-level components
with maximal molecular realism, with high-level features (with optimal enablement of
predictive control). The current subprojects include: understanding the mechanistic
interactions between voltage and small RNA/chromatin pathways (Fig. 4 A<->B),
developing and testing models of self-organization, time-dependent evolution, and
optimal control of bioelectric patterns (Fig. 4 B&<->C), identifying technologies for, and
endogenous modifiers of, bioelectric gradients (Fig. 4 C<->D), and characterizing and
exploiting mechanisms of bioelectrically-mediated decision-making on a global scale
(Fig. 4 D<~>E). Each project implements the intersection of 2 components (2 panels of
the mindmap, not one) in line with the goal of ensuring that everything melds together
into a coherent body of knowledge.

Overall Approach

The morphogenetic code (Fig. 2) is a large problem; it requires new technical
capabilities and new conceptual insights, not simply more molecular “omics” data. Our
plan for the first four years of the Allen Discovery Center at Tufts is a focused attack on
this next-generation problem. The overarching approach is to develop tools and models
that facilitate the control of large-scale pattern in vivo (re-writing pattern), and gain a
mechanistic understanding of patterning systems at a computational level - the missing
flip side of molecular reduction strategies. The project will be performed not only at the
Levin lab at Tufts, but also by a set of key participants, both external faculty in specific
areas, and internal personnel. Inclusion of these other labs not only provides essential
expertise for important project areas but also enables the degree of parallelization
needed to make significant impact in a 4-year timeframe. The participants list is meant
to be kept fluid during the 8-year timeframe — early efforts will identify the most
promising inroads, and additional expertise can be brought in later as needed.

Our plan is to immediately begin to construct necessary instrumentation and
produce transgenic animal models. At the same time (year 1), work will immediately
begin on identifying mechanisms by which the bioelectric code controls, and is
controlled by, 2 key biochemical pathways that have never been linked to voltage
regulation: small RNAs and chromatin remodeling. This is an essential component to
fully dovetail bioelectrics with the existing body of mechanistic work on morphogenesis
and expand the understanding of how physiological state transitions can be expected to
regulate significant other signaling modalities. Since the DNA content of different cells in
multicellular organisms is essentially the same, cellular memory, which is key for any
developmental process, is stored, maintained and read in part by epigenetic processes.
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There are multiple epigenetic layers, and in the project we will focus on the connection
of two main mechanisms, chromatin modifications and regulatory small RNAs, to
bioelectric pathways. Recent work shows that transgenerational memory can be
transmitted in part through heritable small RNAs and chromatin marks [111]. In some
model organisms, it is now clear that the expression of every gene in the genome is
further regulated by heritable epigenetic information; thus, information encoded
epigenetically allows both stable and dynamic control over gene expression [112].
Bioelectric gradients are an ideal mechanism for allowing cell-level memory (mediated
by small RNAs and chromatin states) to amplify into body-wide stable pattern storage.

By year 2 we will be constructing quantitative models of the bioelectric code at
several levels (Fig. 4), and begin developing specific proof-of-principle applications that
test, validate, refine, and utilize those models to predict the nature of novel patterning
control. Our model systems include a mix of regenerative non-mammalian models (in
which to learn about the rich endogenous mechanisms) and mammalian tissue culture
applications which are important to maintain continuous relevance to eventual
biomedical endpoints as well as to serve as test-beds for validating novel concepts from
the ground up. Because this project is necessarily “compass-driven” (it's a frontier area
and the major discoveries cannot yet be predicted), our goal is to perform work in the
first year to help identify the most promising areas and help shape the emphasis of
subsequent years. A nimble directionality will be used to set priorities in all years, but it
is important to note that especially in the beginning we will explore several promising
directions and then will narrow down to the ones whose data suggests them to be the
most likely to be impactful and rewarding (not try to pursue everything at once).

Our plan has 2 global components, addressed via a highly interdisciplinary
combination of new theory, device development, and focused experiments. We will 1)
answer several fundamental questions for the first time, and 2) enable new capabilities
for pattern control. Our process is meant to be iterative feedback between the
development of new theory, instrumentation, and specific results. The first year will be
largely mechanistic investigations and platform development. But by year 2, we will
begin testing models and immediately performing key experiments in pattern control
that will allow us to revise the models, alter apparatus/protocols if needed, and identify
new but important unknowns to be addressed. Our deliverables will not only facilitate
this Center's effort, but be widely enabling technologies for others, multiplying the
impact on many subfields. Our second goal is to use these new tools and conceptual
apparatus to answer key questions and generate new basic knowledge that alters
prevailing paradigms in this area, and rewrites fundamental assumptions present in
textbooks in the field. In the second phase, we plan to continue developing new
knowledge in areas identified in phase 1, and to begin to transition the new knowledge
into proof-of-principle applications targeted towards regenerative medicine and
engineering.

