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a b s t r a c t

Central to the study of cognition is being able to specify the Subject that is making decisions and owning
memories and preferences. However, all real cognitive agents are made of parts (such as brains made of
cells). The integration of many active subunits into a coherent Self appearing at a larger scale of orga-
nization is one of the fundamental questions of evolutionary cognitive science. Typical biological model
systems, whether basal or advanced, have a static anatomical structure which obscures important as-
pects of the mind-body relationship. Recent advances in bioengineering now make it possible to
assemble, disassemble, and recombine biological structures at the cell, organ, and whole organism levels.
Regenerative biology and controlled chimerism reveal that studies of cognition in intact, “standard”,
evolved animal bodies are just a narrow slice of a much bigger and as-yet largely unexplored reality: the
incredible plasticity of dynamic morphogenesis of biological forms that house and support diverse types
of cognition. The ability to produce living organisms in novel configurations makes clear that traditional
concepts, such as body, organism, genetic lineage, death, and memory are not as well-defined as
commonly thought, and need considerable revision to account for the possible spectrum of living en-
tities. Here, I review fascinating examples of experimental biology illustrating that the boundaries
demarcating somatic and cognitive Selves are fluid, providing an opportunity to sharpen inquiries about
how evolution exploits physical forces for multi-scale cognition. Developmental (pre-neural)
bioelectricity contributes a novel perspective on how the dynamic control of growth and form of the
body evolved into sophisticated cognitive capabilities. Most importantly, the development of functional
biobots e synthetic living machines with behavioral capacity e provides a roadmap for greatly
expanding our understanding of the origin and capacities of cognition in all of its possible material
implementations, especially those that emerge de novo, with no lengthy evolutionary history of
matching behavioral programs to bodyplan. Viewing fundamental questions through the lens of new,
constructed living forms will have diverse impacts, not only in basic evolutionary biology and cognitive
science, but also in regenerative medicine of the brain and in artificial intelligence.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

What is it like to be a caterpillar, changing into a butterfly [1]?
We have some idea of what cognitive processes are possible for
caterpillars, and for butterflies, but how does a single agent move
gradually between those two Umwelts? How does amind (whether
simple or complex) transition bodies in a single lifetime, which
does not afford evolutionary timescales in which to hone behav-
ioral programs to a specific kind of anatomy? What (if any)
cognition is possible in the transitional states? This is important for
science and philosophy of mind because such transformations are
far more common than most assume; indeed, given the coming
advances of regenerative medicine of the brain, and the increasing
sophistication of brain-machine interfaces, you (or your children)
are likely to someday find out, first hand, what it’s like to undergo a
significant modification of the biological substrate underlying your
mind. This is the province of a newly emerging, interdisciplinary
subfield at the intersections of cognitive science, regenerative
biology, synthetic bioengineering, and neuroscience beyond
neurons.

Traditional cognitive science operates on a living Subject: we
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study the information it absorbs, computations it performs, mem-
ories it may have or form, behaviors it can deploy in different cir-
cumstances, goals it may pursue, etc. All those capacities are taken
to be the properties of a fixed, embodied Agent; the fact that it is a
collection of cells or subcellular fragments, which proliferate and
actively interact to build its body, is relegated to developmental
biologists. That phase of a subject’s life is usually ignored as behind-
the-scenes setup, after which real study can begin. Even organisms
that undergo metamorphosis, with drastic changes of body, brain,
and behavior, are usually studied in their separate life stages as
“fixed”, unchanging bodies (with important exceptions [2e4]). That
is convenient, and it dovetails with the mainstream paradigm in
which genomes code for specific bodyplans, and with a view of
evolution as shaping behavioral repertoires in tight connection
with the evolution of the anatomy. But, this paradigm is impor-
tantly incomplete; it is now essential to begin to unravel the plas-
ticity of both, bodies and minds, within continuous life histories
that highlight the fact that no agent is a monadic (indivisible) mind
e all are made of parts, and those parts can rearrange. What hap-
pens to cognitive agents when their bodies are modified, at various
spatial and temporal scales? Fortunately, recent advances in syn-
thetic morphology are enabling experimental approaches to un-
derstand the formation of cognitive agents de novo in a myriad
novel anatomical forms. To begin to appreciate the plasticity of life,
and the implications for understanding mind in all its possible
guises, we begin with a short fictional vignette that amplifies the
key concepts across levels of biological organization.

1.1. A thought experiment

Imagine yourself on an interplanetary expedition, investigating
an aqueous world that harbors life. There are multicellular crea-
tures, and amoeba-like ones. Eventually you learn to sequence their
hereditary information, and are stunned to find out that some of
the single-cell life forms have precisely the same genomes as some
of the complex vertebrate-like animals, which also matches that of
a set of primitive multicellular forms with diverse blob-like anat-
omies. How can that be? Upon further study you discover an
aquatic animal with a surprising life cycle (Fig. 1). They develop
from an egg and undergo embryogenesis to become a complex
multicellular body. They live a full life, moving and reproducing
through their ecosphere. However, upon death, something
remarkable happens: as the body falls apart, many of the individual
cells disband, dispersing to move out into the environment to
continue their life as amoebas. You find that these amoebas can
merge together (having recombined with others they encounter,
like slime molds do [5]) and form a new kind of primitive multi-
cellular aggregate. At the same time, some others activate reprog-
ramming factors to become oocytes, eventually becoming fertilized
and initiating embryogenesis of the complex anatomical form.

It occurs to you that this lifestyle exploits an interesting way to
cheat death, at one level of organization (and blurs definitions of
“age”). While the larger organism dies, the individual cells live one

death at the larger scale is compatible with continued life on a
smaller scale. While initially surprising, you realize that there is
nothing inherently impossible about such a life history. Vertebrate
bodies already contain a number of amoeba-like cells (immune
cells for example), and one can easily imagine an evolutionary
advantage to genomes that, although capable of cooperating in a
multicellular form factor, continue their lineages as unicellular or-
ganisms when the body is no longer viable as a whole. The uni-
cellulars in Fig. 1 exploit the kind of niches in which amoebas
flourish on Earth, but can also reboot their multicellularity by ag-
gregation into novel functional, anatomical forms. Basically, this is a
symmetric reversal and alternative to traditional embryogenesis
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[6,7], in which distinct cells move, react, and deform their micro-
environment working together in progressively-tighter swarm
relationship to build and re-build complex bodies. Similarly,
planarian flatworms are complex organisms that reproduce by
fission (or being chopped up into pieces) and subsequent regen-
eration, muddying comfortable notions of death, aging, and
evolutionary relationships between lineages of cells, organisms,
and “Individuals” [8,9].

This raises a series of fundamental questions focused around
somatic plasticity, and begins to crack the typical picture of a fixed
body architecture, evolving with a matching cognitive program,
both inevitable functions of a specific genomic lineage.What would
be the evolutionary dynamics of such a life form, in terms of
cooperation, competition, and kin selection at the level of the cells
and the organisms they can form [10e12]? Genetic relatedness is
clearly not the whole story with respect to multicellular forms.
Individual cells from very different genetic lineages can cooperate
as chimeras [13], and genetically-identical cells and tissues within
one body compete for information and resources [14]. Why doesn’t
this routinely happen to aquatic organisms on Earth? Every part of
this cycle has actually been seen on Earth. In fact, a similar life cycle,
including “reverse development”, takes place in the jellyfish Tur-
ritopsis dohrnii and othermarine hydrozoa [6,7,15], and cancer cells
have been suggested to be attempting to turn into embryonic
blastomeres or oocytes [16]. Why hasn’t evolution found the few
tweaks that would enable, for example, some of a frog’s cells to
move out and continue to live as unicellular forms in the pond if the
frog is killed? Clearly being a single cell in a pond is a viable niche,
and cancer cells are perfectly able to revert to an ancient unicellular
transcriptional program [17] and live forever (with the help of a
human scientist as vector) in a Petri dish or in another body [18]. If
somatic cells were brought together in new environments e

liberated from their host bodies ewould they build something else
despite their wild-type genome? And if so, what?

