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Fig. 4. smedbmp4-1 signaling is required for blastema patterning. White lines indicate approximate boundary between pre-existing tissues
and blastema. The diagram on the left shows the sites of amputations (black lines); data for trunks regenerating new heads are shown. Anterior,
left. (A) Animals were labeled with an antibody that recognizes cilia (anti-acetylated tubulin). White arrows indicate aberrant cilia patterning at the
midline of cephalic blastemas. The dorsal surface is shown. Animals had between 7 and 9 days of regeneration. Scale bars: 0.1mm. (B) Animals
were labeled with antibodies that recognize the photoreceptor neurons (VC-1, anti-Arrestin) and the cephalic ganglia (SYT, anti-Synaptotagmin).
Animals had between 7 and 8 days of regeneration. P, photoreceptors. Arrows indicate midline of cephalic ganglia and optic chiasmata.

The failure in lateral blastema formation of RNAi animals was
also evident following labeling with the D.21.6 riboprobe (Fig.
5B,D). Thick and thin smedolloid-1(RNAi) fragments failed to
regenerate D.21.6-expressing cells along the lateral wound
(n=10/10 and 14/16, respectively). Similarly, thick and thin
smedsmad4-1(RNAi) fragments failed to produce D.21.6-
expressing cells along lateral, parasagittal wounds (n=8 and n=6,
respectively). smedbmp4-1(RNAi) fragments were abnormal, with

missing sections and abnormally dispersed sections of D.21.6
labeling (n=26/27). The smedbmp4-1(RNAi) phenotype was weaker
than that of smedolloid-1(RNAi) or smedsmad4-1(RNAi) animals,
indicating the possible existence of redundant BMP/DPP-like genes
or independent roles for the genes used in this study. We used a
second marker for tissues that are formed in lateral regeneration
(H.1.3B, subepidermal marginal adhesive cells) and found that
sagittally cut smedolloid-1(RNAi) animals failed to produce new

Fig. 5. Differentiation abnormalities of lateral blastemas in animals with perturbed smedbmp4-1 signaling. (A-D) Diagrams in A and C
show the sites of amputation (black lines) that generate thick or thin fragments that lack bilateral symmetry. Animals were examined at 14 days
(unc-22 and smedsmad4-1 RNAI animals) and 22 days (smedolloid-1 and smedbmp4-1 RNAI animals) after amputation. White arrows indicate the
wounded side. (A,B) Thick fragments. (C,D) Thin fragments. (B,D) Animals were labeled with the D.21.6 riboprobe that recognizes cells at the

animal boundary (purple). Anterior, left. Scale bar: 0.1 mm.
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Fig. 6. smedbmp4-1 is expressed in the pre-existing tissue of asymmetric fragments lacking a midline and expands towards wound
sites in asymmetric fragments containing a midline. (A-D) Diagrams show a model of the smedbmp4-1-expressing midline, with black and red
lines indicating the sites of amputation or injury. Arrows indicate new smedbmp4-1 expression. In situ hybridizations were performed with the
smedbmp4-1 riboprobe. (A,B) Anterior, left. Thin, lateral wild-type fragments were generated that lacked a pre-existing midline. New smedbmp4-1
expression was detected in these fragments by in situ hybridization. (B) Animals were irradiated with 6,000 Rad prior to amputation. New
smedbmp4-1 expression was detected 48 hours later (left), which failed to resolve to a midline pattern (right). (C) Representative animals (thick
fragments) fixed and labeled using the smedbmp4-1 riboprobe, 0 and 48 hours following amputation. ‘0" hours refers to all animals fixed shortly
(between 0 and 3 hours) after surgery. The pre-existing midline of animals is defined as a line connecting the tip of the head through the
photoreceptors and the middle of the pharynx, to the tip of the tail. The left (L) and right (R) regions of smedbmp4-1 expression were determined
by measuring the distance from the pre-existing midline to the end of the field of expression just above and below the pharynx. Means were taken
per animal from these two measurements for both the left and right sides (red lines), and at least eight animals were scored for each time point.
The graph indicates the mean ratios and standard deviations of measurements taken from wild-type animals and from animals fixed shortly after
amputation (0 h), 24 hours after amputation, or 48 hours after amputation. Only animals missing their right sides were scored. The ratio of the
right distance to the left distance indicated expansion towards the right, and was at each time point significantly different from the controls
(P<0.0001, t-test). Furthermore, 66/73 fragments that were either in the 0 h or a 24 h or later group could be identified correctly in blind scoring.
(D) Left, a wild-type animal was cut with a side nick perpendicular to the midline (red line in diagram). The nick was allowed to seal and animals
were fixed 26 hours later; no obvious change in smedbmp4-1 expression was detected (n=24). Middle, a wild-type animal was cut with an internal
nick parallel to the midline (red line in diagram). The nick was allowed to seal and was fixed 48 hours later; no obvious change in smedbmp4-1
expression was detected (n=15). Right, a wild-type animal was cut longitudinally (red line in diagram). 48 hours later no obvious change in
smedbmp4-1 expression was detected (n=11). Scale bars: 0.1 mm. h, hours; d, day.