Some fundamental scientific details

One unique aspect in our work is that we will address bioelectric signaling: the
ways in which networks of all cells (not just excitable nerve and muscle) use gradients
of resting potential to regulate morphogenesis. Our lab and other groups using our
technology have begun to show bioelectrical control of stem cell function, organ size,
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tumor normalization, craniofacial and brain patterning, induction of limb regeneration in
non-regenerative settings, and production of complete eyes, limbs, and other organs
from other types of somatic tissue in vivo [79, 81, 83, 97-99]. It is now abundantly clear
that modulating bioelectric gradients can induce rational, coordinated changes in large-
scale anatomy; it is extremely efficient in exerting top-down control over shape, and
coordinates numerous downstream steps that would be too difficult to micromanage
directly. It is an ideal modality for exploiting developmental modularity to activate
morphogenetic "subroutines". What is not known is how cellular networks can represent
target morphologies and enable the step-wise, iterative computations by which bodies
determine what's missing and coordinate cell-level instructions toward large-scale goals.

Elucidating the large-scale representation of somatic pattern by bioelectric states
is a key next challenge in this field and our plan includes a concerted attack on this
fundamental problem. Our work will not focus exclusively on bioelectricity — clearly, the
complete answer will require the integration of bioelectrical signaling with biochemical
gradients, gene-regulatory networks, and physical forces, because these other
properties are used by cells during morphogenetic processing. However, bioelectric
signaling is an essential, novel element in cracking this puzzle, because a significant
part of the morphogenetic code is encoded in bioelectric properties and because it
seems to offer control over coherent modules, not only cell-level details.

Cells communicate using a variety of modalities, including secreted chemicals
and pressure/tensile forces. However, bioelectricity is special. It is not an accident that
evolution has chosen bioelectricity as the modality that underlies information processing
in the brain. It is likewise not an accident that our information technology relies on
electricity for computation. Electrical dynamics are ideally suited for computation -
precisely what is needed for cells to continuously regulate after unpredictable injury and
perturbation. Also, bioelectrical signaling is uniquely suited for integrating long-range
signaling, which is required in order to coordinate individual cell behaviors across the
whole organism (like the remodeling that ensures that embryonic organs and
regenerating structures grow in perfect proportion with other regions of the body). The
fundamental unit of computation, the logic gate, is easily constructed of transistor-like
elements, which - both in the brain and in the body - is made of gap junctions: channels
between cells that regulate current flow based on local voltage. Modulation of gap
junction-based somatic networks is a key aspect of developmental bioelectricity,
because this is an untapped entry-point into how cell networks represent patterning
information.

The striking data showing that rewriting the bioelectric circuit dynamics leads
directly to the reprogramming of shape in vivo suggest a new metaphor for
understanding morphogenesis. The current textbooks say that the DNA is the software
while the cell is the hardware that interprets it. We believe this metaphor needs to be
revised to encompass the true circularity of the process: the DNA determines the
hardware (by encoding the specific gap junction and ion channel proteins that can
support electrical dynamics in cell networks), while the resulting bioelectric circuits have
their own dynamics that regulate gene expression, which in turn may affect the number
and type of channels, in a continuous interplay between genetics and physiology. The
hardware is important, in that it limits what can happen. But it does not fully determine
the outcome - the morphogenetic outcome is in large part the result of bioelectric
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software - circuit dynamics that run on the cellular ion channel hardware (very much like
what happens in the brain, where cognitive content and specific memories derive from
the bioelectric software, not the genome directly). Learning to manipulate the bioelectric
software running on somatic cell networks is the key to top-down programming of
morphogenesis.

