
 

Inhibitory Smads and bone morphogenetic protein (BMP) 
modulate anterior photoreceptor cell number

during planarian eye regeneration
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ABSTRACT  Planarians represent an excellent model to study the processes of body axis and 
organ re-specification during regeneration. Previous studies have revealed a conserved role for 
the bone morphogenetic protein (BMP) pathway and its intracellular mediators Smad1/5/8 and 
Smad4 in planarian dorsoventral (DV) axis re-establishment. In an attempt to gain further insight 
into the role of this signalling pathway in planarians, we have isolated and functionally character-
ized the inhibitory Smads (I-Smads) in Schmidtea mediterranea. Two I-Smad homologues have 
been identified: Smed-smad6/7-1 and Smed-smad6/7-2. Expression of smad6/7-1 was detected in 
the parenchyma, while smad6/7-2 was found to be expressed in the central nervous system and 
the eyes. Neither single smad6/7-1 and smad6/7-2 nor double smad6/7-1,-2 silencing gave rise to 
any apparent disruption of the DV axis. However, both regenerating and intact smad6/7-2 (RNAi) 
planarians showed defects in eye morphogenesis and displayed small, rounded eyes that lacked 
the anterior subpopulation of photoreceptor cells. The number of pigment cells was also reduced 
in these animals at later stages of regeneration. In contrast, after low doses of Smed-bmp(RNAi), 
planarians regenerated larger eyes in which the anterior subpopulation of photoreceptor cells was 
expanded. Our results suggest that Smed-smad6/7-2 and Smed-bmp control the re-specification 
and maintenance of anterior photoreceptor cell number in S. mediterranea.
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Introduction

Planarians (order Tricladida) are free-living platyhelminths 
that are well known for their ability to regenerate and restore their 
polarity and missing organs in a short period of time (reviewed in 
Saló, 2006). 

structures in planarians and can be easily recognized as two dark 
spots on the anterior-dorsal region of the animal (reviewed in Saló 
and Batistoni, 2008). Planarian eyes are composed of two cell 
types: photoreceptor and pigment cells. Photoreceptors are bipolar 
neurons. Their axons extend towards the dorsomedial side of the 
cephalic ganglia and form a partial optic chiasm, which integrates 
photosensory inputs from both sides of the animal (Okamoto et 
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al., 2005). The dendrites generally have a rhabdomeric structure, 
a regularly ordered microvilli assembly, where opsin protein ac-
cumulates (Orii et al., 1998). The pigment cells form an eyecup 
which surrounds the rhabdomeres. Recently, the analysis of several 
prohormone genes revealed the existence of at least three different 

shown that neuropeptide prohormone genes eye53-1 and npp-12 
are expressed in anterior photoreceptor neurons, whereas eye53-
2 is expressed in the dorsal posterior subpopulation and mpl-2 
is expressed in both dorsal and ventral posterior subpopulation 
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(Collins et al., 2010). 
Planarians regenerate new eyes following head amputation 

(reviewed in Saló and Batistoni, 2008). Regeneration of the planar-
ian eye employs the same basic genetic network that regulates 
vertebrate eye development, although the mechanism is Pax6 
independent (Pineda et al., 2000, 2002; Mannini et al., 2004). Re-
cently, several novel regulators of planarian eye regeneration have 

 et al., 2011).
The Bone Morphogenetic Protein (BMP) family of secreted 

signalling molecules plays multiple roles during metazoan develop-

in processes such as establishment of the dorsoventral (DV) axis 

also plays a key role during development and regeneration of the 
retina (Murali et al., 2004), the lens (Sjödal et al., 2007) and the 
ciliary body (Zhao et al., 2002) of the vertebrate eye, and enhances 

determination (Quillien et al., 2011).
Smads are the main downstream mediators of the BMP signal-

ling pathway (reviewed in Wrana, 2000). Three main classes of 

and function: R-Smads or receptor-associated Smads (Smad1/5/8), 

Smads (Smad6/7). Smad proteins are characterized by the presence 
of Mad homology (MH) domains. R-Smads and co-Smad contain 
two MH domains: an amino terminal MH1 domain, which binds to 
DNA and confers the transcriptional activity, and a carboxy-terminal 

Smads only contain the MH2 domain and, consequently, act as 

MH domains, R-Smads contain a C-terminal consensus sequence 
that is phosphorylated by the receptor. 

