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Abstract

Nervous  systems  are  traditionally  thought  of  as  providing  sensing  and

behavioral coordination functions at the level of the whole organism. What is

the evolutionary origin of  the mechanisms enabling the nervous systems’

information processing ability? Here we review evidence from evolutionary,

developmental,  and  regenerative  biology  suggesting  a  deeper,  ancestral

function of both pre-neural and neural cell-cell communication systems: the

long-distance  coordination  of  cell  division  and  differentiation  required  to

create  and  maintain  body-axis  symmetries.  This  conceptualization  of  the

function  of  nervous-system  activity  sheds  new  light  on  the  evolutionary

transition  from  the  morphologically  rudimentary,  non-neural  Porifera  and

Placazoa  to  the  complex  morphologies  of  Ctenophores,  Cnidarians  and

Bilaterians.  It further allows a sharp formulation of the distinction between

long-distance  axis-symmetry  coordination  based  on  external  coordinates,

e.g. by whole-organism scale trophisms as employed by plants and sessile

animals, and coordination based on body-centered coordinates as employed

by motile animals. Thus, we suggest that the systems that control animal

behavior evolved from ancient mechanisms adapting pre-existing ionic and

neurotransmitter  mechanisms  to  regulate  individual  cell  behaviors  during

morphogenesis.  An  appreciation  of  the  ancient,  non-neural  origins  of

bioelectrically-mediated computation suggests new approaches to the study

of  embryological  development,  including  embryological  dysregulation,

cancer, regenerative medicine, and synthetic bioengineering.
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Running title: Ancestral functions of bioelectric circuits

Introduction

 

A  critical  aspect  of  physiology is  the regulation  of  body functions  by the

nervous system, at all levels from cells to the entire organism. Outside of this

traditionally-considered function, neural signaling is increasingly recognized

to also be important for embryonic patterning (Herrera-Rincon et al., 2017),

cancer  (Pawlowski  and  Weddell,  1967),  and  regeneration  (Kumar  and

Brockes, 2012). Importantly, neurons utilize ancient mechanisms such as ion

channels,  electrical  synapses,  and  neurotransmitters  that  also  operate

throughout the body in many non-excitable tissues and predate the evolution

of  specialized neurons.  We here propose a model in  which both neuronal

signals and non-neural bioelectric patterning signals arise from modifications

of conserved basic machinery,  and co-evolved to function to control  both

organismal behavior and development. Thus, understanding the relationship

between brain and body, and exploiting the versatile signaling capabilities of

the nervous system for biomedical purposes, requires an appreciation of the

origin and adaptive functions of neurons. Here, we review the current state

of the art, controversies, and knowledge gaps concerning the evolutionary

history of bioelectric signaling across development, physiology, and behavior

and offer a more inclusive view of nervous system function in these different

contexts.

The earliest  detectable  event  in  the Metazoan lineage is  the  divergence,

roughly  700  million  years  ago  (Mya),  between  the  morphologically

rudimentary, aneural Porifera (sponges) and Placozoa, and the Eumetazoa

(Ctenophores,  Cnidarians  and  Bilaterians)  (Erwin,  2015;  Sebé-Pedrós,

Degnan,  and  Ruiz-Rillo,  2017;  see  Dohrmann  and  Wörheide,  2017  for

evidence  supporting  earlier  dates).  All  Eumetazoans  exhibit  complex,
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multicellular,  and  invariant  morphologies  characterized  by  multiple

differentiated cell types, symmetries and specific asymmetries around well-

defined body axes,  and specialized nervous systems (Feuda et  al.,  2017;

Simion et al, 2017; see Whelen et al.,  2017 and below for the alternative

hypothesis  that  Ctenophores  represent  the  initial  divergence  and  neither

complex  morphologies  nor  nervous  systems  are  synaptomorphic).  What

explains the correlation, on both sides of this divergence, between complex,

multicellular animal morphologies and nervous systems? Is there something

about the morphologies, not just the behavior, of animals that demands the

resource-intensive construction and maintenance of a nervous system? Why

are brains (Herrera-Rincon and Levin, 2018; Herrera-Rincon et al., 2017) and

spinal cord structures  (Mondia et al., 2011) apparently required for normal

development  and  regeneration  (Kumar  and  Brockes,  2012) in

morphologically complex metazoans?

Nervous  systems  are  traditionally  thought  of  as  enabling  sensing  and

behavioral coordination functions at the level of the whole animal (Arendt et

al., 2015; Arendt, Tosches and Marlow, 2016; de Wiljes et al., 2015; de Wiljes

et al.,  2017; Jékely et al.,  2015; Keijzer,  2015; Keijzer and Arnellos, 2017;

Keijzer et al., 2013; Nielsen, 2008). From this perspective, nervous systems

make complex morphologies useful; this increase in utility confers selective

advantages  that  offset  the  resource  costs  of  building  and  maintaining  a

nervous system. Here we review evidence from evolutionary, developmental,

and regenerative biology suggesting that nervous systems also function to

enable  the  precise,  long-distance  coordination  of  cell  proliferation  and

differentiation  that  is  required to  create and maintain  a  body comprising

multiple  distinct  cell  types  organized  into  specialized  structures  including

organs  and  limbs.  If  this  hypothesis  is  correct,  nervous  systems  make

complex morphologies possible. The competitive advantages they confer are

the competitive advantages of morphological complexity itself. 
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The first multicellular fauna for which direct fossil evidence is available, the

Ediacaran, is already morphologically and by inference behaviorally complex

(Narbonne, Xiao and Shields, 2012; Darroch et al., 2018); hence the relative

evolutionary timing of morphological and behavioral complexity remains a

matter  of  hypothesis.  The  “skin-brain”  hypothesis  that  nervous  systems

evolved to coordinate the behavior of contractile epithelia (Keijzer, van Duijn

and  Lyon,  2013)  supposes  a  gradualist  co-evolution  of  behavior  and

morphology  supported  by  a  gradual  elaboration  of  a  nervous  system

primarily dedicated to coordination of initially-simple bodily movements, e.g.

