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 Abstract 

 Morphogenesis and architecture of a developing epithelium is controlled by both cell shape and contacts, mediated by 

spatially and temporally regulated cell adhesion molecules. The authors study if E-cadherin functions as a key factor of 

epithelial adhesion and epidermal architecture in vivo. They apply whole-mount digital deconvolution microscopy to 

evaluate three-dimensional (3D) E-cadherin expression during skin morphogenesis of  Rhinella arenarum  and in a cell 

adhesion alteration model. Results show morphogenetic changes in the 3D E-cadherin spatiotemporal expression pattern 

correlated with the increase of E-cadherin and in the number of cells with hexagonal geometry. Alterations in junction-

protein phosphorylation showed drastic loss of E-cadherin and  β -catenin in cell-cell contacts and the increase of cytoplasm 

and nuclear  β -catenin in epidermis, suggesting the activation of the  β -catenin signal pathway. Surprisingly, no changes in 

cell shape and skin architecture were registered, suggesting that epidermal E-cadherin appears to be involved in signaling 

rather than cell contact maintenance in vivo.  

  Keywords:   anuran  ,   cadherin  ,   catenin  ,   optical sectioning microscopy  ,   skin     

INTRODUCTION 

 Epithelial cell adhesion depends on the intercellular 
interactions of transmembrane glycoproteins called 
cadherins, which form the basis of adherens junctions 
and desmosomes (Takeichi et al. 2000; Gumbiner 2000; 
Boggon et al. 2002). Cadherins represent the most im-
portant superfamily of Ca 2  � -dependent adhesion mol-
ecules and should be considered as primary mediators of 
cell adhesion processes in vertebrates, and some also in 
invertebrates (Takeichi et al. 2000; Gumbiner 2000). 

 Specifi cally, E (epithelial)-cadherin has a role in nor-
mal state as well as in cancer invasion, metastasis, and 
other skin pathologies (Bonitsis et al. 2006; Waschke 
2008). E-cadherin is functionally connected to the 
actin-cytoskeleton by catenins (Takeichi et al. 2000). In 
cadherin-catenin complexes,  β -catenin or alternatively 
 γ -catenin (commonly known as plakoglobin) binds 
directly to the carboxyl-end region of the cytoplasmic 
domain of cadherins (Wheelock et al. 1996; Kofron 
et al. 2002).  α -Catenin links actin (Rimm et al. 1995) 
and  α -actinin (Nieset et al. 1997) to  β -catenin or plako-

globin (Wheelock et al. 1996). Additionally, p120 ctn  could 
regulate clusterization of cadherin/catenin complexes 
into the membrane plane by its direct association with 
the cadherin cytoplasmic-domain (Daniel and Reynolds 
1995; Staddon et al. 1995). 

 Several studies suggest that the cadherin-actin bind-
ing/unbinding rate could change dynamically according 
to cellular type and cell-growth rate (Kofron et al. 2002). 
Additionally, catenins could be associated with products 
of tumor suppressor genes (Su et al. 1993), tyrosine-
kinase receptors (Hoschuetzky et al. 1994), and tyrosine-
phosphatase (Brady-Kalnay et al. 1995). Therefore, 
catenins are key elements in cell-cell adhesion regulation 
of cadherins and their cytoskeleton-interaction (Casco 
et al. 1998; Takeichi, 2000; Izaguirre et al. 2001a). 

 In vitro studies have shown that E-cadherin is not 
only necessary for adherens junction formation but its 
adhesive activity is also crucial for the assembly of other 
junctional complexes such as desmosomes, gap junctions, 
and tight junctions (Gumbiner et al. 1988; Watabe et al. 
1994). These data suggest initial cell-cell adhesion medi-
ated by the cadherin complex is a key step in setting up 
other cell junctions, cell polarity, and  three-dimensional 
(3D) tissue organization. Surprisingly, in vivo studies 
suggest a signaling role rather than cell contact formation 
of E-cadherin in the stratifi ed epithelium morphogenesis 
(Tunggal et al. 2005). 