Schmidtea mediterranea: Smed-smad6/7-1 and Smed-smad6/7-2. 
Here we show that smad6/7-2 silencing results in small, rounded 
eyes that lack the anterior subpopulation of photoreceptor cells. 
Remarkably, low doses of RNAi for the extracellular ligand BMP 
produced elongated eyes with an expanded anterior subpopula-
tion of photoreceptor cells. Taken together, our data suggest that 
the BMP pathway regulates the number of anterior visual cells.

Results

S. mediterranea

from several animals were used to perform in silico searches of S. 
mediterranea genomic (Washington University Sequencing Center, 
available at http://www.genome.wustl.edu) and 454 transcriptomic 
(Abril et al., 2010) databases. Two full-length homologues containing 
open reading frames of 340 and 182 amino acids were obtained. 

Smed-smad6/7-1 and 
Smed-smad6/7-2
that smad6/7-2
smad6/7-1

Expression pattern of  and 
Whole-mount in situ hybridization performed in intact and re-

generating animals revealed different expression patterns for S. 
mediterranea I-smads smad6/7-1 was expressed 

the distribution of the planarian stem cells, the neoblasts (reviewed 
in Handberg-Thorsager et al., 2008). The neoblasts are the only 

after X-ray irradiation (Dubois, 1949). Consequently, the expression 

Fig. 1. Expression pattern of Smed-smad6/7-1 in intact and regenerating planarians. (A) Expression of Smed-
smad6/7-1 in the parenchyma of intact planarians. (B) Down-regulation of smad6/7-1 expression 3 days after irradia-
tion at 100 Gy. (C) Expression of Smed-smad6/7-1 during regeneration. Arrowheads point to the newly regenerated 
pharyngeal cavity. Anterior is to the left. dr, days of regeneration. Scale bars: 350 m.
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is essential for correct blastema 

the planarian DV axis (reviewed 
in Molina et al
addition to DV phenotypes, 
inhibition of different elements 
of the pathway gives rise to 
abnormal eye regeneration 
(Reddien et al., 2005a, 2007; 
Molina et al., 2007, 2011a; 

instance, aberrant projections 
of the visual axons are regener-
ated after bmp, smad1, smad4 
or tolloid inhibition (Reddien 
et al., 2005a, 2007; Molina et 
al., 2007), while inhibition of 
bmp and smad4 also produces 
duplicated and supernumerary 
eyes, respectively (Reddien et 
al., 2007; Molina et al., 2007; 
Orii and Watanabe, 2007). 

-
ther insight into the role of 
BMP signalling in planarians, 
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of neoblast markers is down-regulated upon irradiation (Eisenhof-
fer et al., 2008). To determine whether smad6/7-1 is expressed in 
neoblasts, we performed whole-mount in situ hybridization in irradi-
ated planarians. Strong down-regulation of smad6/7-1 expression 

that this gene is expressed in neoblasts. During regeneration, high 
levels of smad6/7-1 expression were detected around the newly 

-

smad6/7-2 was expressed in the CNS, in 

Moreover, smad6/7-2 expression was observed in the eyes, in an 
-

ing anterior regeneration, newly formed eyes started expressing 
smad6/7-2 at day 5 (data not shown), whereas cephalic ganglia 
started expressing smad6/7-2
2G). At this time, expression of smad6/7-2 was also detected in 
newly regenerated nerve cords in posteriorly regenerating head 

Smad6/7-2(RNAi)
-

double-stranded RNA injection, planarians were amputated 
pre- and post-pharyngeally and the resulting fragments were 
allowed to regenerate. Unless otherwise indicated, all the 
results presented here refer to regenerating trunk pieces that 
simultaneously regenerate anterior and posterior structures.