body-tube contraction (de Wiljes et al., 2015; de Wiljes et al., 2017; Jékely et

al., 2015; Keijzer, 2015; Keijzer and Arnellos, 2017).  Recent modeling results

motivated  by  the  hypothesis  that  all  organisms  must  minimize  Bayesian

surprise (Friston, 2013; Friston et al., 2015; Kuchling et al., 2019) suggest,

however, that multicellular bodies may have evolved independently of motile

capability  to protect  dividing cells  from a hostile  environment (Fields  and

Levin, 2019). The primary functions of cell-cell communication in such bodies

would  have  been  the  suppression  by  dividing  cells  of  daughter-cell

proliferation  and  the  induction  of  daughter-cell  terminal  differentiation,

functions that elongated cells could perform at greater than typical nearest-

neighbor distances.  The selective advantage conferred by elongated cells

specialized  for  communication  –  protoneurons  –  in  this  scenario  is  not

motility, but protection of the dividing (i.e. proto-stem) cell population from

the environment. Such signaling cells would, however, be available for co-

option  to  coordinate  motility.  The  sensory  and  behavioral  coordination

functions of nervous systems can, in this latter scenario, be interpreted as

exaptations initially, and as co-evolving adaptations following functional co-

option.  The  traits  gained  by  having  a  nervous  system  designed  for

morphological  control  can,  in  this  case,  be  co-opted  for  other  tasks  that

become possible through complex morphologies, such as macrophagy and

its associated complex behaviors.
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If the original, ancestral function of the nervous system is the precise, long-

distance (relative to typical nearest neighbor distances) coordination of cell

division and differentiation, one would expect the morphology of the nervous

system to reflect this function.   Effective coordination of  cellular behavior

across a multicellular  body is  an example of  feedback-driven control:  the

current control signals depend, via a feedback signal, on the previous state

of  the  structures  or  functions  being  controlled  (Ashby,  1956).  In  general

control theory, the Good Regulator theorem (Conant and Ashby, 1970) states

that any effective controller of a system must incorporate a model of that

system. One could expect, therefore, the morphology of the nervous system

to  implement  a  model  of  the  morphology  of  the  body.   The  well-known

somatosensory  and motor  “homunculi”  of  the  human brain  (Penfield  and

Boldrey,  1937)  are  examples  of  such  models;  however,  the  criteria  for

determining  that  a  structure  or  function  serves  as  a  “model”  of  another

structure or function are not well-defined outside of engineering, and may be

expected,  in  general,  to  depend  on  larger-scale  boundary  conditions  or

context-setting parameters (e.g. Pattee, 2001; Polanyi, 1968; Rosen, 1986).

For a structure or process to be a model of some other structure or process,

in particular, it must be used as a model (set-point, or stop condition) in the

context of feedback regulation, as the somatosensory and motor homunculi

in the brain are used. The complexity of the morphological model can be

expected to increase rapidly as the number of long-distance constraints on

the  relative  sizes  and  shapes  of  structures  built  on  different  body  axes

increases.  Encephalization,  in  this  case,  can  be  viewed  as  an  adaptive

response to the challenge of  successful  morphogenesis:  it  centralizes  the

morphological model and hence centralizes the enforcement of constraints

that  are  dependent  on  information  from  distal  parts  of  the  body  and

therefore cannot be enforced using purely locally-sourced information.  

In  facultative  multicellular  systems  such as  Dictyostelium,  small-molecule

morphogens induce cell-cycle arrest and differentiation in cells that adopt
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supportive  and/or  protective  –  i.e.  somatic  –  morphologies  and  functions

(Morris et al., 1987; 1988). In morphologically-complex unicellular organisms

such  as  Micrasterias,  spatially-organized  bioelectric  currents  direct

morphological  differentiation  following  cell  division  (Meindl,  1993;  Lutz-

Meindl,  2016).   Both morphogen and non-neural  bioelectric  signaling also

function  to  control  cell  proliferation  and  differentiation  throughout

development in the Eumetazoa (Tseng and Levin, 2013; Levin, 2014; Pezzulo

and  Levin,  2015;  2016;  Fields  and  Levin,  2018).  Reconceptualizing  the

function of nervous systems in terms of morphological coordination renders

signaling in nervous systems functionally continuous with these more ancient

mechanisms.  Nervous  systems  become,  in  particular,  a  novel  means  of

extending both the range and targeting precision of these earlier systems, as

they allow information  generated in  one  part  of  the  body  to  be  used to

control,  with  high  spatial  and  temporal  resolution,  cellular  processes  in

another, distal part of the body. They enable signal-generating cells to sense

and  control  the  proliferation  and  differentiation  not  just  of  their  near

neighbors, but of precise populations of distal cells anywhere in the body. 

One way to conceptualize bioelectrical systems in general (both neural and

non-neural) is as controllers that manage the trajectory of a complex system

through state space. In development, bioelectrical networks made up of pre-

neural cells guide the movement of the body through a virtual morphospace

–  the  various  anatomical  configurations  of  embryogenesis  (Stone,  1997;

Gerber, 2017) (Figure 1B). This operates during regeneration and remodeling

as well, where cell activity must be coordinated toward the repair of complex

structures (Vandenberg, Adams and Levin, 2012; Sullivan, Emmons-Bell and

Levin, 2016). However, this ancient property of control systems required for

metazoan morphogenesis could have been readily coopted to manage the

trajectory of the body through 3-dimensional space during animal behavior.

This is exemplified both by non-neural bioelectric control of contraction in

glass sponges (Leys, 2015) (Figure 1C), as well as in the more familiar use of
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the nervous system to control  muscle activity and thereby control animal

movement in 3-dimensional space (Figure 1A).  Thus, morphogenetic control

and  behavior  are  isomorphic  in  the  sense  that  in  both  cases,  bioelectric

signaling coordinates activity,  of  cells  or muscle groups respectively,  in a

continuous space of possibilities which must be mapped and represented at

some level of detail for adaptive outcomes (Figure 1). This view of nervous

systems  as  functionally  continuous  with  non-neural  signaling  systems  is

consistent with the gradual and clade-specific elaboration of nervous-system

structure suggested by considerations of late-Cryogenian to early-Ediacaran

ecology (e.g. Erwin, 2015).
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Figure 1:   Both neural  and bioelectric  networks are feedback

controllers that guide trajectories through different spaces. (A) In

the familiar case of animal behavior across eumetazoa, neural

networks represent 3D spaces, issue commands to muscles, and

thus control the movement of the animal through that space in

order to reach adaptive goals.  Neuroanatomy (left  image) and

neural  function  (right  image)  are  mutually  enabling  and

stabilizing (red circular arrow). (B) The same scheme is used by
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an ancient morphogenetic system in which bioelectric networks

issue commands to  cells,  modifying the structure  of  the body

during  embryogenesis  or  regeneration  to  guide  it  through  a

morphospace  of  possible  configurations  to  reach  a  specific

anatomical  outcome. Cellular  network architecture (left  image)

and  the  resulting  spatial  gradient  of  bioelectric  states  (right

image) are again mutually enabling and stabilizing (red circular

arrow). Importantly however, the shared evolutionary history of

these systems and the ancient roles of bioelectric circuits enable

the converse as well: organisms such as glass sponges use non-

neural  bioelectrics  to  coordinate  their  pulsatile  behavior  (C),

while vertebrates use brain and CNS tissue to help coordinate

developmental patterning (D). Pseudo colored image of a tadpole

flank  in  the  presence  of  a  small  molecule  fluorescent  dye

obtained from Dr. Douglas Blackiston, used with permission. The

other panels are courtesy of Jeremy Guay of Peregrine Creative

Inc., used with permission.

In what follows, we develop, consider the evidence supporting, and discuss

some implications of the hypothesis that morphological coordination is the

evolutionarily-primary  function  of  nervous  systems.  The  next  section

expands the notion of an “option space” for early nervous-system evolution

(Jékely,  Keijzer  and Godfrey-Smith,  2015)  to  include neural  control  of  cell

proliferation and neural control of cell differentiation, functions that enable

the exploration of abstract morphological and cell-fate spaces, respectively.