 To study if E-cadherin functions as a key factor in 
epidermal epithelial adhesion and tissue architecture 
maintenance in vivo, we establish the  Rhinella arenarum  
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E-cadherin spatiotemporal pattern not only during 
 normal epidermal morphogenesis but also in tadpoles 
treated with sodium orthovanadate (Na 

3
 VO 

4
 ) to inacti-

vate protein tyrosine phosphatases (PTPs), thus alterat-
ing the protein-phosphorylation level.   

 MATERIALS AND METHODS  

 Animals 

 Embryos and larvae were obtained according to Izaguirre 
et al. (2000) and were staged according to Gosner 
(1960). Stages 13, 15, 17, 19, 25, 35, 40, 42, and 46 were 
studied.    

 Morphological Studies 

 Embryos (stages 13, 15, 17, 19, and 25), larvae (stages 
35, 40, 42, and 46) and adult toad dissected skin of 
 Rhinella arenarum  were fi xed and processed according to 
Izaguirre et al. (2001a). Specimens were cross-sectioned 
at 0.5- μ m intervals with a Reichert Ultracut – S ultrami-
crotome, and sections were stained with toluidine blue. 
Images were recorded with an Apogee Instruments CCD 
camera, coupled to an Olympus BX-50 microscope.  

 Epidermal Thickness Determination 

 Serial cross-sections were performed for all develop-
mental stages studied. Ten images were registered for 
each developmental stage using a 100 �  objective lens. 
Epidermis thickness was measured through cephalic 
and trunk regions using the Image-Pro Plus 5.1 software 
(Media Cybernetics) and their mean  �  standard devia-
tion was calculated. These data were used to establish 
the number of optical sections necessary to capture the 
whole specimen (see Optical Sectioning).    

 Epidermal Expression of E-Cadherin and  b -Catenin   

 Antibodies 

 Mouse monoclonal antibodies for E-cadherin (clone 
36 mouse immunoglobulin G2a [IgG2a]; Transduction 
Laboratories, Lexington, KT) and rabbit policlonal anti-
bodies for  β -catenin (courtesy of Dr. Pierre McCrea, MD 
Anderson Cancer Center, University of Texas) were used 
at 1:50 and 1:100 dilutions in phosphate-buffered saline 
(PBS), respectively. We have previously demonstrated 
that these antibodies recognize anuran species (Izaguirre 

et al. 2000, 2001a, 2001b, 2006, 2008, 2009; Izaguirre 
2003; Casco et al. 2000, 2006). Goat anti-mouse IgG-
FITC (fl ourescein isothiocyanate) (Sigma, St.Louis, MO) 
and goat anti-rabbit IgG-Cy3 (Chemicon International) 
were used at 1:64 and 1:50 dilutions in PBS, respec-
tively. Normal goat serum (NGS) (Vector Laboratories, 
Burlingame, CA) was used as negative control.  

 Whole-Mount Immunofl uorescence 

 Embryos and larvae of  Rhinella arenarum  were fi xed 
in toto in Carnoy solution for 2 h at room temperature 
(RT). These were washed in PBS and permeated for 
1 h in 1% Triton X-100/PBS. Animals were washed 
in PBS and incubated in NGS for 45 min, followed by 
1.5 h incubation with primary antibodies at 37 ° C, washed 
in PBS, and incubated with species-specifi c FITC and 
Cy3 secondary antibodies for 2 h at RT in darkness. 
Finally, animals were rinsed in PBS in darkness and 
mounted with Vectashield (Vector) mounting-medium.   