Conclusion

The Allen Discovery Center at Tufts will make fundamental progress on the
understanding and control of the morphogenetic information encoded in bioelectric
properties, the mechanisms by which these relate to genetic signaling, and the
strategies for their optimal control. Only the edge of this field is known, while the depths
remain largely uncharted. Organisms homeostatically regulate their structure toward a
specific patterning. Characterizing these dynamics will help move the field beyond the
machine language of genes and proteins toward high-level modular control of overall
morphology. Our focus is on the information structures that represent an as yet-
uncharacterized layer of control. By manipulating the pattern memories encoded
bioelectrically in somatic tissues, and developing techniques to harness the
computations that drive cells toward high-level patterning goals, a very exciting set of
novel capabilities will result, with many broad implications. Bioelectricity couples the
genome to the unique dynamics of computations, as adhesion proteins allow the
genome to exploit various physical forces. Understanding the circumstances under
which bioelectric networks can process information that can override genomic sequence
and chromatin epigenetics will enrich our understanding of the origins of biological order
and pave the way to transformative biomedical applications.

References cited

1. Levin, M., Morphogenetic fields in embryogenesis, regeneration, and cancer:
non-local control of complex patterning. Bio Systems, 2012. 109(3): p. 243-61.

2. Ingber, D.E. and M. Levin, What lies at the interface of regenerative medicine
and developmental biology? Development, 2007. 134(14): p. 2541-7.

3. Birnbaum, K.D. and A.S. Alvarado, Slicing across kingdoms: regeneration in
plants and animals. Cell, 2008. 132(4): p. 697-710.

4. Lobo, D., W.S. Beane, and M. Levin, Modeling planarian regeneration: a primer
for reverse-engineering the worm. PLoS computational biology, 2012. 8(4): p.
e1002481.

5. Gentile, L., F. Cebria, and K. Bartscherer, The planarian flatworm: an in vivo

model for stem cell biology and nervous system regeneration. Dis Model Mech,
2011. 4(1): p. 12-9.

6. Levin, M., The wisdom of the body: future techniques and approaches to
morphogenetic fields in regenerative medicine, developmental biology and
cancer. Regenerative medicine, 2011. 6(6): p. 667-73.

7. Chandebois, R., Cell sociology and the problem of automation in the
development of pluricellular animals. Acta biotheoretica, 1980. 29(1): p. 1-35.

13



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Friston, K., et al., Knowing one's place: a free-energy approach to pattern
regulation. Journal of the Royal Society, Interface / the Royal Society, 2015.
12(105).

Pezzulo, G. and M. Levin, Re-membering the body: applications of computational
neuroscience to the top-down control of regeneration of limbs and other complex
organs. Integrative biology : quantitative biosciences from nano to macro, 2015.
Hoel, E.P., L. Albantakis, and G. Tononi, Quantifying causal emergence shows
that macro can beat micro. Proceedings of the National Academy of Sciences of
the United States of America, 2013. 110(49): p. 19790-5.

Noble, D., A theory of biological relativity: no privileged level of causation.
Interface Focus, 2012. 2(1): p. 55-64.

Butterfield, J., Laws, causation and dynamics at different levels. Interface focus,
2012. 2(1): p. 101-114.

Georgiev, G.Y., et al., Mechanism of organization increase in complex systems.
Complexity, 2015. 21(2): p. 18-28.

Lobo, D., et al., A linear-encoding model explains the variability of the target
morphology in regeneration. Journal of the Royal Society, Interface / the Royal
Society, 2014. 11(92): p. 20130918.

Barkai, N. and D. Ben-2vi, ‘Big frog, small frog'--maintaining proportions in
embryonic development. Febs J, 2009. 276(5): p. 1196-207.

Ben-2vi, D., et al., Scaling of dorsal-ventral patterning in the Xenopus laevis
embryo. BioEssays : news and reviews in molecular, cellular and developmental
biology, 2013.

Sheeba, C.J., R.P. Andrade, and |. Palmeirim, Limb patterning: from signaling
gradients to molecular oscillations. Journal of molecular biology, 2014. 426(4): p.
780-4.

Uzkudun, M., L. Marcon, and J. Sharpe, Data-driven modelling of a gene
regulatory network for cell fate decisions in the growing limb bud. Molecular
systems biology, 2015. 11(7): p. 815.

Lander, A.D., et al., Cell lineages and the logic of proliferative control. PLoS Biol,
2009. 7(1): p. e15.

Kauffman, S. and P. Clayton, On emergence, agency, and organization. Biology
& Philosophy, 2006. 21(4): p. 501-521.