smad6/7-1 did not result in any discernible 
morphological or molecular defects. Similar to control organ-
isms, smad6/7-1(RNAi) planarians regenerated well-formed 
blastemas that correctly differentiated eyes, cephalic ganglia 
and digestive system (data not shown). On the other hand, 
compared to control animals, smad6/7-2(RNAi) planarians 

and smad6/7-2(RNAi) planarians, regenerated eyes initially 
appeared within the anterior blastema as two dark rounded 
spots at 4-5 days of regeneration. Starting from day 7-8 post-
amputation, however, when the pigmented spots of control 

organisms elongated anteroposteriorly, the eyes of smad6/7-
2-silenced 

Neither smad6/7-1 nor smad6/7-2 silencing resulted in apparent 
morphological or molecular defects related to blastema formation 
and DV axis re-establishment. Thus, general DV morphology of 
the animal seemed normal and the expression of ventral and 
dorsal markers did not seem affected (data not shown). This 
apparent lack of a DV phenotype was not caused by redundant 

smad6/7-
1,-2 

Fig. 2. Expression pattern of 
Smed-smad6/7-2 in intact and 
regenerating planarians. (A-F) 
Intact planarians. (A) Expression 
of Smed-smad6/7-2 in the cephalic 
ganglia (cg) and the ventral nerve 
cords (vnc). (B) Expression of 
Smed-smad6/7-2 in the eyes, in 
an anterior subpopulation of photo-
receptor cells (arrowheads). (C-F) 
Expression of Smed-smad6/7-2 in 
the eyes (arrowheads in D,F). (G) 
Expression of Smed-smad6/7-2 
during regeneration. Red arrow-
heads point to the newly regen-
erated brain. Yellow arrowheads 

point to the newly regenerated nerve cords in posteriorly regenerating head fragments. Ventral views. (C,D) Transverse section. (E,F) Sagittal section. 
Anterior is to the left in (A,B,E-G). Dorsal is to the top in (C-F). dr, days of regeneration. Scale bars: (A,G) 350 m; (B) 175 m; (C,E) 150 m; (D,F) 40 m.

Fig. 3. Morphological and behavioural phenotypes in Smed-smad6/7-
2(RNAi) animals. (A,B) Live control and smad6/7-2(RNAi) planarians at 
10 days of regeneration. Anterior is to the top. (C,D) Phototactic assay. 
(C) Diagram of the container. (D) Graphical representation of the time that 
control and smad6/7-2(RNAi) planarians spend in the different sectors. 
*p<0.01 (t test). Scale bar: 175 m.
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smad6/7-2(RNAi)

When exposed to light, planarians display a distinctive light-

determine whether smad6/7-2 silencing alters normal planarian 
negative phototactic behaviour, animals were exposed to a light 

moved rapidly away from light and spent most of their time in the 
smad6/7-2(RNAi) 

-
tive phototaxis and stayed longer in the clearest zone (Zone 1). 
Thus, although smad6/7-2(RNAi) animals moved normally, they 
turned more often and spent more time in the clearest zone than 

control animals (mean+SEM of 23.1+4.4 seconds in controls [n=15] 
versus 66.2+12.2 seconds in smad6/7-2(RNAi) animals [n=17]), 
while control animals spent more time in the darkest zone than 
smad6/7-2(RNAi) animals (104.5+7.2 seconds in controls [n=15] 
versus 61.7+11.3 seconds in smad6/7-2(RNAi) animals [n=15]) 

smad6/7-2

To analyse the small, rounded eyes associated with smad6/7-2 

markers of pigment and photoreceptor cells. Pigment cells were 
-

rescent in situ Smed-tph  
et al., -
logical appearance of the pigmented eye cup at initial stages of 

Smed-
tph-expressing pigment cells were observed between control and 
smad6/7-2(RNAi) planarians at 5 days (21.2+1.5 cells in controls 
[n=5] versus 22.7+1.1 cells in smad6/7-2(RNAi)

eyecup of smad6/7-2-
number of pigment cells compared to control organisms (19.1+1.0 
cells in controls [n=7] versus 11.4+0.8 cells in smad6/7-2(RNAi) 

against Smed-opsin
4 C-D). Remarkably, smad6/7-2-silenced planarians already had 

Smed-opsin-labelled 
photoreceptor cells at 5 days of regeneration (52.0+1.1 cells in 
controls [n=12] versus 26.3+1.2 cells in smad6/7-2 RNAi-treated 