You realize that this is an ideal model system in which to ask
questions about the identity and coherence of large-scale Selves,
and how they appear and disappear at a scale distinct from that of
their subunits. Continuing your experiments, you discover that
enabling those cells in to assemble in various combinations and in
several different microenvironments, results in functional bodies of
very diverse morphology and behavior. Apparently, the cells’ drive
toward multicellular cooperation, when possible, enables them to
build novel forms with coherent structure and function e not a
single genome-default anatomy. This seems to have major impli-
cations for cognitive science and the evolutionary trajectory of
advanced capacities from humble unicellular homeostatic begin-
nings [19,20]. Every cognitive system is made of components. In the
case of artificial, robotic agents those parts might be passive, but in
biology, those parts are themselves highly active, competent agents
[21,22]. How do those parts merge together into a unified cognitive
agent, which has behavioral repertoires, goals, memories, and
preferences belonging to the collective but not to any of the indi-
vidual subunits? Traditional brain science has largely worked
within two assumptions. First, the body structure is considered to
be fixed e determined by the genome and thus a reliable, stable
machine for which to evolve appropriate control policies (behav-
iors). Second, individual neurons somehow work together to
implement a higher-order entity that has coherent memories, be-
liefs, and goals. Brains are thought of as a stable, fixed structure in
which the individuality of the immobile cells is gone for good
(despite the known turnover rate of neurons in adult human brains,
which does not seem to impede continuity of memory or Selfhood
[23]). But here you have a model system inwhich we can see larger
selves appear and disappear before our eyes; what an opportunity
to understand the boot-up and dissolution of minds, and the



Fig. 1. A hypothetical multi-scale life cycle. This schematic represents a hypothetical creature with a life cycle that spans levels of organization. Every part of this cycle has been
found on Earth. (A) Embryogenesis (cooperation of cellular progeny of an egg cell toward a specific anatomical structure) gives rise to a complex organism with memory (B). After
death of the animal, some of the individual cells convert to a cancer-like unicellular mode and exit the body, existing as amoebas (C). Some of these can coalesce into multicellular
organoids (D) which exist as simple multicellular forms (comprising cells possibly originating from different bodies), moving via ciliary motion (E). Other cells, in an iPS-like
reprogramming event, become eggs and re-start embryogenesis (F). In each phase, memories (such as learned preference for a specific chemical e in this case, the citral mole-
cule [102]) persist and are transferred from single cells to the behavioral program of the animal and vice versa).

M. Levin Biochemical and Biophysical Research Communications 564 (2021) 114e133
relationship of minds to highly plastic bodies!
You decide to test these animals’ cognitive capacities and notice

that they can learn in associative and instrumental training assays.
Using simple surgical transplants, and exploiting these animals
Axolotl-like regenerative capacity, you then find that you can
transfer their memories (e.g., association of specific colors with
food) from a trained donor to a naïve host by transplanting brain
tissue [24,25] or even extracts [26,27]. Likewise, you find that the
individual amoebas can learn in simple assays, as has been shown
for slime molds on Earth [28]. You wonder: would amoebas
resulting from a trained body’s death retain the information as
individuals? Conversely, would an assemblage of such individually-
trained amoebas result in an organism that remembered the in-
formation? Could learning be propagated between cells, and could
the information transcend scales of organization e between single
cells and a whole organism? Could a collective synthesize indi-
vidual, simple memories of their cells into a compound, complex
memory for the whole? Whose memories would they be? Should
true memories of an associatively-trained animal be considered
false memories in the host that inherits them via transplantation or
aggregation, since that Subject has never actually experienced the
association they now remember?

While this vignette sounds fanciful, every part of it is
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biologically plausible e not just as “life as it could be” [29] but as
actual examples that have been studied here on Earth (reviewed in
the next section). Crucially, this sort of scenario highlights two
important things. First, that our comfortable “I know it when I see
it” categories, such as “genetically-determined bodyplan”, “organ-
ism”, “death”, and “memory” are actually quite fluid and in need of
better definitions. Second, a critical aspect of studying cognition is
understanding who its subject is e defining a system that is the
owner of the cognitive processes. Memories, goals, preferences,
cognitive abilities, etc. all have to belong to some specifiable sys-
tem. Thus, understanding the mechanisms and evolutionary origin
of cognition requires us to think deeply about the bodies which
enable and constrain various cognitive functions, and their poten-
tial plasticity [30]. This is not simply the claim that all cognition is
embodied and we should pay attention to the interaction of an
agent with its environment [31e33], or the parallels between
cognition in traditional embodiments (groups of cells making up an
organism) and groups of animals making up a swarm [34e37]. The
next level of advances in this field will be based on recognizing that
the scale and definition of the biological agent, and the boundary
between its own Self and its environment, are actually much more
complex and malleable than has been appreciated. Living forms
exhibit proto-cognitive autonomy at multiple scales, which enables
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a spectrum of different minds [38] across very diverse body ar-
chitectures (Figs. 2 and 3). This is as important for evolutionary,
developmental, and cognitive biology as for the development of
artificial intelligences [39] and regenerative medicine’s efforts to
control the results of cellular activity [40].

The imaginary scenario described above strains our everyday
definitions of common terms, includingmemory, cognitive identity,
evolution of body shapes, cooperation/competition, and death.
Fortunately, we do not have to solve the problems of interplanetary
travel to explore this new domain. An emerging technology which
is already revolutionizing cognitive science is synthetic
morphology [41e44]. Going beyond metabolic rewiring of indi-
vidual cells, the guided self-assembly of multicellular artificial
living machines is now enabling us to watch the appearance of
primitive cognitive agents from scratch, and track (and edit) the
memories and goals of living beings as they emerge de novo.
Feynman’s Rubicone that we don’t understand something until we
can build it ourselves e can be crossed in the domain of cognitive
science by a multi-disciplinary approach to the emerging field of
biobots [45e49]. One of the fascinating things about this field is
that it is, for the first time, enabling tractable experimental ap-
proaches to variants of thought experiments in the philosophy of
mind (such as splitting brains/persons), which have long been used
to sharpen questions about personal identity [50e52]. The
remarkable thing about synthetic organisms is that they enable us
to observe cognition in bodies that are created de novo for the first
time on Earth, with no lengthy evolutionary back-story. What kinds
of minds are immediately manifested in entirely new life forms?

I argue below that making progress on understanding cognition
requires an even stronger emphasis on the biophysical and
computational aspects of the structures that house and implement
cognition. First, because the bodies in which cognition manifests
are remarkably plastic, and the scale and boundaries between Self
andworld can shift during the lifetime of a biological system. As the
substrate of memory and behavior changes, it’s essential to un-
derstand what consequences this has for its cognitive apparatus.
Second, because biological systems are fundamentally multi-scale
e agent-like competency on many levels of organization is a key
aspect of evolvability. The inter-penetrating, concurrent operation
of numerous layers of cognition within the same living system
expands this field way beyond familiar questions about the
cognition of “an animal in its niche”.