It  then  provides  a  general  statement  of  the  coordination  problem  and

examines  its  formal  structure  from  a  control-  and  network-theoretic

perspective.  We next review the neural  coordination solutions adopted by

metazoa,  from  the  preneural  signaling  systems  of  sponges,  through  the

development of specialized nerve nets and proto-ganglia in cnidarians and

ctenophores,  to  the  development  of  a  central  nervous  system (CNS)  and
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encephalization  in  bilaterians.  We consider  experimental  evidence for  the

control  of  morphogenesis  by  neural  signaling  during  development,

regeneration,  and  tumorigenesis,  and  for  the  integration  of  such  neural

signals  with  small-molecule  and  non-neural  bioelectric  signaling  in  these

settings. Finally, we suggest some potential implications of these findings for

both  research  and  therapeutic  strategy  in  birth  defects,  cancer,  and

regenerative medicine and consider possible applications in bioengineering.

The problem of coordination: from cells to bodies

The multicellular lifestyle long predates eukaryotes, having been developed

by the cyanobacteria and purple sulfur bacteria some 3,700 Mya (Stal, 2012;

Nutman et al., 2016).  The layered morphology of microbial mat communities

is  driven by resource availability and physical  constraints  such as gravity

(Stal,  2012;  Prieto-Barajas,  Valencia-Cantero  and  Santoyo,  2018).  The

hierarchical branching morphologies of plants (Prusinkiewicz, 1998; Li et al.,

2017) can also be understood in terms of resource and physical constraints,

as demonstrated by the strikingly plant-like forms obtained by regulating the

access of inorganic feedstock materials to CO2 (Turner and Nottale, 2017).

While  animal  morphologies  are  clearly  responsive  to  such  resource  and

physical  constraints,  the  presence  of  both  symmetries  and  specific

asymmetries  between  distant  parts  of  the  body  indicates  the  action  of

additional self-imposed long-range constraints acting between specific target

sites. The combination of left-right (L-R) symmetries and anterior-posterior

(A-P)  asymmetries  typical  of  bilaterian  limbs,  for  example,  cannot  be

explained solely in terms of resource constraints or physical forces such as

gravity.   Animal  morphologies  specifically  raise  the  question  of  how

information  specifying  long-range  constraints  on  cell  proliferation,

differentiation and behavior is transmitted from one part of a multicellular

body to another.
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Motivated in part by the skin-brain hypothesis (Keijzer, van Duijn and Lyon,

2013),  Jékely,  Keijzer  and  Godfrey-Smith  (2015)  proposed  that  nervous-

system evolution be viewed as solving two kinds of problems simultaneously:

input-output problems typified by sensory-motor coordination, and internal

coordination problems typified by the coordination of muscle-based motility.

Problems of the former type generally involve moving information from one

tissue to another, while those of the latter type involve moving information

within a tissue.  While Jékely, Keijzer and Godfrey-Smith (2015) consider roles

for neural signaling in controlling physiological and developmental processes,

they focus on the whole-organism scale in defining their “option space” for

nervous-system evolution. We suggest that these same options should also

be considered at the scale of single cells or small populations of cells, i.e.

that  nervous  system  evolution  can  also  be  viewed  as  addressing  the

problems  of  coordinating  the  proliferation,  differentiation,  and  motility

decisions  of  these  smaller  units.  In  principle,  neural  signaling  could  be

involved  in  transferring  information  that  coordinates  or  controls  such

processes between cells of the same type or within the same tissue; as we

will see, however, it is the capability to effect precise coordination between

cells of different types over longer than  typical nearest-neighbor distances

that nervous systems add to the signaling capabilities already developed by

facultatively multicellular systems.

In  order  to  state  the  morphological  coordination  problem  faced  by

multicellular animals in a general form, it is useful to adopt the concept of a

“target  morphology”  for  a  species,  the  stable  endpoint  that  typical

development  (or  in  competent  species,  regeneration)  achieves  in  that

species, averaged over individual differences (Levin, 2011).  Armed with this

concept,  we  can  state  the  morphological  coordination  problem as  the

problem of achieving those aspects of the target morphology that cannot be

achieved by a combination of cell-autonomous processes, local responses to
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resource  and  physical  constraints  and  common,  local  rules  executed

everywhere. 

As  an  example  of  the  morphological  coordination  problem,  consider  the

problem  of  assuring  overall  L-R  symmetry  in  a  vertebrate  body  while

breaking  that  symmetry  in  the  precise  ways  needed  to  construct  the

appropriate  anatomy.  Growth  rates  of  vertebrate  cells  depend  on  local

concentrations of growth factors and other morphogens as well as on local

energetic  resources;  none  the  less,  the  sizes  and  shapes  of  even  distal

appendages  such  as  human  fingers  are  roughly  L-R  symmetric.  While

equivalent,  purely-local  regulation  on  left  and  right  sides  may  explain

structural  symmetries,  e.g.  equal  numbers of  fingers,  small  differences in

initial  conditions,  noise,  and  competition  for  resources  between  cell

populations  on  opposite  sides  could  all  introduce  asymmetries  in  cell

proliferation rates and hence the sizes of left and right structures.  Specific L-

R asymmetries, e.g. of the heart, liver, spleen, gut, and brain, are universal

(Neville, 1976; Palmer, 2009), and L-R symmetry is broken as early as the

first  embryonic  cleavage  to  assure  L-R  asymmetric  development  (Levin,

2006; Vandenberg, Lemire and Levin, 2013).  How, then, are the equal sizes

and shapes of  structures  that  are L-R symmetric,  such as  limbs,  assured

during  embryonic  and  later  development?  How  is  cell  proliferation

coordinated across  the L-R axis?   Experiments  assessing the response of

Xenopus embryos to induced tumorigenesis indicate that L-R symmetry of

overall cell proliferation rates is enforced by long-range bioelectric signaling

as early as the 16-cell stage, before the nervous system begins to develop

(Chernet, Fields and Levin, 2015). The proliferation, and hence the states, of

cells on one side of the embryo depend, in this case, on the states of cells on

the other side: precisely the kind of long-range conditional dependence that

cannot be achieved with purely local models of development.
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In  order  to  formalize  this  distinction  between  developmental  processes

supported by only short-range versus both short- and long-range signaling,

we abstract cells to communicating agents and represent the network of cell-

cell  signaling  as  an  abstract  constraint-communication  network  (Friston,

2013). The distinction between constraint networks supporting only local or

both local and non-local conditional dependencies can be quantified by the

average path length between nodes. In a spherically-symmetric network with

only nearest-neighbor connections, the average path length is one-half of the

graph-theoretic diameter, i.e. one-half of the maximum minimal path length

in the network. In a complete (i.e. every node is connected to every other

node) network, the average path length is one. Between these extremes are

networks  in  which  a  relatively  small  number  of  long-range  connections

connect clusters of locally-connected nodes; these are small-world networks

(SWNs;  Watts  and Strogatz,  1998; Barabási  and Albert,  1999),  defined as

networks  with  both  a  small  average distance between nodes and a  high

clustering coefficient as shown in Fig. 2.  Such networks are efficient, in the

sense of providing short average path lengths and thus allowing fast long-

distance communication  with  a  relatively  small  (compared to  a  complete

graph)  total  number  of  connections  (Latora  and  Marchiori,  2001).   Like

random graphs, they allow most nodes to be identified by their connection

patterns (in the limit of a sufficiently large graph, every node has a unique

connection  pattern),  a  form  of  identification  that  is  lost  as  the  graph