-
tor cells in smad6/7-2(RNAi) animals was still apparent at 18 days 
of regeneration (35.4+1.4 cells in controls [n=20] versus 17.5+0.5 
cells in smad6/7-2(RNAi)

Photoreceptor cells are bipolar neurons that project axons 
towards the ipsilateral side of the cephalic ganglia or cross to the 
contralateral side and connect to the opposite eye and cephalic 
ganglia, producing an optic chiasm (Cebrià and Newmark, 2005; 
Okamoto et al., 2005, Sakai et al

-
cally recognizes the photoreceptor cells, allows visualization of 
this stereotypical pattern of axonal projections (Sakai et al., 2000; 
Okamoto et al
photoreceptor cells, smad6/7-2-silenced animals displayed normal 
stereotypical axonal projections according to VC-1 immunostaining 

These data indicate that, although reduced, both pigment and 
photoreceptor cells are present in the smaller eye obtained after 
smad6/7-2 silencing. Moreover, they reveal an earlier effect on 
photoreceptor cells followed by a later decrease in pigment cells.

smad6/7-2

Several molecular markers for different populations of eye pho-
 et al., 2010). 

To assess whether the decrease in the number of photoreceptor 
cells observed after smad6/7-2 silencing differentially affects these 

Fig. 4. Analysis of pigment and photoreceptor cells in smad6/7-2(RNAi) 
planarians. (A,B) Fluorescent in situ hybridization against tph, a marker 
of pigment cells. Note the smaller expression domain in smad6/7-2(RNAi) 
animals. (C,D) Fluorescent in situ hybridization against opsin, a marker of 
photoreceptor cells. Note the smaller expression domain in smad6/7-2(RNAi) 
animals. (E,F) Immunofluorescence against arrestin (VC-1), labelling the 
photoreceptor cells and the optic chiasm (oc). Arrowheads indicate the 
thinner optic chiasm in smad6/7-2(RNAi) animals. (G,H) Graphical repre-
sentation of the total number of pigment (G) and photoreceptor (H) cells 
at 5 and 18 days of regeneration in control and Smed-smad6/7-2(RNAi) 
planarians. **p<0.001 (t test). (A-D) 10 days of regeneration. (E,F) 18 days 
of regeneration. Anterior is to the top. Scale bar: 50 m.
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subpopulations, we analysed the expression of the anterior mark-
ers eye53-1 and npp-12, and the posterior markers eye53-2 and 
mpl-2 in smad6/7-2(RNAi) planarians. 

No differences were observed in the expression of mpl-2 and 
eye53-2 in the posterior population of photoreceptor cells compared 

contrast, the expression of the anterior markers eye53-1 and npp-12 
was completely absent in smad6/7-2(RNAi)

The number of anterior and posterior photoreceptor cells was 
op-

sin and the anterior marker eye53-1
marker mpl-2 eye53-1-positive cells were 
absent in smad6/7-2(RNAi) treated planarians since initial stages 
of regeneration (5 days of regeneration, 26.7+1.5 cells in controls 
[n=7] versus 0 cells in smad6/7-2(RNAi) eyes [n=16]; 18 days of 
regeneration, 17.3+0.9 cells in controls [n=12] versus 0 cells in 

smad6/7-2(RNAi)
the total number of mpl-2-positive cells was normal compared to 
control organisms (5 days of regeneration, 25.7+1.1 cells in controls 
[n=7] versus 26.3+1.2 cells in smad6/7-2(RNAi) eyes [n=7]; 18 
days of regeneration, 20.3+1.1 cells in controls versus 17.5+0.5 
cells in smad6/7-2(RNAi)
visual cells expressed both opsin and the posterior marker mpl-2 
after smad6/7-2 
reduction in total number of photoreceptors was based exclusively 
on the lack of the anterior subpopulation of eye53-1-positive cells.

Similar phenotypes were obtained in intact (non-regenerating) 

of smad6/7-2-silenced, uncut planarians appeared rounded, and 
both pigment and photoreceptor cells seemed to be reduced. 
Also, as happened during regeneration, the anterior population 

Fig. 5 (Left). Analysis of markers for anterior and posterior photo-
receptor cells. (A-D) Expression of the posterior markers Smed-mpl-2 
(arrowheads in A,B) and Smed-eye53-2 (arrowheads in C,D) in control and 
smad6/7-2(RNAi) planarians. (E-H) The expression of the anterior markers 
Smed-eye53-1 (arrowheads in E) and Smed-npp-12 (arrowheads in G) 
disappears in smad6/7-2(RNAi) animals. Animals are shown at 12 days of 
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regeneration. Anterior is to the top. Scale bar, 150 m.