H.1.3B-positive cells (see Fig. S4 in the supplementary material).
Therefore, whereas the planarian BMP pathway appears to affect
patterning of blastemas from symmetric blastemas (Reddien et al.,
2005a), it appears to control a necessary step in blastema formation
in bilaterally asymmetric fragments. Though RNAi may not result
in complete gene knockdown, the difference between symmetric
and asymmetric regeneration is highly penetrant and has been
demonstrated with the same sets of RNAi animals. Therefore, we
suggest that asymmetric and symmetric blastema formation have
different genetic requirements.

New smedbmp4-1 expression in pre-existing
tissue of bilaterally asymmetric fragments

Our data suggest that the smedbmp4-1 pathway is needed for
asymmetric regeneration. Why is a pathway that is active at the dorsal
midline needed in early events of blastema formation in fragments
lacking old midline? We examined expression of smedbmp4-1 and
found that expression, like that of a BMP-like gene in D. japonica
(Orii et al., 1998), appears anew in the pre-existing tissue of
asymmetric fragments between 6 hours (0/8 expressed smedbmp4-1)
and 12 hours following wounding (10/10 thin lateral fragments
expressed smedbmp4-1; Fig. 6A). These new smedbmp4-I-expressing

cells appeared initially along the wound site, resolved to a midline
pattern within 8-14 days (Fig. 6A), and appeared similar in size and
position to the smedbmp4- 1-expressing cells of an intact animal.

To assess whether smedbmp4-1 expression results from the
production of new cells, requiring cell proliferation, we used
irradiation. Irradiation has long been known to specifically eliminate
the only known mitotically active cells in planarians, i.e. the
neoblasts (Bardeen and Baetjer, 1904; Dubois, 1949; Reddien et al.,
2005b). We amputated irradiated animals parasagittally and
examined expression of smedbmp4-1. We found that smedbmp4-1
expression can occur in irradiated thin fragments, indicating
expression does not require cell proliferation. For example, we
performed parasagittal amputations 7 days after irradiation and the
resultant thin fragments, lacking original smedbmp4-1 expression,
newly expressed smedbmp4-1 normally (n=15; Fig. 6B). The initial
expression of smedbmp4-1 in these irradiated fragments failed to
resolve into a midline pattern before animal death, indicating
resolution of the smedbmp4-1 pattern requires regeneration (Fig.
6B). Regenerating planarian fragments not only produce new tissue
at wound sites (blastema formation), but also dramatically re-arrange
pre-existing tissues to result in a small animal with a complete
complement of organ systems of appropriate proportions. Our data
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suggest that new smedbmp4-I-expressing cells are produced from a
change in function of other cells. We suggest that activity of
smedbmp4-1 at these new sites changes positional identities of
existing tissues and plays an instructive role in the formation of
lateral blastemas.