In the following sections, I first review some experiments that
distort the familiar relationship between memories and their un-
ambiguous owner, focusing on the cognitive implications of body/
brain modification and memory transfer. I then describe biological
case studies that illustrate the plasticity of bodies in which minds
reside, paying attention to different scales of organization and the
interplay between them. Synthesizing modern genetic, cell-
biological, and evolutionary perspectives on body structure with
advances in cognitive neuroscience is essential for a mature, suffi-
ciently inclusive understanding of Mind in its many guises. I then
discuss recent advances in biobots as a new model system for the
future consilience of biology, cognitive science, and computer
science.
1.2. Corner cases: expanding beyond our comfortable view of the
subject of cognition

“Treasure your exceptions! Keep them always uncovered and in
sight. Exceptions are like the rough brickwork of a growing
building which tells that there is more to come and shows
where the next construction is to be."

- W. Bateson
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Numerous areas of bioscience proceed with an unspoken shared
assumption that the genome encodes a specific body type which
changes slowly (only on the evolutionary timescale), together with
an associated cognitive apparatus that is tightly bound to an
invariant brain and body structure. A number of cases at the
boundaries between subfields reveal that the reality is much more
interesting; the following are a brief survey of data (organized by
the assumptions that each set of examples disrupts) revealing these
assumptions to be incomplete in important ways, showing the
incredible plasticity of minds and bodies beyond the mainstream
examples of neuroplasticity.

Cognitive capacity is not hard-wired to a specific body archi-
tecture. It is often assumed that cognitive programs become tightly
bound to the standard body of any given species, being shaped
together over evolutionary time scales. Classic questions in cogni-
tive science and philosophy of mind, such as “What is it like to be a
bat?” [1] are often understood to assume that there is a discrete
natural kind, for example a “bat”. However, cognitive programs
show incredible ability to adapt on the fly to novel body configu-
rations. For example (Fig. 4A and B), when tadpoles are made with
eyes only on their tails, they can perform very well in visual
learning assays, showing that they can see Ref. [53]. These ectopic
eyes connect to the spinal cord, not the brain, conferring vision e

the brain has no trouble determining that this unusual tissue in the
tail is providing visual data, and the information coming from the
spinal cord should be processed in this way [54,55]. Thus, behav-
ioral programs relying on vision, which evolved formillions of years
to expect visual input from specific locations in the head, are
immediately portable to a novel anatomical architecture that likely
never existed in the biosphere before. This provides a tractable
model in the broader field of “sensory substitution” and brain-
sensor interfaces [56e59], research on which is limited for
obvious ethical reasons in human patients. Indeed, even cultured
neurons can be taught complex tasks, such as running a flight
simulator [60], showing the wide range of “bodies” that can be
managed by brains (dovetailing to the extensive literature on “brain
in a vat” in philosophy of mind [61]).

(Basal) Cognition does not require a nervous system or brain.
The realization that many organisms, including aneural ones [62],
exhibit proto-cognitive functions such as memory, integrated
decision-making, prediction, and ability to learn general rules from
instances is very old [63,64]. The emerging field of Basal Cognition
focuses on the phylogenetic origins of learning and goal-directed
activity, drawing a continuum between the humble origins of in-
formation processing in the metabolic homeostatic mechanisms of
ancient cells and more complex learning, representation, and goal-
directed activity [65,66]. Taken together, work on behavioral ca-
pacities of non-neural systems, and recent results on the molecular
genomics of pathways involved in learning and memory in brains,
reveal a key insight necessary for broadening our understanding of
substrates of cognition [20,67,68]. First, decision-making and
scaling of integrated information processing is ancient and ubiq-
uitous across the tree of life, spanning from bacteria [69] and bac-
terial biofilms [70,71] to protozoa [72] to plants [73,74] and even
somatic cells of complex organisms [75]. Many aneural organisms
show the ability to learn and behave adaptively in novel situations
[76] (Fig. 4CeE). Second, as befits the underlying evolutionary
origin of all life on Earth, the mechanisms used for cognition are
highly conserved and predate multicellularity [21,77], working in
similar ways in the control of morphogenetic behavior of single
cells as in the control of animal behavior [40,78]. Indeed, various
subsystems in animal bodies show evidence of learning and
primitive cognition, including cardiac [79], bone [80], and pancre-
atic [81] tissues. In some cases, they are able to anticipate future



Fig. 2. Examples of alterations of bodyplans in standard model species. (A) A frog with an ectopic limb emerging from its mouth, produced by optogenetic stimulation (Gufa Lin and
Levin lab, unpublished data). (B) Ectopic limbs in a froglet produced by ion channel misexpression (Sherry Aw and Levin lab, unpublished data). (C) Normal planarian flatworms,
contrasted with headless worms (D) and two-headed animals (E, arrowheads indicate heads; Junji Morokuma, Levin lab). (F) Four-headed planaria produced by disruption of gap
junctions and surgical cutting of the ventral nerve cords, with nervous system connection between the brains stained (G, green stain marks neurons, yellow stain marks stem cells,
yellow arrows indicate brains; Nestor Oviedo and Junji Morokuma [178]). Additional forms of planaria induced by bioelectric and electromagnetic modulation include spiky forms
(H), cylindrical forms (I), and ones in which normal flat planaria bodies are accompanied by growth into the third dimension (J).
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Fig. 3. Cognition is a multi-scale continuum of organizational levels and capabilities.
(A) Cognitive capacities have been studied at multiple scales and material imple-
mentations, including chemical networks, subcellular cytoskeletal dynamics, neural
networks, tissues and organs, whole organisms (both behavioral and morphogenetic
aspects), and swarm cognition of groups of organisms. The schematization is of a cycle
because each level contains computational units which comprise a group intelligence
at the larger scale, such as that of cellular collectives functioning toward large-scale
body-level anatomical goals. (B) Cognitive capacities of diverse body forms occupy a
gradient of increasing agency and self-determination, starting from purely reactive
processes to those which have feedback, learning, memory, anticipation, and the
ability to modify their own goals and model themselves and counterfactual conditions
within the external world. Panel A courtesy of Jeremy Guay of Peregrine Creative. Panel
B modified after [252].
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events based on prior experiences [28,82,83]. For example, planaria
exposed to the non-selective potassium channel blocker Barium
experience a rapid degeneration of their entire heads, but soon
grow new heads that are completely insensitive to barium by
regulating a small number of genes that enable cell physiology to
proceed under these exotic, harsh conditions [84]. Other examples
of adaptive decision-making in novel circumstances, occurring at
the cellular/tissue-level (but would be called intelligent problem-
solving behavior if it could be achieved by robotic agents) has
been demonstrated in bacteria [85e87] and Drosophila embryo
[88,89] biochemical networks. Thus, it is now clear that the generic
mechanisms of memory, problem-solving, and decision-making
can be supported by a wide range of biological architectures at
various scales, requiring us to expand neurocentric connectionist
models of cognition [90e93].
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Not only somatic, basal cognition e but also advanced behav-
ioral cognition e can exist in radically different neural structures.
Remarkably, there are cases of human beings born with radically
reduced brain mass who nevertheless show normal or above
normal human cognition [94,95]. For example, one patient with an
IQ of 126 and amathematics degree had, instead of a normal 4.5 cm
thickness of brain tissue between the ventricles and the cortical
surface, just a thin layer of mantle measuring about 1 mm; his
cranium was filled mainly with cerebrospinal fluid. This is often
explained away as redundancy within the brain, but given the
evolutionary pressure against increases in brain size (due to
massive metabolic demands by the brain, and the risks of giving
birth to mammals with large heads), it’s more likely that there are
additional architectures that provide the same level of performance
but exist as a peak in the evolutionary landscape which is not easy
to reach from the current architecture. On the other hand, there are
human beings with multiple brains in the same body (certain kinds
of conjoined twins), which raise fascinating questions about the
degree of internal communication between the brains and the
implications for cognition and its Subject of architectures with
novel distributions of brain tissues [96,97].