Fig. 6 (Right). Anterior subpopulation of photoreceptor cells disappears after inhibition of Smed-smad6/7-2. (A-F) Double fluorescent in situ 
hybridization against opsin (A,D) and the anterior marker eye53-1 (B,E). Note the disappearance of the domain of expression of eye53-1 in smad6/7-
2(RNAi) planarians. (G-L) Double fluorescent in situ hybridization against opsin (G,J) and the posterior marker mpl-2 (H,K). Note that the expression 
domain of the posterior marker covers the whole expression domain of opsin in smad6/7-2(RNAi) planarians (L). (M) Graphical representation of the 
number of anterior and posterior photoreceptor cells at 5 and 18 days of regeneration in control and Smed-smad6/7-2(RNAi) planarians. **p<0.001 (t 
test). (A-L) Animals are shown at 10 days of regeneration. Anterior is to the top. Scale bar: 50 m.



160    A. González-Sastre et al.

these results suggest an essential role for Smed-smad6/7-2 

subpopulation of eye photoreceptor cells.

bmp (RNAi)

disrupts regeneration of the planarian eyes, resulting in 
aberrant projections of the visual axons and supernumerary 
or fragmented eyes (Reddien et al., 2005a, 2007; Molina 
et al., 2007, 2011a; Orii and Watanabe, 2007). However, 
so far, only Djbmp, the homologue of bmp identified in the 
planarian species Dugesia japonica, has been found to be 
transiently expressed in the eyes at 6 days of regeneration 
(Mannini et al., 2008). We observed Smed-bmp expres-
sion in the eyes of intact S. mediterranea 

Smed-bmp resembled 
that of Smed-smad6/7-2 and seemed to target an ante-

7A). Unfortunately, due to the weak expression levels of 
both smad6/7-2 and bmp within the planarian eye, double 
smad6/7-2 and bmp
whether smad6/7-2 and bmp transcripts colocalize in the 
same cells. 

To further characterize the eye phenotype associated 
with the loss of function of BMP signalling, we performed 
RNAi for Smed-bmp. Remarkably, we found that low doses 
of bmp(RNAi) resulted in regeneration of larger, elongated 

that contained a larger number of pigment cells (19.1+1.0 
in controls [n=7] versus 28.0+1.6 in bmp(RNAi) eyes [n=6]) 

bmp(RNAi) animals had larger num-
bers of photoreceptor cells (35.4+1.4 in controls [n=20] 
versus 49.2+2.6 in bmp(RNAi)
Most interestingly, the increased number of photoreceptor 
cells after low doses of bmp(RNAi) was correlated with an 
increase in the anterior subpopulation of eye53-1-positive 
cells (17.3+0.9 in controls [n=12] versus 28.8+2.0 in 
bmp(RNAi)
were no significant differences in the number of cells that 
constitute the posterior subpopulation compared to control 
organisms (20.3+1.1 in controls [n=12] versus 20.0+1.2 in 
bmp(RNAi)
reported (Molina et al., 2007), VC-1 immunostaining after 
bmp silencing showed that axonal projections appeared 

The complementary phenotypes observed in smad6/7-
2(RNAi) and bmp(RNAi) planarians suggest that the disap-
pearance of eye53-1-labelled anterior photoreceptor cells 
after smad6/7-2 silencing might be linked to an increase on 
BMP pathway activity in this cell population. Taken together, 
these results support an essential role of BMP signalling 
in specifying the number of anterior photoreceptor cells. 