approaches a complete graph.  
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Figure  2:  a)  A  network  with  no  closed  paths  and  hence  a

clustering coefficient of zero; this network is not an SWN. b) A

simple SWN with  two distinct  local  neighborhoods of  mutually

connected nodes connected by two “hub” nodes.  Note that each

local  neighborhood  contains  closed  paths  that  decrease  the

average distance between nodes. The closed paths give it a non-

zero clustering coefficient. c) Adding more paths to the SWN in b)

destroys  the  “small  world”  structure.  This  network  is  almost

complete,  i.e.  every node is  connected to  almost  every other

node. In a complete network, the nodes are not distinguishable

by their connectivity. Connections between nodes can in all cases

be  interpreted  as  non-directional,  directional,  or  bidirectional,

incorporating  feedback.   Adapted  from  Fields  and  Glazebrook

(2017).

Small-world  networks  are  ubiquitous  in  biological  systems,  e.g.  in  gene

regulation (Agrawal,  2002),  protein interactions (Barabási  & Oltvai,  2004),

human neurocognitive  architecture  (Bassett  &  Bullmore,  2006),  academic

collaborations (Newman, 2001) and other social-exchange networks. In many

cases,  e.g.  human  neurocognitive  architecture,  constraint  networks  are

structured hierarchically as SWNs of SWNs (e.g. Sporns and Honey, 2006).

Such networks  are capable  of  communicating both  positive  and negative

constraints,  e.g.  both  positive  and  negative  regulatory  signals  in  protein-
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interaction  networks  or  both  excitatory  and  inhibitory  signals  in  neural

networks; such parallel constraint communication enables both positive and

negative  feedback  signals.   In  all  cases,  such  constraints  act  locally;

however,  their  sources are the states  of  distant  nodes in  the network.  If

organisms employ long-distance communication between cells or tissues to

solve the morphological coordination problem, one would expect, on grounds

of thermodynamic efficiency, the architecture supporting this communication

to be a SWN. One would hence expect the architectures of even rudimentary

nervous systems to be or at least include SWNs. Evidence that the nervous

systems  of  both  ctenophores  (Moroz,  2015)  and  cnidarians  (Galliot  and

Quiquand,  2011;  Kelava,  Rentzsch  and  Technau,  2015)  exhibit  neuron

clustering and may comprise multiple, interconnected subnetworks suggest

that  this  expectation  is  correct.  As  a  driver  for  the  evolution  of  nervous

systems, the communication efficiency of SWNs (Latora and Marchiori, 2001)

would  support  their  independent  origin  in  multiple  lineages  and  hence

convergent  functional  evolution,  as  has  been  suggested  in  the  case  of

ctenophores on the basis of primarily biochemical evidence (Moroz, 2015;

Moroz and Kohn, 2015).

Nervous system structure correlates with morphological complexity

in Eumetazoa

What is a nervous system?

Nervous  systems comprise  neurons.  The definition  of  a  neuron,  however,

remains  controversial,  with  typical  structural  definitions,  e.g.  in  terms  of

synapses,  requiring  exceptions  (e.g.  Nickel,  2010;  Bucher  and  Anderson,

2015; Jékely, Keijzer and Godfrey-Smith, 2015). Most, if not all, cells are able

to  change  their  electrical  properties,  using  the  same  ion  channels  and

downstream  neurotransmitters  and  calcium  as  second  messengers  that

neurons  use  –  these are  ancient  functions  that  pre-date  specialization  of
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neurons  for  speed  and  selective  connectivity.  Motivated  by  the  network-

theoretic considerations above, here we define neurons functionally in terms

of  specificity  and  speed:  a  neuron  is  a  cell  that  transmits  electrical  or

chemical  signals  from one  or  more  specific  source  cells  to  one  or  more

specific target cells in a time much less than that required for source-to-

target diffusion. A nervous system is a network of such cells connected in a

way that allows longer-distance signaling and signal processing.  Note that

this  definition applies  even if  the source-target  connections  are randomly

chosen and short as in the model of de Wiljes et al. (2017), provided the

signals are transmitted specifically from the randomly-chosen source to the

randomly-chosen target with a transmission speed that exceeds the diffusion

speed across the same distance.

Genetic toolkits for instructive signaling and body-axis specification predate

complex morphology and neurons

Phylogenomic methods allow the correlation between nervous systems and

morphological  complexity  found  in  the  Eumetazoa  to  be  probed  at  the

molecular scale to investigate whether newly developed nervous systems

and complex morphology were enabled by the introduction of novel signaling

or regulatory systems in the Eumetazoa. Consensus data show that a broad

range  of  eumetazoan  hormones,  including  insulin,  adrenocorticotropine

(ACTH), triiodothyronine (T3), and prostaglandin (PGF2), and growth factors

predate  the  divergence  between  unikonts,  including  the  Metazoa  and

Amoebozoa, from bikonts, including ciliates and plants (Lenard, 1992; Csaba,

2012).  The  eumetazoan  neurotransmitters  acetylcholine,  dopamine,

norepinepherin,  and  serotonin  as  well  as  many  eumetazoan  synapse-

associated  channels,  ion  pumps,  GTPases  and  other  signaling-system

components are similarly  broadly  distributed across  the phylogenetic  tree

(Csaba, 2012; Roshchina, 2016; Burkhardt and Sprecher, 2017; Plattner and

Verkhratsky, 2018).  Prindle et al. (2015) show, for example, that long-range
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K+ ion channel-mediated communication is employed for global  metabolic

coordination in  B. subtilis biofilms.  Both the availability and use of these

molecules for intercellular signaling to control cell proliferation and cellular

behavior thus predates even the advent of obligate multicellularity, not to

mention the development of nervous systems or complex morphology.