smedbmp4-1 expression expands towards missing

sides

Why do thick fragments lacking a side, but containing a pre-existing
midline, have blastema formation abnormalities when the
smedbmp4-1 pathway is perturbed by RNAi? We found that
asymmetric thick fragments displayed changed expression of
smedbmp4-1 (Fig. 6C). Specifically, the field of cells expressing
smedbmp4-1 expanded towards the missing lateral side, such that
cells expressed smedbmp4-1 more strongly in more lateral regions
than is normally observed in the wild type or in freshly amputated
animals (Fig. 6C). By contrast, simple wounding was not sufficient
to induce robust new expression of smedbmp4-1. This was
demonstrated by generating side incisions, both perpendicular and
parallel to the midline and which healed by resealing. We detected
no obvious increase in expression of smedbmp4-1 along these
wound sites (Fig. 6D). These observations indicate that maintenance
of smedbmp4-1 signaling only at the midline requires an intact,
lateral side. Furthermore, amputation near the midline did not
obviously cause an expansion on the unwounded side, indicating
expansion occurs towards missing sides only (Fig. 6D). Given
smedbmp4-1 pathway activity is needed for thick pieces lacking a
side to regenerate, an expanded field of smedbmp4-1 expression
could have an instructive role in the regeneration of a missing side.

DISCUSSION

Regeneration requires not only the ability to produce new cells but also
the ability to specify what to make. In planarians, regeneration is
accomplished by a combination of new tissue growth at the wound site
and change in pre-existing tissue. Both of these aspects of planarian
regeneration require the tissue of the animal fragment to determine
what is missing. How? Our data identify one key pattern-regulation
mechanism needed for specific types of regeneration (the process of
bilaterally asymmetric regeneration) that exists at the planarian dorsal
midline. A BMP2/4/DPP-like cell signaling gene (smedbmp4-1) was
expressed along the planarian dorsal midline and animal fragments
generated by surgery to lack bilateral symmetry could not regenerate
normally if smedbmp4-1 signaling was perturbed. By contrast, wild-
type planarian fragments can regenerate new organisms, even if they
lack a pre-existing midline of bilateral symmetry.

The process of bilaterally asymmetric regeneration can be
observed after parasagittal amputations that generate a thick
fragment possessing the original midline — now off-center — and a
thin fragment with no original midline tissue. How do these pieces
re-acquire bilateral symmetry? Our data suggest that new
smedbmp4-1 expression in asymmetric fragments directs the
changes to tissues that must occur in regeneration. In thin lateral
pieces, for example, expression was induced within 12 hours of
amputation on the side of the fragment near the old midline. This
new smedbmp4-1 expression did not require new cell production.
Therefore, mechanisms exist that allow a rapid change in site of
expression of a signaling protein regulating planarian body
patterning within existing cells. We suggest change in lateral
positional identity is a needed step in asymmetric blastema
formation. Changes in the site of expression of smedbmp4-1 are also
involved in the regeneration of sides in thick asymmetric fragments
that still possess the original midline. Specifically, lack of a side

resulted in the spreading of the field of smedbmp4-1-expressing cells
towards the wound. Because simple wounding did not induce
smedbmp4-1 expression, we suggest that the left and right flanks of
the planarian body plan normally constrain smedbmp4-1 expression.
In this model, the absence of a side alleviates constraint and
smedbmp4-1 expression expands. Animals may detect that they are
missing a side because SMEDBMP4-1 becomes expressed at or
expands towards wound sites capable of generating a regeneration
blastema. There are multiple known BMP antagonists; such an
antagonist could act in planarians to normally restrict smedbmp4-1
expression. Based upon data from other organisms, a Chordin-like
molecule would be the best candidate, but no Chordin-like gene can,
as yet, be identified in existing planarian gene and genome sequence.
The ongoing planarian genome sequence project could allow
exploration of such a hypothesis in the future.