Gilbert, S.F. and S. Sarkar, Embracing complexity: organicism for the 21st
century. Developmental Dynamics, 2000. 219(1): p. 1-9.

Dewan, E.M., Consciousness as an Emergent Causal Agent in the Context of
Control System Theory, in CONSCIOUSNESS AND THE BRAIN: A Scientific
and Philosophical Inquiry, G.M. G. Globus, and |. Savodnik, Editor. 1976, Plenum
Press: New York. p. 181-198.

Friston, K., B. Sengupta, and G. Auletta, Cognitive Dynamics: From Attractors to
Active Inference. Proceedings of the IEEE, 2014. 102(4): p. 427-445.

Soto, A.M., C. Sonnenschein, and P.A. Miquel, On physicalism and downward
causation in developmental and cancer biology. Acta Biotheor, 2008. 56(4): p.
257-74.

14



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ellis, G.F.R., D. Noble, and T. O'Connor, Top-down causation: an integrating
theme within and across the sciences? INTRODUCTION. Interface Focus, 2012.
2(1): p. 1-3.

Anderson, P.W., More Is Different - Broken Symmetry and Nature of Hierarchical
Structure of Science. Science, 1972. 177(4047): p. 393-&.

Gu, M., et al., More really is different. Physica D-Nonlinear Phenomena, 2009.
238(9-10): p. 835-839.

Bessonov, N., et al., On a Model of Pattern Regeneration Based on Cell Memory.
PloS one, 2015. 10(2): p. e0118091.

Tosenberger, A., et al, A Conceptual Model of Morphogenesis and
Regeneration. Acta biotheoretica, 2015. 63(3): p. 283-94.

Haken, H., Synergetics of brain function. Int J Psychophysiol, 2006. 60(2): p.
110-24.

Haken, H., A. Wunderlin, and S. Yigitbasi, An introduction to synergetics. Open
Systems & Information Dynamics, 1995. 3(1): p. 97-130.

Wiener, N., Cybernetics; or, Control and communication in the animal and the
machine. 2d ed. 1961, New York,: M.I.T. Press. 212 p.

Georgiev, G. and |. Georgiev, The least action and the metric of an organized
system. Open Systems & Information Dynamics, 2002. 9(4): p. 371-380.
Georgiev, G.Y., A Quantitative Measure, Mechanism and Attractor for Self-
Organization in Networked Complex Systems, in Self-Organizing Systems, F.
Kuipers and P. Heegaard, Editors. 2012, Springer Berlin Heidelberg. p. 90-95.
Annila, A., Least-time paths of light. Monthly Notices of the Royal Astronomical
Society, 2011. 416(4): p. 2944-2948.

Pezzulo, G. and C. Castelfranchi, Intentional action: from anticipation to goal-
directed behavior. Psychological Research-Psychologische Forschung, 2009.
73(4): p. 437-440.

Pezzulo, G., et al., The principles of goal-directed decision-making: from neural
mechanisms to computation and robotics. Philosophical transactions of the Royal
Society of London. Series B, Biological sciences, 2014. 369(1655).

Friston, K., et al., Active inference and epistemic value. Cognitive neuroscience,
2015. 6(4): p. 187-214.

Doursat, R., H. Sayama, and O. Michel, A review of morphogenetic engineering.
Natural Computing, 2013. 12(4): p. 517-535.

Doursat, R., H. Sayama, and O. Michel, Morphogenetic Engineering: Reconciling
Self-Organization and Architecture. Morphogenetic Engineering: Toward
Programmable Complex Systems, 2012: p. 1-24.

Doursat, R., The growing canvas of biological development: Multiscale pattern
generation on an expanding lattice of gene regulatory networks. InterJournal:
Complex Systems, 2006.

Brandts, W.A.M. and L.E.H. Trainor, A Nonlinear Field Model of Pattern-
Formation - Application to Intracellular Pattern Reversal in Tetrahymena. Journal
of Theoretical Biology, 1990. 146(1): p. 57-85.

Beloussov, L.V., Morphogenetic fields: Outlining the alternatives and enlarging
the context. Rivista Di Biologia-Biology Forum, 2001. 94(2): p. 219-235.

15



44.
45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Beloussov, L., The primacy of organic form. (To the memory of Professor Brian
Goodwin). Riv Biol, 2010. 103(1): p. 13-8.

