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a  b  s  t  r  a  c  t

A  key  requirement  of  tissue/organ  regeneration  is the  ability  to induce  appropriate  shape  in situ.  Regen-
erated  structures  need  to  be  integrated  with  pre-existing  ones,  through  the  combined  regulation  of  new
tissue  growth  and the  scaling  of surrounding  tissues.  This requires  a tightly  coordinated  control  of indi-
vidual  cell  functions  such  as  proliferation  and  stem  cell  differentiation.  While  great  strides  have  been
made  in  elucidating  cell growth  and  differentiation  mechanisms,  how  overall  shape  is  generated  dur-
ing  regeneration  remains  unknown.  This is  because  a significant  gap  remains  in  our  understanding  of
how  cell  behaviors  are  coordinated  at  the  level  of tissues  and  organs.  The  highly  regenerative  planarian
flatworm  has  emerged  as  an  important  model  for  defining  and  understanding  regenerative  shape  mech-
anisms.  This  review  provides  an  overview  of the main  processes  known  to  regulate  tissue  and  animal
shape  during  planarian  regeneration:  adult  stem  cell  regulation,  the reestablishment  of  body  axes,  tissue
deling
remodeling  in  pre-existing  structures,  organ  scaling  and  the  maintenance  of  body  proportion,  and  the
bioelectrical  regulation  of animal  morphology.  In  order  for the  field  to move  forward,  it  will be  necessary
to  identify  shape  mutants  as  a means  to uncover  the  molecular  mechanisms  that  synchronize  all these
separate  processes  to produce  the  worm’s  final  regenerative  shape.  This knowledge  will  also  aid  efforts
to  define  the  mechanisms  that  control  the termination  of  regenerative  processes.
© 2018  Elsevier  Ltd. All  rights  reserved.
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ment of normal form (or animal-wide morphology) dur-
wth. In addition, there are hundreds of known species,
th morphologically distinct features (such as differing
es) that facilitate the understanding of organismal shape
ms (Fig. 1B). Along with a wealth of historical data, sig-
rogress has been made in understanding the molecular
ic mechanisms that underlie planarian regenerative capa-
n a certain level almost all processes associated with
ion could be considered part of shape establishment; the
goal of regeneration is the restoration of functional tis-
organs, and shape is integral to function. Here we provide
ew of just those mechanisms that have been shown to be
ical for morphology during planarian regeneration. The

 directed to the many excellent reviews that delve into
ject more thoroughly (see [1–8]). Furthermore, we pro-
ef historical context of the study of regenerative shape in
as well as highlight the most important future directions
eld.

ical studies: questions without answers

ian regeneration has been studied for centuries (for
e [7]), and their ability to reform into the correct shape

 a myriad of injury types was the focus of much of the
orical literature. Rooted in classical embryological meth-
arliest studies of planarians explored changes in shape

 virtually every conceivable type of injury and after expo-
wide range of chemicals, compounds, and environmental
s. These studies were largely observational, but led to the

 of many of the characteristics that make planarians a
el for regenerative shape. Harriet Randolph’s work in the

′s noted that the amount of new tissue (i.e. the blastema)
regenerated in planarians was less than what was origi-
oved [9]. Furthermore, the amount of new tissue produced
ortional to the new smaller worm size (rather the larger
orm) leading to restoration of normal body proportions

nd the same time, Thomas Hunt Morgan noted that pla-
ads always regenerated from anterior facing wounds (and

 posterior facing wounds), and that new pharynges arose
w tissues but within the old pre-existing tissues [10].
ermed this reorganization of pre-existing tissues “mor-
,” and suggested it was the result of “an active migration
sue” [11,12]. Thus, the study of critical shape processes
ew tissue growth, axial polarity establishment, and tissue
ng were the focus of planarian research from the begin-

s studies, Morgan described how the tiniest of
s—1/100 or 1/279 of the original worm—were able
rate but interestingly not with the correct overall mor-
10]. A few years later (in 1909) Morgan’s former graduate
ettie Stevens concluded, after researching disruptions of
ive shape (from different amputation schemes that gave
topic structures such as heads and pharynges), that “an

 amount of work on the readjustments in nerve cords
stive tract” are required to regenerate a symmetrical
3]. These kinds of observations led researchers to pos-

 the level and mechanisms of regulation that controlled
enesis during planarian regeneration.
n hypothesized the existence of a “graded distribution of
” that determined the polarity of tissues during regenera-
ng that “The phenomena of regeneration are, in part, the
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tion  [15]. Child’s hypothesis was  that a morphogenetic
(in this case regulated by metabolic factors rather than

 controlled shape decisions in regenerating tissues [15].
, subsequent decades failed to identify a definitive gradi-
ated in 1901 by another planarian researcher, Frank Lillie,
nomena of regeneration offer many problems, some of
t only appear insoluble in the present state of our knowl-

 actually offer no point of attack” [16]. The question of
or not the gradient predicted by Morgan and Child regu-
arian shape would be left to modern researchers.