Discussion

 
signalling pathways (reviewed in Wrana, 2000). Whereas two 

-

Fig. 7. Low doses of bmp RNAi result in expansion of pigment and anterior 
photoreceptor cells. (A) Smed-bmp expression (arrowheads) in the eyes of intact 
planarians. (B,C) Compared to control planarians (B), bmp(RNAi) animals have 
larger, elongated eyes (C). (D,E) tph fluorescent in situ hybridization. (F-K) Double 
fluorescent in situ hybridization against opsin (F,G) and the anterior marker eye53-
1 (H,I). Note the expansion of the expression domain of eye53-1 in bmp(RNAi) 
animals. (L,M) Immunofluorescence against arrestin (VC-1) showing disorganized 
visual axonal projections in bmp(RNAi) animals. (N) Graphical representation of 
the number of pigment cells in control and bmp(RNAi) planarians. (O) Graphical 
representation of the number of photoreceptor cells in control and bmp(RNAi) 
planarians. **p<0.001 (t test). (B-M) Animals shown at 18 days of regeneration. 
Anterior is to the top. oc, optic chiasm. Scale bars, (A-C) 200 m; (D-M) 50 m.
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brates, a single homologue is found in most invertebrate organisms. 
This study reports the isolation and functional characterization of 

S. mediterranea: Smed-smad6/7-1 
and Smed-smad6/7-2. Smed-smad6/7-1 and Smed-smad6/7-2 
may have arisen by internal gene duplication within the planarian 
lineage, as occurred in other planarian gene families (Reddien et 
al., 2005b; Palakodeti et al., 2008; Molina et al., 2009).

suggest that their functions might have diverged. The expression 
of smad6/7-1 in neoblasts, however, does not seem to be essential 
for stem cell survival and differentiation, as normal regeneration 
took place after smad6/7-1 silencing. Similarly, although the ex-
pression of smad6/7-2 in the CNS was especially interesting, since 
BMP signalling is known to act as a potent anti-neurogenic factor 
(reviewed in Harland, 2000), an apparently normal CNS regener-
ated after smad6/7-2
be expected for an antagonist of BMP signalling, no dorsalized 

silencing. Several rounds of RNAi treatment and regeneration are 
necessary to obtain partially dorsalized planarians after silencing 
the antagonist noggin (Molina et al

it would be interesting to determine whether combinatorial nog-
gins and smad6/7s silencing could give rise to stronger dorsalized 
planarians. 

The BMP pathway is essential for development and regenera-
tion of the vertebrate eye (Haynes et al
threshold levels of BMP signalling regulate distinct developmental 
programs (Murali et al., 2004). Similarly, DPP signalling triggers 
the retinal developmental program in Drosophila (reviewed in Voas 
and Rebay, 2004). The complementary phenotypes obtained after 
smad6/7-2 silencing and low doses of bmp silencing support a 
role for this signalling pathway in planarian eye regeneration and 
maintenance. The anterior population of eye53-1-positive photo-
receptor cells disappeared after upregulation of BMP signalling 
through RNAi of the inhibitor smad6/7-2, suggesting that higher 
levels of BMP signalling might disrupt the regeneration of this 

of the pathway by silencing the ligand bmp resulted in an increased 
number of eye53-1-positive photoreceptor cells. Neither smad6/7-2 
nor bmp silencing altered the number of posterior photoreceptor 
cells, suggesting that the establishment of the correct number of 
this cell type does not rely on BMP signalling. Taken together, our 

-

will be necessary to determine the signalling molecules involved 
in specifying the number of posterior photoreceptor cells.

Previous studies in the planarian D. japonica have suggested that 
pigment and photoreceptor cells derive from common progenitor 
cells that express terminal differentiation markers of both cell types 
(Takeda et al., 2009). On the other hand, however, it has recently 
been shown that pigment and photoreceptor cell lineages can be 
separately traced from neoblasts in S. mediterranea and so they 
exist as distinct progenitor populations prior to terminal differentiation 

not completely contradicting the previous hypothesis, these results 
suggest an independent origin. Apart from this area of uncertainty, 
it seems clear that pigment and photoreceptor cells must interact 

to form and maintain the correct structure of the eye. A reduction 
in number of pigment cells after egfr1-(RNAi), for instance, is ac-

 et 
al., 2011). This disorganization, however, does not alter the number 

 et al., 2011). On the other hand, 
our data suggest that the variation in the number of photorecep-
tor cells could modulate the number of pigment cells. smad6/7-2 
silencing resulted in disappearance of the anterior population of 
eye53-1-positive cells and, consequently, a reduction in the total 
number of photoreceptor cells from early stages of regeneration. 