In  the same way, signaling systems employed by neurons were available

even  to  unicellular  eukaryotes.  Signaling  factors  directly  involved  in  the

specification of characteristic features of animal morphology, e.g. multiple

distinct  body  axes  with  specific  symmetries  and  asymmetries,  predate

nervous systems.  One well-explored such factor is the Wnt pathway, which

is centrally involved in primary body axis specification across all metazoa but

is represented only in precursor form outside the metazoa (Holstein, 2012;

Adamska,  2015;  Tweet  and  Irwin,  2015;  Loh,  van  Amerongen  and  Nuss,

2016).  The  facultatively  multicellular  Dictyostelium  offers  an  interesting

comparison here, as it expresses Wnt pathway homologues only during the

multicellular stage  (Harwood 2009). One can speculate about which of the

dual  roles  of  the  downstream  Wnt  effector  β-catenin  –  cell  adhesion  or

signaling – arose first and which was co-opted later,  but it  is  likely not a

coincidence  that  these same molecules  are  involved  in  both  establishing

tissue  planar  cell  polarity  (long-range  order  providing  information  on

direction;  e.g.  Wallingford  and  Mitchell,  2011)  and  axial  patterning

(information on position along the organism; e.g. Pietak et al., 2019). Larger

numbers  of  distinct  Wnt  subfamilies  and  associated  regulators  exist  in

eumetazoa than in  placazoans  or  sponges,  suggesting that  Wnt  pathway

expansion may be associated with more complex metazoan morphologies

(Loh, van Amerongen and Nuss, 2016); however, the question of subfamily

loss  in  basal  metazoa  remains  open.  In  Cnidarians  and  Bilaterians,  the

secondary  dorsal-ventral  (D-V)  axis  is  specified  by  TGFβ/BMP  pathway

signaling; however, this pathway also exists in both sponges and placozoa

and  presumably  plays  a  role  in  oral-arboral  axis  specification  in  these
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organisms (Adamska, 2015;  Tweet and Irwin,  2015;  see DuBuc, Ryan and

Martindale, 2019 for recent data from placozoans).  Other signaling systems

once thought to be specific to eumetazoa, including the Hox system, have

also  been found in  the  morphologically-simpler  basal  metazoa  (Adamska,

2015; Tweet and Irwin, 2015).

Moreover,  neither  neurons  nor  multicellular  morphology  are  required  to

support  whole-body  sensation  and  behavior.  This  is  clearly  the  case  in

unicellular  predators  such  as  Paramecium,  which  move  using  cilia  beat

driven gliding and reverse their movement upon hitting an obstacle using

membrane depolarization  and resulting  reversal  of  the  cilia  beat  pattern,

allowing them to exhibit complex behaviors (Machemer and Eckert, 1973).

Similar  examples  of  complex  behaviors  in  the  absence  of  a  specialized

nervous system are apparent as well in bacteria, plants, and many types of

individual somatic cells and multicellular tissues (Baluška and Levin, 2016).

Facultative  multicellular  systems  such  as  Dictyostelium,  as  well  as  the

relatively  soft-bodied  demosponges,  employ  paracrine  signaling  (Nickel,

2010)  with  a  bioelectric  response  (Leys,  2015)  to  coordinate  whole-body

contractile  movements  in  response  to  stimulation.  The  syncytial  glass

sponges (Hexactinellida)  employ  electrical  signaling,  including whole-body

action potentials, to accomplish the same thing (Leys, 2015). 

Overall,  this  evidence  suggests  that  most  signaling  factors,  be  they

hormones, morphogens or neurotransmitters, are widespread across phyla

and  predate  obligate  multicellular  life,  indicating  that  neurons  are  not

intrinsically required in simple animals for the functions they currently fulfill.

Specialized cell types are predated by complex signaling functions, behaviors

and  the  required  toolkits.  Why  then  do  eumetazoa  have  neurons?  As

suggested  above,  geometry,  not  biochemistry,  may  be  the  answer.  We

hypothesize that with the advent of multicellular bodies, even if these have a

primarily  behavioral  or  protective  function  (Fields  and  Levin,  2019),  the
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nervous system developed to  transmit  some of  the previously  developed

signaling factors over longer than typical nearest-neighbor distances to allow

for  large  scale  coordination  of  cell  proliferation,  sensory  processing,

behavior, morphological development and differentiation in complex animals

(Figure 3). 

Figure 3:  Proposed  model  in  which  bioelectric  machinery  (ion  channels,

neurotransmitters and gap junctions) and cell type differentiation developed

successively  and  have  both  been  adapted  to  control  developmental

patterning and movement. Alongside this process, proliferation control was

developed, restricting stem cell properties (blue cell).

Nervous system evolution: Once, twice, or often?
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While  there  is  broad  support  for  Cnidarians  and  Bilaterians  being  sister

clades,  the  relationship  between the  Porifera,  Placozoa,  and  Ctenophores

remains  controversial,  with  some  molecular  analyses  supporting  Porifera

(Feuda et al., 2017; Simion et al, 2017;) and others supporting Ctenophores

(Liebeskind  et  al.,  2017;  Whelen  et  al.,  2017)  as  the  earliest  metazoan

branch (see Botting and Muir, 2018 for an argument from the fossil record

that  sponges  did  not  appear  until  the  Cambrian).  The  placement  of

placozoans is similarly uncertain. Ultrastructural and physiological evidence

suggesting that the choanocytes of demosponges (or choanoblasts of glass

sponges;  Leys,  1999)  are  closely  related  to  choanoflagellates,  the  well-

established  sister  group  of  the  Metazoa  (Funayama,  2013;  Sebé-Pedrós,

Degnan, and Ruiz-Rillo, 2017), provide additional support for early branching

of  Porifera;  however,  the  question  of  early  metazoan  phylogeny  remains

unsettled.  

If the aneural Porifera and Placozoa are the most basal metazoan branches,

nervous  systems  can  be  considered  a  synaptomorphy  of  the  Eumetazoa

(Galliot  and  Quiquand,  2011);  any  other  evolutionary  scenario,  however,

requires  either  multiple  origins  of  nervous  systems  or  loss  of  nervous

systems  in  Porifera  and  Placozoa  (Moroz  and  Kohn,  2015).  The  nervous

systems  of  ctenophores  differ  sufficiently  from  those  of  cnidarians  and

bilaterians,  moreover,  to  suggest  their  independent  origin  under  any

phylogenetic placement (Moroz, 2015; but see Arendt, Tosches and Marlow,

2016 for a dissenting view).  The extreme diversity of neural architectures in

bilaterians raise similar questions (Northcutt, 2012).  Nervous systems in the

early-branching Xenacoelomorpha (Cannon et al., 2016), for example, range

from simple nerve nets with no apparent ring or ganglion centralization to

systems with recognizable anteriorly-located brains (Gavilán, Perea-Atienza

and  Martínez,  2016;  Martínez  et  al.,  2017).   Whether  this  variation

represents,  when  compared  with  other  bilaterians,  loss  or  convergent

development  of  an  anterior  brain  remains  unknown;  a  similar  question
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concerning  centralization  arises  when  comparing  the  more  rudimentary

examples  of  Xenacoelomorph  nervous  systems  to  the  more  organized

examples from cnidarians.

Is the neuron itself the principal innovation enabling complex morphology?

Neurons offer a key advantage over either paracrine or electrical signaling by

non-neural cells: neurons are able to deliver a signal from a single source to

a  specific  distant  target.  Unlike  organism-  or  tissue-scale  morphogen

gradients  or  electric  fields,  or  even  cell-type  specific  hormonal  signals,

neurons  enable  long-range  signaling  at  single-cell  or  even  subcellular

resolution.  From  an  evolutionary  point  of  view,  neurons  are  the  best

biological solution to date for spatially- and temporally-precise information

transfer and processing.