rn era: new “points of attack”

ular and genomic advancements have significantly
 our understanding of planarian regenerative processes,

ng mechanistic explanations for many historical obser-
The modern planarian toolkit includes the sequenced
f the species Schmidtea mediterranea [17–19], RNA inter-

RNAi) techniques [20,21], and in situ hybridization and
istochemistry protocols [22–25]. Not surprisingly, the
al that regeneration of functional tissues of the correct
shape is a rich, complex process requiring communica-
feedback at the cellular, tissue and organism levels. Here
ight the main components that have been identified as
ators of regenerative shape (Fig. 2). It is likely that these
e only factors involved in shape establishment, particu-

e very little is known about how these disparate processes
inated on an animal-wide scale. However, the planarian
stem provides one of the best platforms for investigating
al ability to scale and reorganize the body plan to the cor-
etry. And importantly, researchers now have the tools to

o answer: What do you need to regenerate an animal of
shape?

ng the right number of organs in the right place

enerate with proper shape, the correct tissues must be
in the correct location following injury. In planarians this
equires: (1) the regulation of stem cells to promote new
wth and (2) the establishment of axial polarity in those
es. But how does the animal determine what tissues need
ored and where these new tissues should go? Understand-
ignals that regulate these early decisions is essential for
tive shape and has been the focus of much of the current

 literature.
narians, wounding triggers an increase in apoptosis at
y site 1–4 h post amputation (hpa) [26] and a body-
rease in mitosis that peaks between 4–6 hpa [27]. This
liferation reflects the mobilization of a heterogeneous pla-
ult stem cell (ASC) population, also known as neoblasts.
n to this generic wound response, a regeneration-specific

 follows by 12–24 hpa, leading to the upregulation of ASC-
d transcription factors and patterning genes known as
control genes (PCGs) [28–31]. Between 48–72 hpa, a sec-

 of mitotic activity occurs following ASC migration to the
ite [27]. This gives rise to the regeneration blastema, an
nted structure comprised of ASC progeny that will even-
ferentiate into many of the missing tissues [27,32,33].
ishment of axial polarity in the new tissues is controlled
xpressed in muscle cells [31,34,35]. Each of the main pla-
dy axes is regulated by common developmental signaling
s. The AP axis is regulated by PCGs involved in Wnt/�-
ignaling [36–40]. Inhibition of �-catenin signaling causes
eneration at all wounds (regardless of normal polarity),
regulation of �-catenin signaling results in regenerates
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Fig. 2. The Regulation of Regenerative Shape. (A) Timeline of shape establishment events during the regeneration of trunk fragments in S. mediterranea. Based on data from
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lanarian dorsal-ventral (DV) axis is regulated by bone
enetic protein (BMP) signaling. BMP  is expressed along
l midline, and inhibition of pathway members results
l genes and structures being ectopically located on the

e of the animal [53,54]. The BMP  pathway also plays an
t role in medial-lateral (ML) polarity. Disruption of BMP

 results in regenerative midline defects, such as duplicated
es [55,56]. Additionally, the Slit family of guidance cues
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 reciprocally with Wnt5 to pattern the ML  axis, and its inhi-
ring regeneration results in collapse of the midline [57,58].
vement of BMP  in both DV and ML  axial patterning sug-
rity establishment includes crosstalk between each of the
l axial control programs. It is intriguing that AP axis estab-

 appears to require significantly more regulation than the
s, perhaps suggesting AP polarity plays a greater initial

generative patterning.

ring organs are scaled to the right size

portant step in regenerative shape is to ensure that all
s are proportional to the new worm’s body size. This

 (1) tissue remodeling of pre-existing structure, (2) apop-
ing of organs that are too large for the smaller regenerate,
ize control mechanisms to scale both new and old tis-

 planarian ability to scale tissue and organ size in both
ive and non-regenerative contexts makes them one of the
el organisms for the study of shape establishment. Intact
undergoing starvation will reduce their body size while
taining correct body proportions, in an unusual process

 degrowth (Fig. 3). The process of growth and degrowth
t to be a balance between cell division and cell death,

 size control during vertebrate development [59]. During
, planarians maintain basal levels of proliferation [60] but

increase in cell death that leads to an overall loss of cells
ontrast, growth as a result of feeding causes more prolif-

 occur than cell death, thus resulting in larger animals
 “allometric scaling” of body proportions, where organs
portionally fewer cells than they previously did, is seen
egrowth and regeneration [62], suggesting carefully con-
echanisms specifically scale cell number relative to body

other regenerative organisms, tissue remodeling during
 regeneration is mediated largely or in part by apoptosis
Also known as programmed cell death, apoptosis is char-

 by a defined set of biochemical pathways that activate
se family of apoptotic regulators and lead to stereo-

ellular changes including chromatin condensation and
e blebbing [66]. Following self-destruction, cell remnants
nged by phagocytic cells, resulting in a process that dis-
amaged, infected, or unwanted cells [65]. The apoptotic

y, and the signaling that regulates it, appears to be highly
d in planarians [26,67–69]. There are two main waves of