Memory does not only exist at one level - that of neural net-
workse it can span levels of organization. In addition to learning in
unicellular organisms [98e101], memories can jump levels of or-
ganization. For example, odorous compounds injected into the 1-
cell egg will cause the resulting frog to seek out that compound
for food [102]. This requires that information about this compound
be transduced from the chemical mechanisms occurring inside of a
single cell into tropisms belonging to a complex multicellular
neural network guiding frog behavior. The parental inheritance of
olfactory experiences has also been shown in mice [103], revealing
the movement of specific memories between behavioral and
developmental processes. Indeed, the paradigm of memories sto-
ried as finely-tunedweights of a neural network [104,105], the basis
of the exceptionally popular modern connectionist machine
learning paradigms [106], is clearly not the whole story either
[107e109]. Memories survive radical brain remodeling and regen-
eration [110], which would not be true if the engrams or invariants
representing information relied on memories being encoded as
permanent sculpting of synaptic structures maintained. For
example, moths retain information learned as caterpillars [111] (as
do insects and amphibians [2,112e115]), despite the massive brain
remodeling that occurs during metamorphosis.

Memories can be moved across tissues within a body. Memories
not only survive in a remodeling brain, but they can move between
tissues in a body. For example, planarian flatworms can be trained
and form memories in a range of learning paradigms [3,116,117].
Remarkably (Fig. 4F and G), trained worms whose heads are
amputated and allowed to regenerate show retention of the orig-
inal learning [118e120], suggesting that information can be stored
in the body outside of the head, but is imprinted on their newly-
regenerating brain in order to then give rise to the correct
behavior. While this has currently only been explored in planaria,
which are a unique model in that it offers both, extensive regen-
eration and learning capacity, the efforts of regenerative medicine
will likely eventually avail the community of new model species
(e.g., vertebrates with augmented regenerative capacity, already
available to some extent in Axolotl [25]), in which these questions
can be asked. Indeed, one of the hopes of stem cell therapy is to
eventually repopulate the brains of human patients, with decades
of storedmemories, with the progeny of naïve stem cells in cases of
degenerative brain diseases. What will happen to the memory and
personality of such patients? It is essential to begin to develop
animal models of this phenomenon, to understand the cognitive
implications ahead of the medical technology.



Fig. 4. Basal cognition and memory in deforming anatomies. (A) Tadpoles constructed to have no eyes in their head (red arrow) but to have an eye on their tails (yellow arrow) can
learn efficiently in visual training assays, such as avoiding specific moving color patches (B), despite the abnormal anatomical layout, and the fact that the ectopic eye connects to the
spinal cord, not the brain [53]. Slime molds exhibit behavior by deforming their body structure, and can store and pass on learned information throughout their unicellular network;
for example, in an assay where its native preference to avoid extending across an agar bridge with salt (C), is modified after experiencing food on the other side (D) so that in future
instances, it crosses the salt barriers (E). Panels CeE drawn by Nirosha Murugan, Levin lab, after data in Ref. [135,253]. Planaria which learn to feed on a specific texture of plastic (F)
will continue to seek out those regions in a place preference learning assay, even after their heads are removed and an entirely new brain grows from a tail fragment (G). Panels F,G
made by Tal Shomrat, Levin lab [110,120].
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Memories not only move between tissues in the same body,
they can apparently be moved across bodies. Transplantation
studies have shown the transfer of (so far) simple memories by
movement of material presumably containing engrams - cells, RNA,
or protein extracts from one animal to another [26,121e129]. More
modern approaches have successfully incepted false memories into
mice using optogenetics to transfer bioelectric state information
directly [130,131]. All of this raises important questions for defining
memory as the product of experience, belonging to a specifiable
mind as its owner [132]. This is especially true in the cases of
transference of memory across slime molds, which are unicellular,
large organisms that can be fragmented and recombined at will
120
[98,133e135]. For the recipient of such transplants, these are in a
sense false memories because the host did not participate in the
experience that caused the memory; and yet the memory repre-
sents a real past event, which the host can access very much the
way it accesses its own long-term memories of things that
happened to its past self. Thus, for a given Self at any point in time,
memories result from interpreted biophysical states of cell collec-
tives (which may have gotten there via learning e true experience
e or via the actions of neuroscientists who wrote to the memory
medium directly). In this way, science has caught up to ancient
philosophical (skeptical) worries about the inability to know
whether our memories really represent past events or werewritten
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into our minds recently and directly. The ability to transfer infor-
mation via tissue’s normal sensory stream (the “input layer” of the
network) as experiences, or directly into the deeper layers, offers
unprecedent opportunity to understand a diverse range of basal
cognitive encodings. These approaches can be used to uncover how
organisms read and interpret biochemical/bioelectrical traces of
former experiences (memories) as a kind of stigmergic message
from their past selves. Studying this in evolved and synthetic living
model systems is an essential complement to fascinating clinical
cases (such as split-brain patients, multiple personality disorders,
confabulation, etc. [136]). Anterograde amnesia patients who, due
to a broken internal scratchpad, often externalize the memory
features of the mind [137] bywriting their memories on paper to be
read by their next day’s future self, are in this way conceptually
linked to bioengineering of brain-machine interfaces in which
memory storage for living Selves might indeed be implemented on
external chemical, cellular, or silicon media.

This brief survey illustrates two things. First, that cognitive
abilities and the content of a mind are both tightly linked to the
physical structure of the body, at multiple levels e from the
anatomical arrangement of the sensor/effector organs to the mo-
lecular and bioelectric states that store its information. Second, that
there is incredible plasticity in both structure and function e

cognition continues to operate despite changes to the body/brain
and despite modification of its information at the cellular, molec-
ular, or bioelectric level.

Individual cells can learn, as can networks of cells and even
molecular networks [138], and information can propagate across
molecular, cellular, and whole body behavioral levels of organiza-
tion [116,139e141]. What happens to the memories of a body if it is
dissociated into individual cells?What happens if those cells are re-
assembled into a new body [142]? How memory relates to the
structure of its substrate is the key to cracking the problem of what
memories really are. Computer memories (and trained artificial
neural networks) are very brittle, with their hard-won information
disappearing if the medium is structurally altered; how can bio-
logical memories survive brain remodeling and regeneration?
Moreover, how tightly are behavioral repertoires tied to the
anatomical structure of the body e how do they adjust to new
configurations arising during evolution and what consequences
does plasticity and the ability to handle anatomical novelty
(change) have for evolvability and fitness? In general, what is the
relationship of specific cognitive capacities with the evolutionary
process that shapes the body?

Numerous fascinating questions become tractable when we
explore the capacity for making novel bodies, brains, and minds on
both the evolutionary and ontogenic timescales. Understanding
change to a body structure requires thinking about what encodes or
determines the standard body specification (the large-scale anat-
omy toward which cells cooperate during embryonic and regen-
erative morphogenesis). Where is this information stored, and how
much can it vary beyond the default anatomy we observe in each
species?We next review some examples of the range of plasticity of
bodies, which can be exploited to better understand the embodi-
ments of mind.

“Organisms” are not well-defined structures with clear bound-
aries. It is now well-established that most organisms are a patch-
work of genomes, containing microbiota in addition to their
metazoan host, and numerous complex cases of colonial organisms
exist that make it very hard to draw specific lines about what
exactly an organism is [143]. Since microbes and parasites living on
human and animal bodies contribute to personality traits and
cognitive function [144,145], it is clear that the difficulties that
evolutionary biologists have had in defining an “organism” extends
to cognitive science, with aspects of basal cognition of an agent
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receiving contributions from multiple co-existing genomes
[11,143]. In planaria, transplantation readily allows horizontal
recombination of individuals; this alternative to straightforward
vertical genetic lineage in which all cells in the body are clones and
should be in perfect cooperation with their kin mirrors the
endogenous situation in planaria, where their somatic inheritance
of mutations (across reproduction by fission and regeneration)
makes each animal a patchwork of genetic material [146] and raises
important questions of what exactly demarcates a planarian indi-
vidual, from the perspective of the genes, the cells, and the infor-
mation present in each animal [8,9].