-
generation, but they started to diminish in number as regeneration 
proceeded, in parallel to the appearance of morphologically smaller 
and rounded pigment cups. Reciprocally, the increase in number of 
anterior photoreceptor cells after bmp(RNAi) was accompanied by 
a higher number of pigment cells. The delay in reduction of pigment 
cells observed after smad6/7-2(RNAi) suggest that the variation in 
the number of photoreceptor cells might induce the pigment cup to 
reorganize and adjust the cell number. Thereby, the change in the 
number of pigment cells could be a consequence of the variation 
in the number of anterior photoreceptor cells rather than a direct 
effect of smad6/7-2 or bmp
be necessary to understand how pigment and photoreceptor cell 
number are coordinated during planarian eye regeneration. 

Materials and Methods

Planarians used in these experiments belong to an asexual biotype of 
S. mediterranea
in Montjuïc, Barcelona, Spain. The animals were maintained at 20 C in 
a 1:1 (v/v) mixture of distilled water and tap water treated with AquaSafe 
(TetraAqua, Melle, Germany). Animals were fed with organic veal liver and 
starved for at least a week before the experiments. Planarians 2 to 6 mm 
in length were used for all experiments. Genes and RNAi experiments 
were named using the nomenclature proposed by Reddien et al. (2008).

S. mediterranea

searches on the genome assembly (v3.1, Washington University Sequencing 
Center, available at http://www.genome.wustl.edu) and the 454 transcrip-
tome (Abril et al., 2010) of S. mediterranea
designed to amplify predicted Smed-smad6/7-1 and Smed-smad6/7-2 

-

Smed-smad6/7-1, JQ278719 
and Smed-smad6/7-2, JQ278720.

Double-stranded RNAs (dsRNAs) for Smed-smad6/7-1, Smed-
smad6/7-2 and Smed-bmp were synthesized by in vitro transcription 
(Roche) as described previously (Sánchez Alvarado and Newmark, 1999). 
dsRNA microinjections were performed as described elsewhere (Sánchez 
Alvarado and Newmark, 1999) following the standard protocol of a 32 
nl injection of dsRNA on three consecutive days. Smed-smad6/7-1 and 
Smed-smad6/7-2 dsRNA were injected at a concentration of 600 ng/ l, 
whereas dsRNA for Smed-bmp was injected at 250 ng/ l. Control animals 

genome of S. mediterranea

allowed to regenerate. Unless otherwise indicated, all the results presented 
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-
ing normal planarian homeostasis, intact uncut animals were re-injected 

second round of injections. 

-irradiated at 100 Grays (1.66 Gy/minute) with 

in situ hybridization 3 days after irradiation.

Whole mount in situ hybridizations were performed in an In situ Pro 
 et al., 

2007, Umesono et al
described elsewhere (Pearson et al
for in situ -
dona et al., 2005; Handberg-Thorsager and Saló, 2007). The following 

in vitro transcription kit (Roche): Smed-smad6/7-1 and Smed-smad6/7-2 
(novel); Smed-eye53-1 (Zayas et al., 2005); Smed-eye53-2, Smed-mpl-2 
and Smed-npp-12 (Collins et al., 2010); Smed-bmp (Molina et al., 2007); 
Smed-tph  et al., 2011) and Smed-opsin (Sánchez Alvarado and 

Stemi SV6 stereomicroscopes and a Zeiss Axiophot microscope; images 

(Cebrià and Newmark, 2005). Anti-arrestin (VC-1) monoclonal antibody, 

at dilution of 1/15,000 (Sakai et al., 2000). Highly cross-absorbed Alexa 

Probes) was used at dilution of 1:400. Confocal laser scanning microscopy 

 et al. (2004). Planarian behaviour was recorded for 
180 seconds using an overhead digital video camera (Canon EOS550D). 
The behaviour analysis software SMART v.2.5.21 (Panlab, Spain) was 
used to quantify the time spent by the animals in each of the three virtual 

of planarian water. To obtain a light gradient, the container was protected 
by a black screen with a hole that allows the entrance of 500 lux of white 
light from one side of the container.
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