 that occur during regeneration. The first apoptotic peak
d to the wound site at 1–4 hpa and is part of the generic
sponse [26], while the second wave of apoptosis occurs
st amputation (dpa) throughout the body of the worm

ing the first 3 days post injury (which are associated with
 formation and polarity establishment), very little to no
nges in the original tissues are observed. Measurements
egenerates (where both the head and tail were removed)
o change in pharynx size during the first 3 dpa [70]. It is
ay 3, coincident with the second peak of apoptosis, that
ive remodeling of pre-existing tissues begins [26].
s  from apoptotic cells are able to stimulate proliferation
autonomously [64,71], and apoptosis-induced prolifera-
een reported in multiple regenerative contexts [72–76].
wave of planarian apoptosis does not appear to regu-

feration, as caspase inhibition does not prevent either the
 of proliferation [77] nor the formation of the regener-
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l  remodeling in pre-existing tissues was  dependent on
ity—as irradiation (which kills ASCs) prevented intesti-

deling from occurring [78]. Together these data implicate
-induced proliferation as an important possible mecha-

ing tissue remodeling in planarians and suggest the need
r investigation.

 studies (including ours) have looked specifically at shape
nd body scaling during planarian tissue remodeling. We
rgan size during the regeneration of trunk fragments and
at blastema size was  finalized between 3–4 dpa, phar-
ction to its new smaller size occurred from 3 to 7 dpa,

 size was  not established until 10–17 dpa [70]. We  also
 two  waves of body elongation: the first from 3 to 7 dpa,
hich the regenerate lengthened from its original square
though it was still wider than pre-amputation); and a
ound of elongation that was  not finalized until 17 dpa,
rther thinned the regenerate to its correct proportions
racterization of neural regeneration has determined that

ordia arise by 3 dpa [79], with brain maturation contin-
ugh 5–7 dpa (reviewed in [2]). Analyses of regeneration in
gments revealed intestinal branches undergo elongation
g at 7 dpa [78], concurrent with the second wave of body
n. It was also shown that along with new intestinal cell
ion, existing intestinal cells are repurposed during regen-
or instance anterior enterocytes were found to contribute
enerating posterior intestines [78].
e only just now beginning to elucidate the molecular
ms behind tissue remodeling and organ scaling in pla-
or instance, inhibition of insulin signaling in intact worms
roliferation and results in phenotypes that resemble body
ction during degrowth [80]. A homolog of the death-
d-protein (Dap-1) is upregulated upon starvation and

 autophagy during both degrowth and regeneration [81],
 H+,K+-ATPase ion pump is required for both the second

 peak and subsequent tissue remodeling starting at 3 dpa
 Hippo signaling pathway is required for regenerative size
ts inhibition leads to a failure of head fragments to prune
xisting brain down to the regenerate’s smaller size, while
val alone results in disproportionally larger eyes that con-
crease in size beyond the normal regenerative timeframe

 data indicate there are rigorous control mechanisms to
 body proportions during planarian regeneration, many of
ve begun to be identified. After fissioning, head and tail
s use different mechanisms to control size during regen-
4]. Size control of the brain compartment is regulated in

ibroblast Growth Factor (FGF) signaling and its inhibition
 dramatic posterior expansion of the brain [85]. A feed-

 of positive Wnt  signaling (Wnt11-6) in the posterior brain
inhibition in the anterior, has been shown to modulate the
f brain progenitors needed [86]. Furthermore, regulation
in/anterior compartment appears to be linked to regula-
e neighboring trunk compartment through FGF signaling.
se, FGF combines with additional Wnt  signaling (WntP-2)
t the trunk compartment, and inhibition of this regulation

 expansion of the trunk and ectopic posterior pharynges
se data provide evidence for cooperation between size
echanisms, PCG regulation, and polarity establishment.

ing all these tissues talk to each other

blastema alone does not replace all missing

emodeled pre-existing tissues also contribute to regen-

ructures in planarians (for example, see [70]). Following
s, proper regenerative shape requires the incorporation of

 blastemal cells and repurposed pre-existing cells, which
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e processes are obviously interconnected (for instance
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Fig. 5. Example of Shape Mutants for Investigating Regenerative Morphology. (A,B) Inhibition of the H+,K+-ATPase ion pump via RNAi results in (A) regenerates with
shrunken heads, due to (B) ectopic loss of membrane depolarization (green) of the anterior region. V = membrane voltage, visualized with DiBAC (3) (Invitrogen). Solid
arrows = no = 200 �
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itor notum) appears to regulate brain growth, functioning
t brain size [36,86]. In addition, our research has shown
lanar Cell Polarity (PCP) pathway is required for the ter-

 specifically of neural growth in planarians, as disruption
sults in the continual production of new nerves month(s)
rols have stopped proliferating [115]. However, whether
ation is direct or indirect and the exact mechanisms that
ed are not known, and much research remains to be done.
ost important future direction for the field of regener-
pe is to determine how all of the individual processes
are coordinated at the macro level—such that the entire
generates with the correct size, number, and placement of
eded to maintain body proportionality. The data already

at there is much crosstalk between the individual pro-
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