Apter, M.J., Cybernetics and development. 1966, New York: Pergamon Press.
Buznikov, G.A. and Y.B. Shmukler, Possible role of "prenervous
neurotransmitters in cellular interactions of early embryogenesis: a hypothesis.
Neurochem Res, 1981. 6(1): p. 55-68.

Holland, N.D., Early central nervous system evolution: an era of skin brains?
Nature reviews. Neuroscience, 2003. 4(8): p. 617-27.

Keijzer, F., M. van Duijn, and P. Lyon, What nervous systems do: early evolution,
input-output, and the skin brain thesis. Adaptive Behavior, 2013. 21(2): p. 67-85.
Oviedo, N.J., et al., Live Imaging of Planarian Membrane Potential Using
DIiBAC4(3). Cold Spring Harb Protoc, 2008. 2008(11): p. pdb.prot5055-.

Adams, D.S. and M. Levin, Endogenous voltage gradients as mediators of cell-
cell communication: strategies for investigating bioelectrical signals during
pattern formation. Cell and Tissue Research, 2013. 352(1): p. 95-122.

Pai, V.P., et al., Genome-wide analysis reveals conserved transcriptional
responses downstream of resting potential change in Xenopus embryos, axolot/
regeneration, and human mesenchymal cell differentiation. Regeneration, 2015:
p. n/a-n/a.

Pai, V.P., et al., Endogenous Gradients of Resting Potential Instructively Pattern
Embryonic Neural Tissue via Notch Signaling and Regulation of Proliferation.
The Journal of Neuroscience, 2015. 35(10): p. 4366-85.

Pai, V.P., et al., Local and long-range endogenous resting potential gradients
antagonistically regulate apoptosis and proliferation in the embryonic CNS. The
International journal of developmental biology, 2015. §9: p. 327-340.

Lobikin, M., et al., Selective depolarization of transmembrane potential alters
muscle patterning and muscle cell localization in Xenopus laevis embryos. The
International journal of developmental biology, 2015.

Lobikin, M., et al., Serotonergic regulation of melanocyte conversion: A
bioelectrically regulated network for stochastic all-or-none hyperpigmentation.
Science Signaling, 2015. in press.

Law, R. and M. Levin, Bioelectric memory: modeling resting potential bistability in
amphibian embryos and mammalian cells. Theoretical biology & medical
modelling, 2015. 12(1): p. 22.

Emmons-Bell, M., et al., Gap Junctional Blockade Stochastically Induces
Different Species-Specific Head Anatomies in Genetically Wild-Type Girardia
dorotocephala Flatworms. Int J Mol Sci, 2015. 16(11): p. 27865-96.

Chernet, B.T., C. Fields, and M. Levin, Long-range gap junctional signaling
controls oncogene-mediated tumorigenesis in Xenopus laevis embryos. Frontiers
in physiology, 2015. 5: p. 519.

Blackiston, D.J., et al., A novel method for inducing nerve growth via modulation
of host resting potential: gap junction-mediated and serotonergic signaling
mechanisms. Neurotherapeutics, 2015. 12(1): p. 170-84.

Chernet, B.T. and M. Levin, Transmembrane voltage potential of somatic cells
controls oncogene-mediated tumorigenesis at long-range. Oncotarget, 2014.
5(10): p. 3287-306.

"

16



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Chernet, B.T. and M. Levin, Transmembrane voltage potential is an essential
cellular parameter for the detection and control of tumor development in a
Xenopus model. Disease models & mechanisms, 2013. 6(3): p. 595-607.

Beane, W.S., et al., Bioelectric signaling regulates head and organ size during
planarian regeneration. Development, 2013. 140(2): p. 313-22.

Adams, D.S., A.S. Tseng, and M. Levin, Light-activation of the Archaerhodopsin
H(+)-pump reverses age-dependent loss of vertebrate regeneration: sparking
system-level controls in vivo. Biology open, 2013. 2(3): p. 306-13.

Pai, V.P., et al., Transmembrane voltage potential controls embryonic eye
patterning in Xenopus laevis. Development, 2012. 139(2): p. 313-23.

Blackiston, D., et al., Transmembrane potential of GlyCl-expressing instructor
cells induces a neoplastic-like conversion of melanocytes via a serotonergic
pathway. Dis Model Mech, 2011. 4(1): p. 67-85.

Beane, W.S., et al., A Chemical genetics approach reveals H,K-ATPase-
mediated membrane voltage is required for planarian head regeneration.
Chemistry & Biology, 2011. 18(1): p. 77-89.