The unicellular/multicellular distinction is not absolute. While
most organisms live their lives as single cells or multicellular or-
ganisms, it is important to consider examples in which this
boundary is transgressed, and cognitive dynamics that might be
invariant across changes in scale. Dictyostelium alternates between
an amoeba phase, and a multicellular phase where the amoebas
gather together into a body structure [147]. This continuous cycling
is even more impressive than the one-way lifestyle described in the
exobiological vignette above. Cells extracted from bodies can often
only divide a certain number of times; however cancer cells are not
thus limited, and even somatic cells can be induced into stem cells
or gametes by relatively few tweaks of totipotency factors
[148e150]. It’s widely accepted that after death, our molecules
continue their journey through the ecosystem. This can occur at
other higher levels, such as cells and tissues. A cancer cell in the
body could potentially leave the body at death and continue as a life
form indefinitely, as observed in immortal cell lines from human
tumors. Mammalian cells would require a supportive environment
(such as the body of another creature, as occurs in transmissible
cancers, for example among Tasmanian Devils [151,152]), but
transformed amphibian cells could easily be envisioned to go on as
amoebas after the death of a frog, since unicellular amoebas in
ponds succeed in that ecological niche. One would expect evolu-
tionary pressure to suppress such rugged independence in meta-
zoan somatic cells, but there is no obvious reason evolution
couldn’t have found a way to turn on unicellular transcriptional
programs, as occurs in cancers, at death occurring after reproduc-
tive years where the selection pressure tomaintain a coherent body
is thought to fall off rapidly. The existence of planaria, whose bodies
contain ~30% highly plastic stem cells, are very resistant to cancer,
and maintain a highly robust morphology that can re-form even
from tiny fragments taken from an adult animal, shows that the
pressure to avoid cancer is not an insurmountable force reducing
cellular plasticity and proliferative potential in diverse
circumstances.

Functional anatomy is both robust and plastic, using basal
cognition of cell collectives to achieve specific anatomical goals
[40,153]. When cells do cooperate toward large-scale anatomy, the
result is robust e able to withstand massive insults during regu-
lative embryogenesis (such as bisection, which leads to normal
monozygotic twins) and regeneration (such as the ability to re-
grow limbs, eyes, jaws, portions of the brain, etc. in animals such
as axolotls) [154]. At the same time, the process reveals important
plasticity - the ability to achieve the correct functional anatomy in
novel ways that use mechanisms, or traverses configurations, very
different from the normal course of events [155,156]. For example,
when the craniofacial structures of a frog embryo are experimen-
tally scrambled in their relative positions, they take novel paths to
rearrange themselves into normal frog faces [157,158]. Thus, the
genetics specifies not a set of hardwired standard movements for
each, but instead a problem-solving machine whose primitive test-
operate-exit loop is able to recognize an incorrect starting config-
uration, undertake novel responses to reduce the error with respect
to a specific target morphology, and cease the remodeling when a
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correct frog facial pattern is achieved (anatomical homeostasis, as
seen in regeneration also). The same scheme of exploiting novel
mechanisms to achieve the same goal is seen in polyploid newts. In
normal animals, small cells use cell-cell coordination mechanisms
to arrange into kidney tubules; but when polyploid animals with
huge cells are artificially created, individual cells wrap around
themselves (a cytoskeletal, unicellular behavior) to create tubules
of the same shape and diameter [159]. The matching of growth and
morphogenesis to physiological needs is also seen in mammals: for
example, hepatocytes implanted into swine lymph nodes form
ectopic livers whose size is proportional to the degree of liver injury
[160]. This flexible problem-solving is also deployed at the behav-
ioral level (functional homeostasis): tadpoles made to have eyes on
their tails instead of in the head nevertheless exhibit normal visual
learning: this abnormal anatomical layout does not require evolu-
tionary timescales to become functionale the optic nerves find and
synapse onto the spinal cord, which is apparently enough for the
brain to recognize the signal of a weird patch of tissue on their
backs as visual data and behave correctly [53,54]. A classic case of
this was Slijper’s goat, which achieved the anatomical changes
needed for bipedal locomotion within a single lifetime, due to a
birth defect that deleted the forelegs [161]. Another relevant
concept illustrating developmental plasticity is “nerve addiction”:
normal salamanders require nerves in order to be able to regen-
erate their limbs, but this is a learned dependency by the tissue e

animals that develop without nerves can regenerate their limbs
without the benefit of nerves as adults [162]. Taken together, these
examples illustrate how genomes specify cellular hardware that
can adapt to a wide range of non-standard configurations and
behavioral repertoires [43,163].

The shape of bodies is not controlled entirely by their genome.
The genome produces cells that, generally, work toward the same
default species-specific anatomical outcome. However, other bio-
physical memory media besides DNA, such as cytoskeletal struc-
tures and physiological networks, can store information that alters
the body structure [164e166]. Even commensal microbiota living
within a metazoan body have an input into the anatomical form of
their host, able to for example induce extra heads and changes of
visual system structure in regenerating planaria [167] and regu-
lating stem cell behavior in embryogenesis [168,169]. The influence
of commensal organisms (with their own genomes) living within a
complex body extends not only to their anatomy but also to com-
plex aspects of cognition, as seen in the phenomenon of host-
altered-behavior in zombie ant fungus [170e172] and the alter-
ation of risk-taking and other complex behaviors in mammals by
toxoplasma infections [173]. These facts make it clear that both
body structure and behavior receive inputs frommultiple genomes
within the same “organism”.

Non-genetic alterations to body structure and function are
heritable. In considering the relationship between cognition and
the evolutionary forces that shape behavior and enable its plas-
ticity, it’s important to note that DNA is not the only medium of
hereditary body-shape information. A classic example of epi-
genetics is the determination of protozoan anatomy and func-
tional behavior by the cytoskeleton [174], and the inheritance of
changes made to the cortex structure during the life of the animal
which persist in all of its offspring [175]. Recent data showed that
this can also occur in complex bilaterian organisms, via
bioelectrically-mediated pattern memory [176]. Planaria whose
bioelectric circuits are altered briefly to specify a 2-headed pre-
pattern result in 2-headed animals which, when fissioned, continue
to regenerate the abnormal 2-headed anatomy (and their unusual
behavior) in perpetuity [177,178]. Indeed, this primitive pattern
memory system can store at least 2 different types of representa-
tions of what a correct planarian looks like (information used to
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guide morphogenesis by cells during regeneration of worm frag-
ments), including the storage of 2-headed bodyplan information in
the tissues of a 1-headed (normal anatomy) animal (Fig. 5). This
illustrates the ability of a primitive somatic cognition system to
represent counterfactuals e storing information about a bodyplan
which is not reflecting the current anatomy, but rather what the
cells will build if called upon to do so in the future [179].

Metazoan body cells are not obligate cooperators. The cells
within a body do cooperate toward the same goal, but this process
of coordination is not absolute, despite their evolutionary journey
toward multicellularity. Cancer is a rapid breakdown of this coop-
erative activity, in which cells roll back toward an ancient, unicel-
lular transcriptional program [180,181] and more generally reduce
the scale of the goals toward which they work from tissue- or
organ-level to that of single cells [66]. Thus, even “tame” metazoan
cells are perfectly capable of abandoning multicellularity and
treating the rest of the body as external environment [182,183].
Conversely, manipulation of bioelectrical connectivity (a mecha-
nism that normally helps cells integrate their activity toward
anatomical body-shape goals) and actively patterning microenvi-
ronments both have been shown to normalize cancer cells
[184e187], demonstrating a bi-directional path between coopera-
tive subunits of a complex whole, and unicellular lifestyles. The
process of carcinogenic conversion and normalization are an ideal
context within which to track the scaling up and down of the
boundaries of an integrated, proto-cognitive Self as a swarm in-
telligence consisting of molecular networks, cells, organs, or whole
organisms [35,47,188].