BMP2/4/DPP functions in many animal embryos in dorsal-ventral
patterning (Holley et al., 1995). Our data indicate that BMP signaling
in planarians regulates dorsal-ventral patterning of new tissues in
regeneration and during the maintenance of adult tissues. Given the
current positioning of planarians in the understudied Lophotrochozoa
(Adoutte et al., 2000), one of three main groupings of bilaterally
symmetric animals, our data also support the view of a BMP system
controlling dorsal ventral patterning throughout the Bilateria (De
Robertis and Sasai, 1996; Martindale, 2005). Specifically,
smedbmp4-1 signaling regulated dorsal-ventral and midline
patterning during adult tissue homeostasis and regeneration. Normal
dorsal-ventral patterning is likely to be accomplished by regulated
expression of smedbmp4-1 to the dorsal midline. In the absence of
planarian BMP signaling, we observed otherwise normal, fully
formed adults slowly transform into animals with two ventral sides.
This transformation of adult form did not preclude animal viability
and is a striking demonstration of the role of signaling molecules in
the maintenance of the pattern of adult tissues. Adult life requires the
ability to functionally replace damaged and aged cells. These tasks
are accomplished by stem cells and the descendants of stem cells;
approximately 10 billion cells are produced per day in the human
body during normal homeostasis (Heemels, 2000). How new cells
are deployed to enter solid tissues and maintain adult form is an
understudied arena of biology. Our data indicate that BMP signaling
has an instructive role in the maintenance of dorsal character in
tissues being replaced gradually by stem cells.

Animals lacking the normal function of a planarian Tolloid-like
gene (smedolloid-1) or a BMP2/4/DPP-like gene (smedbmp4-1) were
able to regenerate anterior and posterior blastemas, symmetrically
around the midline, but these were abnormal (indented and lacking
some differentiated tissues) at the midline. These data indicate BMP-
like signaling regulates midline regeneration. Midline formation is a
critical component of bilaterally symmetric body plans (Meinhardt,
2004). The conserved localization of BMP2/4/DPP activity at the
dorsal midline suggests that universal BMP-mediated medial
patterning strategies may be deployed to accomplish a multitude of
developmental tasks across the metazoa.

Despite the similar aspects of the phenotypes associated with
inhibition of the BMP pathway components studied in this report,
some differences exist. For example, smedolloid-1(RNAi) animals
display very severe midline patterning abnormalities (e.g. failures of
axons to cross the midline), but do not display the ventralization
defects observed in smedbmp4-1 and smedsmad4-1 RNAi animals.
Furthermore, smedbmp4-1(RNAi) animals showed a generally weaker
lateral regeneration defect than did animals in which smedolloid-1 or
smedsmad4-1 were perturbed. The reasons for these differences are
unknown, but could indicate independent functions for some of these
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genes, or redundancy with undiscovered factors. Future investigation
of these genes and other BMP pathway components should help
illuminate the mechanisms by which the BMP pathway components
act together, or separately, in regeneration.

Planarians constantly rebuild their adult bodies during normal
homeostasis and are capable of dramatically altering pre-existing
tissues during regeneration (Morgan, 1898; Morgan, 1900; Morgan,
1902; Reddien and Sanchez Alvarado, 2004). These properties of
planarian regeneration have long puzzled biologists. Robust
patterning and regulatory systems must exist that allow animal tissue
to specify what to make and in what manner to re-pattern existing
tissue. Understanding these patterning and regulatory systems
should prove critical in understanding regeneration. The problems
faced by a regenerating planarian bear some similarities to those
faced by a surgically manipulated embryo. Specifically, some
injured embryos and animals can restore the pattern of the entire
animal and produce what would have existed in the removed tissue.
Experimental embryology introduces these concepts as regulative
development, in which some animal embryos replace missing cells
via self-regulation. In extreme examples, one cell of the two-cell sea
urchin embryo can develop into a smaller, but normally patterned
larva, and the dorsal half of a Xenopus blastula embryo can produce
an entire embryo (Driesch, 1893; Reversade and De Robertis, 2005;
Spemann, 1924). Self-regulation of dorsal-ventral patterning,
following surgical manipulation of Xenopus embryos, involves a
BMP signaling system (Reversade and De Robertis, 2005). In
planarians the ability to restore animal form can occur from a large
array of wound types and involves the production of new tissue at
wound sites acting in concert with changes in pre-existing tissue.
These processes lack mechanistic explanation. Our data identify a
key role for a BMP signaling system in lateral blastema formation.
Our experiments with the smedbmp4- 1 pathway provide some of the
first genetic insights into the topics of blastema specification and
restoration of form in regeneration, and provide paradigms for future
study of the genetic and cellular bases for the tissue patterning
principles of planarian regeneration.
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