Aw, S., et al., The ATP-sensitive K(+)-channel (K(ATP)) controls early left-right
patterning in Xenopus and chick embryos. Dev Biol, 2010. 346: p. 39-53.
Morokuma, J., D. Blackiston, and M. Levin, KCNQ1 and KCNE1 K+ channel
components are involved in early left-right patterning in Xenopus laevis embryos.
Cell Physiol Biochem, 2008. 21(5-6): p. 357-72.

Morokuma, J., et al., Modulation of potassium channel function confers a
hyperproliferative invasive phenotype on embryonic stem cells. Proc Natl Acad
Sci U S A, 2008. 105(43): p. 16608-13.

Aw, S. and M. Levin, Mechanisms and consequences of laterality inversion, in
Language Lateralization in Psychosis, R.K.a.l. Sommer, Editor. 2008, Cambridge
University Press.

Oviedo, N.J. and M. Levin, smedinx-11 is a planarian stem cell gap junction gene
required for regeneration and homeostasis. Development, 2007. 134(17): p.
3121-31.

Adams, D.S., et al., Early, H+-V-ATPase-dependent proton flux is necessary for
consistent left-right patterning of non-mammalian vertebrates. Development,
2006. 133: p. 1657-1671.

Levin, M., et al., Asymmetries in H+/K+-ATPase and cell membrane potentials
comprise a very early step in left-right patterning. Cell, 2002. 111(1): p. 77-89.
Tseng, A.S. and M. Levin, Transducing bioelectric signals into epigenetic
pathways during tadpole tail regeneration. Anatomical record, 2012. 295(10): p.
1541-51.

Tseng, A.S., et al., Induction of vertebrate regeneration by a transient sodium
current. J Neurosci, 2010. 30(39): p. 13192-200.

Perathoner, S., et al., Bioelectric signaling regulates size in zebrafish fins. PLoS
genetics, 2014. 10(1): p. e1004080.

Zhao, M., et al., Electrical signals control wound healing through
phosphatidylinositol-3-OH kinase-gamma and PTEN. Nature, 2006. 442(7101):
p. 457-60.

17



78.

79.

80.

81.
82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Dahal, G.R., et al., An inwardly rectifying K+ channel is required for patterning.
Development, 2012. 139(19): p. 3653-64.

Bates, E., lon Channels in Development and Cancer. Annu Rev Cell Dev Biol,
2015. 31: p. 231-47.

Funk, R.H., Endogenous electric fields as guiding cue for cell migration. Frontiers
in physiology, 2015. 6: p. 143.

Funk, R., lon Gradients in Tissue and Organ Biology. Biological Systems, 2013.
Newman, S.A. and W.D. Comper, 'Generic’ physical mechanisms of
morphogenesis and pattern formation. Development, 1990. 110(1): p. 1-18.
Tseng, A. and M. Levin, Cracking the bioelectric code: Probing endogenous ionic
controls of pattern formation. Communicative & Integrative Biology, 2013. 6(1): p.
1-8.

Lange, C., et al., The H(+) vacuolar ATPase maintains neural stem cells in the
developing mouse cortex. Stem cells and development, 2011. 20(5): p. 843-50.
Sundelacruz, S., M. Levin, and D.L. Kaplan, Comparison of the depolarization
response of human mesenchymal stem cells from different donors. Sci Rep,
2015. 5: p. 18279.

Lan, J.-Y., et al., Depolarization of Cellular Resting Membrane Potential
Promotes Neonatal Cardiomyocyte Proliferation In Vitro. Cellular and Molecular
Bioengineering, 2014: p. 1-14.

Ozkucur, N., et al., Membrane potential depolarization causes alterations in
neuron arrangement and connectivity in cocultures. Brain and behavior, 2015.
5(1): p. 24-38.

Sundelacruz, S., M. Levin, and D.L. Kaplan, Role of membrane potential in the
regulation of cell proliferation and differentiation. Stem Cell Rev Rep, 2009. 5(3):
p. 231-46.

Sundelacruz, S., M. Levin, and D.L. Kaplan, Membrane potential controls
adipogenic and osteogenic differentiation of mesenchymal stem cells. PLoS One,
2008. 3(11): p. e3737.