Genetic relatedness is not the only determinant of cooperation
between cells and tissues within organisms. Coordination during
embryogenesis is in part accomplished by competition of cells and
tissues for informational and metabolic resources (reviewed in
Ref. [14]). Indeed, this “struggle of the parts” [189] is a consequence
of the multi-scale competency of biological structures, which en-
ables not only cells to continue to live outside the body (as routinely
occurs in cell culture) but in fact whole organs to survive and
exhibit distinct behaviors when liberated from the body [190].
Importantly, brains too achieve their optimal structure and
behavior in part because of the dynamics of a competitive archi-
tecture among sub-modules [191,192]. Conversely, numerous viable
chimeras can be made by mixing or joining genes, cells, organs, or
whole organisms from diverse species [193,194]. For example,
Drosophila neurons can live in vertebrate (even rodent) brains
[13,195]. The cognitive capacity of hybrid animals is a fascinating
complement to studies in traditional model species for the same
reason that experimental shuffling of genes, cells, and tissues has
advanced developmental biology: combining elements at different
levels of organization into one functional body offers the possibility
to understand the modularity, flexibility, interoperability, and in-
ternal structure of cognition, as well as its mapping onto specific
biological embodiments at multiple scales.

Death is relative to the scale of organization. Many kinds of
death at the organism level occur despite health of most of the
organs or cells in the body (as exploited during organ harvesting
from cadavers for transplantations). HeLa cells are an immortal
continuation of one human e Henrietta Lacks, who died decades
ago but her body lives on in a spatially-distributed form all across
the Earth as thousands of scientists propagate this popular cell line
[196]. A transient, cognitive version of this spatial dissociation is
routinely observed during general anesthesia in human patients,
where the use of gap junction-blocking reagents (which break the
electrical connectivity between cells [197,198]) result in the tem-
porary dissolution of the cognitive narrator despite the fact that all
of the brain cells are as alive as ever. Remarkably, when the anes-
thetic is removed, electrical connectivity of the network returns to



Fig. 5. Bioelectrical pattern memory in planaria can encode counterfactual anatomical states. Normal, 1-headed planaria (A), with correct anterior marker gene expression (B, pink
arrow indicates posterior region with no expression signal, green arrow indicates anterior marker expression in the head) and bioelectric prepattern indicating the number and
location of heads (C, orange arrow indicates green signal, which is depolarization revealed by voltage-sensitive reporting dye) give rise to normal 1-headed planaria (D) when cut
into pieces. However, normal 1-headed bodies (E), with normal molecular marker expression (F, pink arrow indicates posterior region with no expression signal), but
experimentally-induced duplication of depolarization pattern (G) can give rise to fragments which regenerate as 2-headed worms (H). This reveals that the bioelectric pattern is
instructive for the number and distribution of heads, that an anatomically- and molecularly-normal body can store (at least) two possible pattern memories of what a correct
planarian needs to look like, and that the bioelectric pattern is not a readout of the current anatomy but can diverge from it and store a counterfactual representation of what it
would build if it got injured in the future.
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enable the same cognitive Self e the patient maintains memories,
goals, and personality traits (although not always, as seen in cases
of psychosis and large-scale delusions induced by general anes-
thesia [199]). At the bench, “disassembly” assays highlight the need
to understand and define the large-scale (cognitive) system which
may be gone or modified even if the underlying subunits are alive
and healthy. Examples include and organ/cell culture where an
embryo (such as a frog tadpole or a Hydra) can be chopped into
pieces, and cultured separately or recombined into new living or-
ganisms by transplantation. When a planarian is cut into (even as
many as 250) pieces, the original worm is gone, but each piece will
go on to make a perfect little copy [8]. The disappearance and re-
aggregation of minds in these cases, as well as the provenance of
memories and behavioral traits during disassembly and re-
assembly of tissues, represents an important area for future study.

The remarkable plasticity of biology and the body-mind inter-
face is clearly telling us that our existing simple categories of both
structural and informational definition of a given Self are insuffi-
cient. We need to understand how multiple competent subunits,
such as cells, give rise to Selves that arise, die, and achieve an in-
tegrated internal cognitive perspective with coherent memories
and goals that are more than the linear sum of the subunits’ local
computations. This is as critical for philosophy of mind and
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evolutionary neuroscience as for regenerative biomedicine and
robotics/AI. Fortunately, advances in bioengineering are helping us
to examine how functional (and possibly cognitive) wholes can be
created out of a variety of diverse parts in a myriad of novel com-
binations and configurations. What kinds of minds would such
artificial bodies have? Unlike in traditional AI, where a mind is built
from dumb parts, artificial biological Selves are composed of sub-
units (cells and molecular networks) with rich competency in
navigating their own relevant state space, enabling us to for the
first time probe the scaling of tiny minds into bigger ones.

1.3. Biobots: a new model system for cognition research

The biological cases described above illustrate the complex
relationship between dynamically changing minds, bodies, and
evolutionary dynamics at multiple scales. One of the most impor-
tant lessons learned from these examples is that cognitive capacity
is not something that must be evolved in tight integration with a
dependable body anatomy e it applies “on the fly” to adjust to
changes in body structure. This is a concept that has been exploited
for “morphological computation” in soft body and evolutionary
robotics [200e204]. However, exciting recent progress has availed
biologists of a model system in which the origin of bodies, and the
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de novo emergence of cognitive programs and primitive minds, can
be observed and manipulated at will: biobots [48,49]. Bioengi-
neering of organoids in vitro is now enabling the creation of
entirely novel small living bodies from cells, raising the question of
what (if any) basal cognition and behavioral capacity they will
display.

Several groups have made synthetic living machines which use
muscle contraction to deform an inorganic scaffold and thus ach-
ieve locomotion on surfaces or through liquid volume [205,206].
Fig. 6. Xenobots e synthetic bodies with functional behavior made from frog cells.
Skin and muscle cells extracted from Xenopus laevis frog embryos and dissociated
coalesce spontaneously into a novel form (A) which can be sculpted (B) and reveal
emergent patterning of internal structure (C, red fluorescence indicates muscle cells).
Spontaneous activity of these Xenobots enables them to move around their environ-
ment, leaving tracks in carmine powder (red, paths seen in black) which reveal their
collective motion paths (D). If wounded (E, red arrowhead indicates cut), Xenobots
heal to their new shape (F). A computer algorithm models this self-organization pro-
cess enabling production of Xenobots in numerous different body forms (G), enabling
tracking and automated analysis of their individual and group behaviors in diverse
environments (H). Images by Sam Kriegman, Bongard lab, and Douglas Blackiston,
Levin lab, from Ref. [207].
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These have to be paced by external influences (optogenetic or
electrical stimulation). However, it was recently shown (Fig. 6) that
skin and muscle cells taken from a frog embryo will self-assemble
into constructs (Xenobots, named after their amphibian of origin:
Xenopus laevis) which move on their own, exhibiting a range of
motile behaviors by which they interact with objects the environ-
ment and each other [207]. This is just the first foray into the field of
synthetic morphology and it’s clear that combinations of nano-
materials, diverse species as cell sources, synthetic biology circuits
(transcriptional and bioelectric), and the propensity for cells to
cooperate to build a coherent organism will result in a huge mor-
phospace of novel living machines. Efforts to program their self-
assembly [44,208] and behavior [46,47] are under way, but one of
the most exciting aspects is their native functionality and cognitive
capacities. The skin cells of which they consist have receptors for a
plethora of sensory modalities (light, pressure, temperature,
chemicals, etc.) and remains to be seen whether Xenobots for
example have preferences or can be trained in simple assays.