How did this  innovation in  signaling precision come about?  Nickel  (2010)

suggested  that  interstitial  cells  in  demosponges,  which  are  capable  of

receiving and then relaying paracrine signals, can be regarded as precursors

of neurons; concentrating signaling molecules in extended processes of such

cells would improve the spatial resolution of signaling.  Sponges lack both

muscle  and  neurons,  and  hence  do  not  have  “skin  brains”  as  originally

defined (Keijzer, van Duijn and Lyon, 2013); however, sponge epithelia are

capable of coordinated, bioelectrically driven contractions (Leys, 2015) and

can  be  viewed  as  partial  precursors  of  neuron-coordinated  myoepithelia

(Keijzer and Anellos, 2017). Funayama (2013) advances a model in which the

archeocyte stem cells of demosponges, which have amoeboid morphology

and are mobile within the interstitial  space, are descendants of a mobile,

amoeboid alternate form of ancestral choanocytes, a suggestion consistent

with environment-dependent transitions between flagellated and amoeboid

forms in unicellular eukaryotes (Brunet and King,  2017) as well  as recent

molecular evidence (Sogabe et al., 2019). A signal-relaying function has not
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been directly established for archeocytes; however, it seems plausible that

stem  cells,  which  must  both  send  and  receive  signals  that  induce

proliferation and differentiation, might also serve as general signal-relaying

cells in adult multicellular systems without neurons. Such stem-cell-derived,

or  relayed  signals  may  serve  the  same  functions  in  constructing  and

maintaining target morphology in adults that they serve in embryogenesis.

Mesenchymal stem cells, for example, are known to secrete cytokines that

act  broadly  on  immune-system cells  (Kyurkchiev  et  al.,  2014)  as  well  as

angiogenic  and  growth  factors  capable  of  modulating  tissue regeneration

and vascularization (Tran and Damaser, 2015).

If neurons are involved in morphological coordination as suggested here, one

would expect neurons to be one of the earliest-differentiating cell types in

embryogenesis.  Although  embryos  undergo  complex  morphological

rearrangements  prior  to  the  appearance  of  differentiated  cells,  in  most

bilaterians neurons differentiate from epithelial cells of the early embryo at

the  time of  gastrulation  (Hartenstein  and Stollewerk,  2015).   In  planaria,

which  do  not  undergo  gastrulation,  the  nerve  cord  is  the  initial  adult

structure produced in the embryo (Martín-Durán, Monjo and Romero, 2012).

Neurons are similarly among the first evident differentiated cells in acoels

(Ramachandra  et  al.,  2002)  and  cnidarians  (Galliot  and  Quiquand,  2011;

Piraino  et  al.,  2011)  in  which  embryonic  development  has  been

characterized. 

Nervous systems enable error correction

Morphological invariance across generations requires a heritable encoding of

target morphology.  Where is this information stored, and how is it inherited?

Both theory and experiment indicate that it cannot be wholly stored in the

genome,  even  with  epigenetic  modifications;  the  organization  of  the

cytoplasm, cytoskeleton, and membrane of the ovum and zygote also carry
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essential information about target morphology (Fields and Levin, 2018).  This

information  must,  moreover,  be  encoded  with  sufficient  redundancy  to

enable  error  detection  and  correction.  In  Micrasterias,  for  example,  the

coupling between membrane receptors and cytoskeleton enables information

stored structurally and bioelectrically to be mutually error-correcting (Fields

and Levin, 2018). Similarly, a classical example of epigenetics demonstrated

stable (permanent) propagation of changes in cellular anatomy in lines of

ciliates by mechanical perturbation of the membrane cytoskeleton without

genetic change (Beisson and Sonneborn, 1965; Nelsen, Frankel and Jenkins,

1989).

Neurons,  we  suggest,  similarly  enable  error  correction  in  multicellular

organisms.   The path  taken by a  signal  transmitted by a  neuron can be

replicated exactly, enabling both redundant communication and back-and-

forth  handshaking  between  source  and  target.  The  sensory-motor  loops

enabled by path replication are essential for behavioral coordination (Kandel,

Schwartz  and  Jessell,  1981);  we  hypothesize  that  they  play  a  role  in

morphological coordination as well. 

Long-range morphological coordination requirements predict nervous system

complexity

The transition from diffuse “nerve net” architectures through local modules,

e.g.  nerve  rings  and  nerve  cords,  with  few  long-range  connections  to

hierarchies of small world networks (SWNs) as morphological and behavior

complexity increases has been noted previously (Kaiser and Varier,  2011;

Bauer  and  Kaiser,  2017).   The  execution  of  complex  behaviors  clearly

requires  the  coordination  of  mutually-distant  parts  of  the  body,  e.g.  of

multiple  limbs  for  locomotion.  We suggest  here  that  information  transfer

between different parts of the developing body is essential to the production

of the invariant adult morphologies typical of Eumetazoa, and that nervous
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systems  are  the  evolutionary  innovation  that  enables  such  information

transfer at single-cell resolution. We further suggest that the requirements

for  long-distance,  high-resolution  information  transfer  increase  with  the

number of specifically symmetric (e.g. left and right index fingers in humans)

or  asymmetric  (e.g.  right  thumb versus  right  big  toe)  structures.  Animal

phylogeny can be viewed, in this case, as an elaboration of bodies enabled

by  an  elaboration  of  nervous  systems.  The  increase  in  nervous  system

complexity from the nerve nets of  Cnidarians to the ring and nerve cord

structures  in  roundworms  or  the  brain  and  nerve  cord  organizations  in

flatworms and further to insect, cephalopod and chordate nervous systems is

well documented (Holland et al., 2014; Arendt, Tosches and Marlow, 2016),

as is the elaboration of mid- and forebrains in vertebrates (Northcutt, 2002).

Eumetazoa with reduced brains compared to their  phylogenetic peers are

considered  instances  of  niche-dependent  brain  loss  (Hirth,  2010),  with

reduction to only a nerve net consistent with a rudimentary bilateral body

plans (Gavilán, Perea-Atienza and Martínez, 2016). 

In both cephalopods (Albertin et al. 2015) and chordates (Pendleton et al.,

1993; Tepass et al., 2000; Holland, 2009) the increase in both morphological

and  nervous  system  complexity  is  accompanied  by  expansion  of  gene

families responsible for cell-cell recognition as well as transcription factors.

Differential expression studies in multiple model systems have consistently

shown that many if not most members of such regulatory gene families are

expressed  in  the  nervous  system  even  when  they  are  also  expressed

elsewhere (Adams, Kerlavage, Fields and Venter, 1993; Adams et al., 1995;

Brown et al., 2014; Kang et al., 2011; Moroz et al., 2006).