Sundelacruz, S., et al., Bioelectric modulation of wound healing in a 3D in vitro
model of tissue-engineered bone. Biomaterials, 2013. 34(28): p. 6695-705.
Sundelacruz, S., M. Levin, and D.L. Kaplan, Depolarization alters phenotype,
maintains plasticity of predifferentiated mesenchymal stem cells. Tissue
engineering. Part A, 2013. 19(17-18): p. 1889-908.

Nogi, T. and M. Levin, Characterization of innexin gene expression and
functional roles of gap-junctional communication in planarian regeneration. Dev
Biol, 2005. 287(2): p. 314-35.

Oviedo, N.J., et al., Long-range neural and gap junction protein-mediated cues
control polarity during planarian regeneration. Dev Biol, 2010. 339(1): p. 188-99.
Adams, D.S., A. Masi, and M. Levin, H+ pump-dependent changes in membrane
voltage are an early mechanism necessary and sufficient to induce Xenopus tail
regeneration. Development, 2007. 134(7): p. 1323-35.

Carneiro, K., et al., Histone deacetylase activity is necessary for left-right
patterning during vertebrate development. BMC Dev Biol, 2011. 11(1): p. 29.
Zhao, M., Electrical fields in wound healing-An overriding signal that directs cell
migration. Semin Cell Dev Biol, 2009. 20(6): p. 674-82.

18



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Mustard, J. and M. Levin, Bioelectrical Mechanisms for Programming Growth and
Form: Taming Physiological Networks for Soft Body Robotics. Soft Robotics,
2014.1(3): p. 169-191.

Levin, M., Endogenous bioelectrical networks store non-genetic patterning
information during development and regeneration. The Journal of Physiology,
2014. 592(11): p. 2295-2305.

Levin, M., Molecular bioelectricity: how endogenous voltage potentials control
cell behavior and instruct pattern regulation in vivo. Molecular biology of the cell,
2014. 25(24): p. 3835-50.

Levin, M., Reprogramming cells and tissue patterning via bioelectrical pathways:
molecular mechanisms and biomedical opportunities. Wiley Interdisciplinary
Reviews: Systems Biology and Medicine, 2013. 5(6): p. 657-676.

Levin, M. and C.G. Stevenson, Regulation of cell behavior and tissue patterning
by bioelectrical signals: challenges and opportunities for biomedical engineering.
Annu Rev Biomed Eng, 2012. 14: p. 295-323.

Levin, M., Molecular bioelectricity in developmental biology: new tools and recent
discoveries: control of cell behavior and pattern formation by transmembrane
potential gradients. BioEssays, 2012. 34(3): p. 205-17.

Cervera, J., J.A. Manzanares, and S. Mafe, Electrical coupling in ensembles of
nonexcitable cells: modeling the spatial map of single cell potentials. The journal
of physical chemistry. B, 2015. 119(7): p. 2968-78.

Goodwin, B.C., Developing organisms as self-organizing fields, in Mathematical
Essays on Growth and the Emergence of Form, P.L. Antonelli, Editor. 1985,
University of Alberta Press: Alberta.

Lobo, D. and M. Levin, Inferring Regulatory Networks from Experimental
Morphological Phenotypes: A Computational Method Reverse-Engineers
Planarian Regeneration. PLoS computational biology, 2015. 11(6): p. e1004295.
Lobo, D., et al.,, Limbform: a functional ontology-based database of limb
regeneration experiments. Bioinformatics, 2014. 30(24): p. 3598-600.

Lobo, D., T.J. Malone, and M. Levin, Planform: an application and database of
graph-encoded planarian regenerative experiments. Bioinformatics, 2013.

Lobo, D., T.J. Malone, and M. Levin, Towards a bioinformatics of patterning: a
computational approach to understanding regulative morphogenesis. Biology
Open, 2013. 2(2): p. 156-69.

Lobo, D., et al., A bioinformatics expert system linking functional data to
anatomical outcomes in limb regeneration. Regeneration, 2014: p. n/a-n/a.

Slack, J.M., A serial threshold theory of regeneration. J Theor Biol, 1980. 82(1):
p. 105-40.

Castel, S.E. and R.A. Martienssen, RNA interference in the nucleus: roles for
small RNAs in transcription, epigenetics and beyond. Nat Rev Genet, 2013.
14(2): p. 100-12.

Anava, S., R. Posner, and O. Rechavi, The soff genome. Worm, 2014. 3(4): p.
e989798.

19