Several interesting aspects are revealed by the Xenobot plat-
form. First, this is the only known life form which does not have a
long evolutionary past that specifically selected for their body
shape and behavior. The cells evolved in the biosphere, but they
were selected for sitting quietly on the surface of a frog to keep out
the pathogens. The actual evolution of these novel forms took place
in a virtual world inside a computer that predicted the necessary
experimental manipulations and their resulting behavior. Never-
theless, these novel body forms exhibit coherent behavioral pro-
grams that did not require eons of selection but work “on the fly” to
operate this new body by taking advantage of meso-scale bio-
generic aspects of physics [209]. This strategy has already been
demonstrated [210] in robots that build a self-model about their
own structure in order to discover behavioral programs for their
initial, and subsequently altered, bodies akin to the active inference
model that has been proposed for neuroscience [211,212] and body
morphogenesis [213,214]. Second, these cells have a completely
wild-type genome e no genomic editing or transgenes were
necessary to coax them to build a body and behavioral repertoire
totally different from frog or tadpole. And, genetic sequencing of
the material would reveal nothing but 100% pure Xenopus laevis,
completely misleading the molecular biologist about the body
shape and function they really had. It is a further testament to
cellular plasticity that, when liberated from the constraints of a
default body, the cells arewilling to cooperate to build a completely
different form. Finally, they repurpose their genomically-encoded
hardware (specific cytoskeletal structures) toward a different
functionality in a new environment e this is precisely the kind of
problem-solving, basic intelligence that state-of-the-art robotics is
still striving to achieve.

Xenobots have no nervous system ewithout a brain or neurons,
these organisms move in coherent ways, signal damage to each
other, and accomplish a variety of characteristic manipulations of
loose debris in their environment. Their skin cells exhibit the same
kinds of calcium flashing one sees in primitive nervous systems,
and we are just beginning to use the same techniques used for
neural decoding to try to understand its information content.
However, future biobots will surely contain neural tissue or even
entire brains taken from various animal sources. Using bioengi-
neering in vitro and chimeric grafting in vivo, it is now possible to
generate a dense spectrum of living beings ranging all theway from
non-neural or primitive neural organoids to full human brains, and
every combination (amalgam of human and non-human brain
cells) inbetween, raising a set of ethical concerns and questions in
the philosophy of mind. Experiments to track the primitive cogni-
tion (e.g., simple learning capacity) of such organoids have already
begun [215,216]. Instrumentizing brains or other biological systems
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to control virtual environments (such as a flight simulator [60]) or
real-world vehicle robot [217,218] provides rich opportunities to
explore diverse, non-standard cognitive architectures, in addition
to the alternative living bodies produced by synthetic
bioengineering.

1.4. Bioelectricity and pre-neural minds

The characterization of the cognitive worlds of novel bodies is a
challenging task. One inroad that will facilitate it is the increasing
information on the phylogenetic history of conventional minds
[20,68,69,219,220]. Brains, and neurons, did not appear spontane-
ously e they evolved slowly from other cell types [221]. It is now
known that all of the machinery which is used by brains - neuro-
transmitters, ion channels, synaptic proteins, etc. long predate the
origin of nervous systems and indeed were present in our unicel-
lular ancestors. This explains many interesting puzzles, such as for
example why organisms, so distant that they acquired multicellu-
larity separately from animals (e.g., fungi), just happen to possess
biochemicals that have very subtle effects on complex, mammalian
brains’ cognition (hallucinogens). What were ion channels and
neurotransmitters used for before the control of behavior at the
organism level? It is likely that the origin of neural controls of body-
level decision-making and problem solving lay in the control of
cellular behavior and the coordination of the cellular swarm toward
anatomical goals. Neural electrical dynamics were used by cells to
configure bodies in virtual morphospaces (during regeneration,
embryogenesis, and cancer suppression) long before their slow,
analog bioelectric circuits [78] were speed-optimized to apply the
same strategies to moving bodies in 3-dimensional space [68]. This
is clearly illustrated in the ability of simple voltage states to drive
modular changes in body form, inducing whole eyes in gut tissues
[222] (Fig. 7A), and ectopic hearts, brains, and limbs [223]. Ad-
vances in molecular bioelectricity are now using conceptual [224]
tools and experimental methods (such as optogenetics [225,226])
taken from neurobiology, in effect extending the deep principles of
neuroscience beyond neurons (Fig. 7B and C).

It is now seen that all cells, not just neurons, form bioelectric
networks that regulate cell behavior via neurotransmitter signaling
[227e230], to coordinate morphogenesis across distance and store
re-writable pattern memories that guide anatomy. For example, in
planaria, the number of heads can be specified by transiently
manipulating the endogenous bioelectric circuit that stores the
anatomy toward which cells work: once set to a different layout,
this “pattern memory” is stored by the tissue and used to guide the
location of heads in cut fragments. Not only head number, but also
head shape can be controlled [231]: brief interruption of bioelec-
trical communication among cells in a planarian fragment results in
the regeneration of heads (and brain shapes) appropriate to other
species of planaria, in the absence of genetic change (but in a sto-
chastic manner with ratios proportional to evolutionary distance
between the species). This has been modeled via dynamical sys-
tems concepts as the cellular network being pushed out of its usual,
default attractor state (by the injury), and sometimes settling down
into the wrong attractor if the normal cell:cell communication is
inhibited [166]. The remarkable fact is that the reagent used to
achieve this is a gap junction blocker, which breaks the bioelectric
gestalt between the cells [232,233] in precisely the same way as
general anesthetics interfere with gap junctions in the brain to
cause a loss of high-level integration (consciousness). Much as
patients coming out of general anesthesia that often have brief but
significant hallucinations (visit incorrect regions of the brain state
space), planaria exposed to an uncoupler of electrical synapses
inhabit an incorrect region of morphospace for about 3 weeks, but
then remodel back to the much deeper default attractor [231].
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Electric networks are ideal for computation and memory e a
fact that we heavily exploit in our technology, but was discovered
by evolution very early. These kinds of control systems can be
traced all the way back to bacterial biofilms (Fig. 8) e proto-bodies
just learning to scale single-cell homeostatic loops into group-level
goals [70,71,234,235], and are now being implemented from
scratch in synthetic excitable tissues made from non-neural cells
that drive predictable bioelectric signaling dynamics [236e238].
Numerous parallels exist between cognitive concepts (e.g., bistable
perceptual illusions, memory, predictive encoding, etc.) in single
animals and animal swarms, and developmental controls of body
form [36,37,40,153,213,239,240], differing only in characteristic
timescales and levels of organization. Thus, it is likely that cross-
pollination between computational efforts to understand the
bioelectric encodings of anatomical homeostatic goal states during
regeneration, and attempts to model basal cognition implemented
in simple electrical circuits in novel body forms, will produce an
extremely deep and fruitful synthesis.