High-resolution  neural  signaling  complements  lower-resolution

molecular  and  bioelectric  signaling  in  development  and

regeneration
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The  importance of  coordinated  neural  activity  in  the  development  of  the

brain  and  other  central  nervous  system  (CNS)  structures  has  been  well

appreciated since the pioneering work of Wiesel and Hubel (1963a;b) and is

encapsulated  in  Hebb's  dictum  that  “neurons  that  fire  together  wire

together”  (Kandel,  Schwartz  and  Jessell,  1981).   Outside  of  the  CNS,

however, the role of specific neural signaling in controlling differentiation and

morphogenesis has received far less attention than the roles of molecular

and non-neural bioelectric signaling. Classic studies from the 19th to mid 20th

centuries showed that denervation disrupted regeneration in amphibians, but

only more recently have these effects been extended to other systems or

studied at cellular and molecular resolution (reviewed by King and Newmark,

2012;  Kumar  and  Brockes,  2012;  Farkas  and  Monaghan,  2017).  Here  we

review studies indicating a role for neural activity in normal development,

including  development  by  regeneration  in  asexually-reproducing  systems

such as Hydra or planaria.  

Neural activity in invertebrate development and regeneration

The Cnidarian  Hydra has a nerve net with ring-like specializations but no

well-defined  brain  (Koizumi,  2002;  Galliot  and  Quiquand,  2011).  Hydra

reproduce sexually but are also capable of asexual reproduction via budding,

regeneration from small fragments, and reassembly following disaggregation

(Watanabe, Hoang, Mättner and Holstein, 2009). Differentiation of both head

(oral) specific neurons and non-neural head-specific epithelial structures is

induced by morphogenic  peptides  secreted by anterior  neurons (Schaller,

Hermans-Borgmeyer and Hoffmeister, 1996).  Epithelial cells can, however,

also  assume  this  inducing  role  in  Hydra from which  neurons  have  been

selectively removed, by expressing normally neuron-specific genes (Wenger,

Buzgariu and Galliot, 2015).  Hence while the signaling functions of neurons

can  be  adopted  by  other  cells  in  Hydra,  these  typically-neural  functions,
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however they are implemented, contribute to the specification of even non-

neural morphology.

In  contrast  to  Hydra,  planaria  have  well-developed  brains  and  chemical

synapses (Pagán, 2014; Cebrià, 2008); while obligate-sexual species exist,

many others reproduce asexually  via  fission and regeneration (Elliott  and

Sánchez  Alvarado,  2012).   In  the  planarian  D.  japonica,  fragment-scale

bioelectric  (membrane  voltage,  Vmem)  asymmetry  is  the  first  known

instructive  signal  for  anterior-posterior  axis  definition  and is  sufficient  for

normal  regeneration  in  fragments  containing  roughly  20% of  the  original

ventral nerve cord (Durant et al.,  2019); whether neural activity amplifies

small Vmem differences to efficacious levels and whether this Vmem signal is

sufficient in much smaller but still regeneration-competent fragments is not

yet known. In small fragments containing only lateral branches originating

from the VNC, however, the orientation of neural processes determines the

orientation of the new A-P axis, indicating that neural polarity is critical for

axis  definition  and  subsequent  morphogenesis  (Figure  4).  Blockage  of

microtubule-based  motor  transport  disrupts  axis  specification,  suggesting

that neurons can regulate morphogenesis not just via chemical or electrical

synaptic  transmission  but  also  via  active,  directional  transport  of

morphogens (Pietak et al., 2019).
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Figure 4:  Neural  transport  of  morphogens  sets  anterior-posterior  axis  in

regenerating  planaria.  A)  Planarian  nervous  system  as  visualized  with

synapsin  antibody  labelling.  The  model  detailed  in  Pietak  et  al.,  2019

proposes  transport  of  morphogens  via  molecular  motors  along  the

microtubules of the axons. B) Lateral fragments of a planaria, which contain

only neurons oriented perpendicular to the original anterior-posterior axis,

regenerate with a new anterior-posterior axis aligned with the orientation of

the nerves in the fragment, perpendicular to the original axis; this confirms

the prediction of the model,  that neural directionality sets the anatomical

pattern  (over-riding  and  re-setting  prior  anterior-posterior  chemical

gradients).  Schematic  in  panel  A  and  images  in  panel  B  are  used  with

permission from Pietak et al., 2019.

In the roundworm C. elegans, generally considered a paradigm case of cell-

autonomous development,  the two canal-associated neurons (CANs)  have

been shown to regulate the number and placement of vulvae by regulating

Wnt signaling (Modzelewska et al.,  2013).  While these neurons have gap

junctions (Altun, Chen, Wang and Hall, 2009) and hence presumably employ

electrical signaling, their role in morphogenesis appears to be mediated by

spatially-localized morphogen secretion. In  Drosophila, local larval neurons

that  persist  through  metamorphosis  guide  axons  of  adult  neurons  from

segment-specific  imaginal  discs  into  the  developing  CNS  (Usui-Ishihara,

Simpson and Usui,  2000; Williams and Shepherd, 2002). Again, this effect

appears to be via secreted morphogens that act neurotropically.

Neural activity instructs morphogenesis in Xenopus embryos

Studies of direct neural effects on normal development have focused on the

frog  Xenopus.  Micro-injury to the spinal cord in the frog embryo results in

characteristic defects in the tail (Modia et al., 2011). Moreover, removal of

the nascent brain in Xenopus induces a range of posterior tissue phenotypes,
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including  disorganization  of  the  trunk  musculature  and  peripheral

innervation,  revealing  that  inputs  from the brain  are  required  for  normal

morphogenesis, even in regions distant from the brain (Herrera-Rincon and

Levin,  2018;  Herrera-Rincon  et  al.,  2017)  (Figure  5).  Thus,  some somatic

structures are not purely locally-determined but require instructive influence

from distant locations. The developmental defects induced by brain removal

can be partially ameliorated by induction of bioelectric and neurotransmitter

signaling in other non-neural tissues; however the rescue is incomplete. This

shows that the mechanisms mediating these influences can also function in

non-neural  cells  (representing  a  pre-neural  function;  Levin,  Buznikov  and

Lauder,  2006)  but  that  full  efficiency  towards  the  correct  anatomical

specification is best accomplished by the optimized CNS.

Figure  5:  The  brain  is  required  for  normal  embryonic  development.  A)

Overview of the systems effected by brain removal. B) Removal of the brain

interferes  with  the  correct  patterning  of  musculature  when  compared

between control animals (i) and brainless animals (ii). C) Brain removal also

impacts  peripheral  nerve patterning in  brainless  animals  (ii)  compared to

controls (i). Panels A and B,C are used with permission from Herrera-Rincon

and Levin, 2018 and Herrera-Rincon et al., 2017 respectively.

A role for neural signaling in developmental disorders?
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The results on CNS-mediated effects on morphologically-correct development

found in Xenopus embryos (Herrera-Rincon and Levin, 2018; Herrera-Rincon

et al., 2017) clearly must be more fully characterized and extended to other

systems before  they can be generalized.  Tentative  as  they are,  however,

they  immediately  raise  the  question  of  whether  electromagnetic  or

biochemical disruption of CNS function in late embryogenesis and/or early

fetal development in humans could have not just proximal effects on CNS

development  but  also  distal  effects  on  morphology.  The  association  of

morphological symptoms with neurodevelopmental disorders such as autism

(Ozgen et al., 2011) and teratogens such as ethanol, many of which act first

or primarily on the developing CNS (de la Monte and Kril, 2014), as well as

the  numerous  channelopathies  (ion  channel  mutations)  that  exhibit  both,

neurological and anatomical phenotypes (e.g. Dahal et al., 2012; Masotti et

al.,  2015;  Tristani-Firouzi  and Etheridge,  2010)  suggests that evidence for

such  distal  effects  of  early  neural  activity  disruption  may  be  already

available, but so far remain uninvestigated. 

The  apparently  normal  gross  morphology  of  the  lower  body  in  surviving

anencephalic  neonates  with  only  a  rudimentary  brainstem (Poretti  et  al.,

2010) suggests that cerebral structures are not required for overt, posterior

morphogenesis  in  humans;  however,  the  very  short  lifespans  of  such

neonates, their lack of organized behavior, and the lack of histological data

on the morphogenesis of other organs in these cases preclude detection of

dysmorphias.  The role of the central nervous system in the maintenance of

normal  morphology  in  humans  or  other  mammals  through  the  lifespan

remains uninvestigated.  

Innervation in tumor growth and metastasis
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The role of growth factors and other small-molecule morphogens in cancer is

well-established,  and  the  role  of  non-neural  bioelectric  signaling  is

increasingly  understood  (reviewed  by  Chernet  and  Levin,  2013).   Early

experiments  in  model  systems  indicated  that  denervation  could  induce

tumorigenesis,  suggesting  that  normal  neural  activity  plays  a  role  in

suppressing transformation and/or  dysregulated proliferation  (Chernet  and

Levin, 2013). Illustrating the diversity of cancer types, other studies have

demonstrated an active role for innervation in tumor induction, maintenance,

and  metastasis,  suggesting  that  tumorigenesis  is  at  least  in  some cases

nerve-dependent in a way analogous to regeneration (reviewed by Boilly et

al.,  2017;  Kuol  et  al.,  2018).  A  variety  of  tumor  cells  are  stimulated  by

neurotransmitters, although dopamine can have a tumor suppressive effect

(Moreno-Smith  et  al.,  2011).   Tumor  cells  also  secrete  tropic  factors  that

induce  innervation  from  surrounding  normal  tissue  (Boilly  et  al.,  2017),

analogous to the induction of vascularization.  Hence different tumor cells in

different environments respond in different ways to neural stimulation.

These results suggest that if neural activity contributes to the regulation of

cell proliferation, as developmental data suggest, this regulation can be over-

ridden  by  tumor  cells.  The  common  dependence  of  regeneration  and

tumorigenesis  on inducible stem-cell  proliferation,  the inverse relationship

between regenerative capability and cancer susceptibility across phylogeny

(Smetana,  Dvořánková  and  Lacina,  2013),  and  the  apparently  common

mechanisms of nerve dependence in regeneration and tumorigenesis (Boilly

et  al.,  2017)  all  suggest  a  continuous,  bidirectional  flow  of  information

between stem cells  and  neurons  in  the  healthy  case.   If  stem cells  and

neurons  have  common  epithelial  origins  as  suggested  (Funayama,  2013;

Arendt et al., 2015; Arendt, Tosches and Marlow, 2016), this communication

pathway  may  serve  to  regulate  morphogenesis  and  morphological

maintenance across the metazoa.   
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Discussion

Here  we  have  presented  theoretical  arguments  and  reviewed  data

supporting  an  active  role  for  nervous  systems  in  coordinating  animal

morphogenesis.  We highlighted the evolutionary origin of  nervous system

functions in ancient biochemical and bioelectric mechanisms that were co-

opted and scaled up from the control of cell behaviors in the environment of

the body to the control of animal behavior in its macro environment.  We

have suggested, in particular, that the Precambrian development of nervous

systems enabled the development of complex, multi-axis animal bodies and

hence  the  Cambrian  explosion.  Such  bodies  in  turn  enable  the  complex,

neurally-controlled behaviors typical of animals, including predation, escape,

social communication, and active mating behaviors.

While the development of the nervous system per se has been studied for

decades  in  many  model  systems  and  the  neuron-dependence  of

regeneration is well known, experimental investigation of the role of neural

activity  in  morphogenesis  has  barely  started.  Emerging  evidence  that

innervation modulates tumor growth and that disruption of  normal neural

activity may have morphological as well as neurological consequences lends

urgency  to  this  area  of  research.   We  expect  that  neural  signaling  will

become recognized as complementing morphogen and non-neural bioelectric

signaling in the control of both morphology and differentiation, just as it does

in the control of motility and behavior. Likewise, non-neural bioelectric and

neurotransmitter signaling is increasingly recognized as an instructive long-

range  coordination  system  for  guiding  cell  behavior  during  remodeling,

regeneration, embryogenesis, and cancer suppression (Levin and Martyniuk,

2018; McLaughlin and Levin, 2018). 

We propose a conceptual parallel between the roles of the brain and of non-

neural  bioelectric  networks.  Evolution  discovered,  as  early  as  in  bacterial
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biofilms (Liu et al., 2017; Prindle et al., 2015), the benefits of exploiting the

physics of electrical processes for computation and coordination (Pietak and

Levin, 2017). The functions of non-neural bioelectric networks in guiding cell

behaviors toward a specific attractor state in the animal’s morphospace were

speed-optimized and used to  enable  animal  bodies  to  achieve behavioral

goals in the development of the nervous system (Levin, 2012; Pezzulo and

Levin,  2015).  This  view  has  significant  implications  beyond  evolutionary

biology,  because  neuroscience  has  developed  mature  models  of  how

physiological  networks  can  optimize  system  dynamics,  ensuring  robust

functions,  despite  unpredictable  stressors.  An  appreciation  of  the

evolutionary  origin  of  nervous  systems  suggests  that  the  tools  of

neuroscience – both modeling techniques that represent complex biological

systems in terms of quasi-hierarchical  information flows and experimental

techniques that allow direct electrical communication with excitable cells –

can be used to target physiological networks underlying the robust, adaptive

function  of  numerous  organ  systems  in  health  and  disease  (Pezzulo  and

Levin,  2015,  2016).  Manipulating  bioelectrically-mediated  decision-making

may enable control of complex system-level outcomes (e.g., regeneration of

whole organs, immune system regulation, etc.) without the need to directly

micromanage  transcriptional  and  translational  events.  This  approach

suggests numerous avenues for future investigation at the intersection of the

fields  of  developmental  biology  and  basal  cognition.  For  example,  an

approach focused on altering cell decision-making, and repairing defects in

the sending or receiving of long-range synchronization cues, could exploit

both neural and non-neural signals to address cancer reprogramming, birth

defects, and traumatic injury (Levin, 2011). More broadly, a recognition of

advanced cognitive capacities as evolving from somatic decision-making and

pattern  memory  mechanisms  suggests  that  concepts  from  information

theory and cognitive and behavioral science (Manika and Levin, 2019) could

be exploited as novel strategies for regenerative medicine (Matthews and

Levin,  2018;  Moore,  Walker  and Levin,  2017),  as tools  to  understand the
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development and behavior of simpler animals, and in the construction of new

synthetic  living  machines  with  desired  form  and  function  (Kamm  et  al.,

2018).
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