2. Conclusion

The “dark matter” of cognitive science is to understand how
parts integrate into coherent Selves, whatever their level of so-
phistication, and how this process plays out within the plasticity of
the body substrate over evolutionary and developmental time-
scales. Rapid accommodation of behavior to novel body forms,
whether in biobots, chimeras, or animals whose anatomy was re-
specified by manipulation of endogenous bioelectric prepattern,
is revealing that the old “brain in a vat” thought experiment is not
an unlikely aberration but is in fact ubiquitous. All minds emerge to
find themselves in, to them, a novel “world” and must adapt to the
structure of the body and its external environment ewhether it’s a
Petri dish of neurons driving a simulated airplane’s six control
variables to keep it from crashing in a virtual world [60] or a
pancreas whose goals (in the cybernetic sense) involve keeping
different sets of parameters in correct ranges [81]. The plasticity is
readily observed in experiments on sensory augmentation and
brain control of assistive devices [241e243], as well as the “Rubber
hand illusion” [244e246], where on a scale of minutes or hours, the
brain is willing to modify its internal map of a body whose basic
layout has been reliably constant for hundreds of millions of years.

This dynamic embodiment works not only in “standard” evolved
species but in a wide range of implementations, the limits of which
we can’t even begin to guess yet as wemerge computer technology
with biological tissues via bioelectric interfaces [247]. It is the
mission of next-generation cognitive science, to move beyond
traditional brains and work to understand plasticity of cognition in
unconventional substrates. This task goes beyond real-time control
and performance. Memory and anticipation are capacities that
require us to investigate the encoding of memories, plans, and goal
states. Brains have to be able to interpret the informational content
of cellular, tissue, or molecular implants, in the same way they will
have to interpret and decode their own memory engrams at future
times, and in the same way that parts of a brain have to interpret
the information coming from other pieces of the same brain. It is a
grand challenge in this field to understand the encoding, storage,
and decoding in its most fundamental aspect, not limited to
familiar neural paradigms.

All cognitive Selves are made of parts. In the case of living be-
ings, those parts are cells, which are themselves competent agents
with the ability to lead their own independent lives (e.g., amoebas).
Some of the biggest philosophical questions, still unresolved,
include: 1) How do higher-order Selves come into being from col-
lections of subunits, and how do they disappear at “death”? For that
matter, what exactly is death of a multicellular creature, whenmost



Fig. 7. Developmental bioelectricity as precursor of cognition. (A) Bioelectric prepatterns indicate the goals toward which cells will build, as for example induction of specific voltage
states (via injection of ion channel mRNA into cells) can induce the modular building of an eye in the gut of a tadpole (red arrowhead) [222]. The relationship between the
bioelectric patterns in neural networks which encode cognitive and semantic states and guide muscle motion to move in 3D space (B) are isomorphic to the bioelectric patterns in
networks of non-neural cells which encode setpoints for anatomical homeostasis and guide cell behavior toward specific morphogenetic goal states in regeneration and devel-
opment (C). Panels B and C were provided by Jeremy Guay of Peregrine Creative.
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or all of its individual cells are still alive? 2) How do complex Selves
store and interpret distributed memories e the results of learning
from experience e across their internal collective? How do we
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recognize the “owner” of a specific memory residing in a complex
brain or body? How can memories be moved between such col-
lectives? All of these are profound questions affecting not only the



Fig. 8. Scaling of cognition. (A) Individual cells have a limited horizon of homeostatic goals, defined by the extent of their spatial perception, and memory/anticipation (temporal
extent). (B) When joining into networks via electrical synapses, they link into a larger unified network with larger spatio-temporal horizons, thus able to pursue bigger (anatomical-
level) goals such as regulative morphogenesis. The sharing of internal milieu through gap junctions inhibits the ability of cells to bind information or resources to their small Selves
(C), increasing functional cooperativity at the tissue level and enabling evolutionary dynamics to result in large-scale cooperative systems where the selfish agent expands its
boundary of Self [66]. This in effect creates a new group intelligence with distinct (and likely larger) processing power, IQ, and perceptual/modeling capacity (D). Such agents are
able to perform cognitive tasks such as surprise minimization, active inference, and flexible pursuit of represented goal states, both in behavior and in the control of their own
anatomical configuration (E, drawn by Allegra Westfal after [254,255]).
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understanding of personal identity and cognitive science, but also
of evolution of multicellularity and death. The answers will be as
relevant to the regenerative medicine of brain disease and aging as
to the computer science of engineering artificial intelligent agents
and swarm robotics. Fig. 1 illustrates some of the challenges that
possible biological phenomena raise for traditional concepts of life,
death, Self, and memory. Importantly however, we do not need to
wait for advances in Exobiology to confront these facts: the ex-
amples reviewed above show that many of these phenomena are
already present here in our biosphere. However, this departure
from the traditional study of cognition in fixed, evolved embodi-
ments will be massively amplified by on-going advances in
bioengineering. Synthetic biobots and exotic body layouts pro-
duced by bioelectric and othermeans will enable the community in
this novel emerging field to address truly vast questions of personal
identity, evolution, and cognition that have heretofore largely been
the province of philosophy.

There are immense opportunities for future work. Synthetic
transitions can be created as needed [248] e no longer must we
wait for evolution to produce model systems exhibiting new as-
pects of form and function. Two- or four-headed planaria are
readily produced, as are brain grafts in tadpoles, facilitating the
study of body control and cognition in bodies with more than one
central neural processor. Bodies, especially in amphibian models,
are also readily constructed with novel effectors (additional limbs
or eyes), and new sensory apparatus can be easily added. For
example, model animals can be made with numerous additional
receptors or bioelectrical transducers of any kind of data from
electronic devices (for example, one could make an animal that felt
the magnetic output of the sun, or variabilities of the stock market,
directly in its skin). Much as cancer cells sometimes regain a
primitive multicellularity as tumor organs [249], the cooperative
capacity of metazoan cells can be harnessed for biobots whose
cognitive capacities have not yet been tested. Beyond pure bio-
logical plasticity, chimeric organisms where cells are interfaced
with smart nanomaterials, computational electronic components,
and information interfaces (from specific devices to the entire
Internet) open an ocean of possible bodies that could house minds
with vast spatial awareness and causal reach.

Such work provides excellent fodder for exobiologists, who
think about how to recognize and gauge cognitive capacity in
entirely alien forms that could be encountered. However, it’s
important to realize that the implications strongly influence cur-
rent, terrestrial questions of how we understand ourSelves and the
other life forms with which we interact. Many human beings are
already subjects for whom these issues are directly relevant -
including genetic chimeras [250] andmicrochimeras due to normal
pregnancy [251], participants in brain-machine interfacing
(whether to correct disease or the transhumanist efforts to expand
normal human sensory-motor capacity), cyborgs incorporating
digital technologies such as machine-learning-driven pacemakers
and insulin pumps, patients of impending brain regenerative
therapies, conjoined twins, etc. More broadly, all of use even those
in traditional bodies - need to prepare for the ethical and social
consequences of being surrounded by the impending deluge of
highly diverse, dynamically changing bodies and minds of various
scales of cognitive capacity, which will arise from the disciplines of
swarm robotics, synthetic bioengineering, and their integration
toward consumer products (e.g., Internet of Things and home ro-
botics), food production, the pet industry, etc. Indeed, this field will
have implications far beyond biomedicine and bio-philosophy,
impacting also the field of machine learning. The lessons we
learn about how biology implements creative, robust problem-
solving in behavioral and structural spaces via multi-scale auton-
omy have clear applications to the design of novel artificial
128
intelligences not restricted to neuromorphic architecture.
Crucially, bioengineering has now leaped ahead of philosophy in

terms of the exotic configurations of beings that can now be
entertained. Philosophy of mind has toyed with thought experi-
ments about split and combined human persons, but the real, now
empirically-tractable at the bench, scenarios are much stranger. We
are witnessing the birth of a new field, at the intersection of
computer science, cognitive science, evolutionary developmental
biology, and engineering. As the field of Artificial Life explores “Life
as it could be” [29], with the computer as their key tool, Uncon-
ventional Cognition will thrive by extending current tools and
concepts to understand “Mind as it could be”.
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