 3D E-Cadherin Expression Determination by Digital 
Deconvolution Microscopy (DDM) 

 Five animals of each model were optically sectioned with 
a 100 �  objective lens at 0.25  μ m intervals ( z -axis) with 
a system developed by us based on an Olympus BX-50 
epifl uorescence microscope and an Apogee Instruments 
CCD camera (Adur and Schlegel 1997; Diaz-Zamboni 
2004; Adur 2006; Adur et al. 2007; Diaz-Zamboni et al. 
2007). According to skin thickness determined in the 
morphological study, Z-series of 128 optical sections of 
512  �  512 pixel 2  were collected. Optical section intervals 
are set in accordance to the Nyquist sampling theorem 
(Castleman, 1996). Afterwards, images were cut to 256 
 �  256 pixel 2  using the MATLAB program (MathWorks), 
in order to reduce computer resource consumption. 

 The morphometric study determined that the epider-
mis of stage 19  Rhinella arenarum  larvae has an average 
thickness of 18.79  �  5.08  μ m (see Table 1). Thus, using 
a 100 �  lens and moving at 0.25- μ m intervals, we can 
completely scan the epidermis with 128 optical sections 
(32  μ m). The dimensions and number of the optical sec-
tions are in relation with the deconvolution algorithm 
employed, which uses the fast Fourier transform (FFT), 
which in turn requires that input data have dimensions of 
2n (2, 4, 8, 16, 32, 64, 128, 256, 512, etc.). 

 Exposure time was determined experimentally to reg-
ister 8-bit images with the best contrast and avoiding in-
tensity saturation. Data of specifi c  immunofl uorescence 
( f ) versus background ( b ) were obtained using the 

   Table 1.  Epidermal thickness throughout  Rhinella arenarum  developmental stages  

St. 13 St. 15 St. 19 St. 25 St. 35 St. 40 St. 42 St. 46 Adult

Mean  �    SD  
 ( μ m)

32.8�1.3 21.9�4.7 18.8�5.1 12.3�1.9 10.1�1.1 17.0�0.71

26.7�62

13.7�1.8 14.3�1.1 69.8�8.4

    1 Bistratifi ed prometamorphic skin.  2 Multistratifi ed metamorphic skin. At stage 40, bistratifi ed prometamorphic skin coexists with the new 
multistratifi ed metamorphic skin.   
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SUMDD software (Diaz-Zamboni 2004; Diaz-Zamboni 
et al. 2007). Because each developmental stage was 

captured at a different exposure time, the fl uorescence 

indexes were calculated ( I  
f
 ): 

  

If
f

b.t
� 

exposure     

 Afterwards, the raw images were deconvolved to restore 

out of focus fl uorescence to its correct spatial position 
(Diaz-Zamboni et al. 2007). Because blurring is a func-
tion of the optical setup of the microscope (mainly of the 
objective lens), it can be modeled with algorithms derived 
from the mathematical analysis of the image formation 
process. This process is represented by the 3D convolu-
tion (⊗) of a known variable, the 3D PSF (point spread 
function) or PSF( x ,  y ,  z ), and an unknown variable, the 
3D distribution of fl uorescence in the specimen o (x, y, 
z) (Castleman 1996; Jansson 1997; McNally et al. 1999). 
The simplest form of the mentioned phenomenon is 
mathematically described by the equation: 

  i  ( x ,  y ,  z )  �  PSF ( x ,  y ,  z ) ⊗   0 ( x ,  y ,  z ) 

 where  i  ( x ,  y ,  z ) is the 3D image obtained by optical-
sectioning. 

 In this particular work, a constrained iterative decon-
volution method was used (Diaz-Zamboni et al. 2008). 

 Finally, using the SUMDD, 3D E-cadherin immu-
nofl uorescence pattern was rebuilt employing maximum 
intensity projections of raw and deconvolved image 
stacks. Additionally, the two-dimensional (2D)  β -catenin 
expression pattern throughout development (stages 13, 
15, 17, 19, 25, 35, 40, and 46) was determined to match 
the E-cadherin –  β   – catenin adhesion model.   

 Disruption of Cell Adhesion Mediated by 
E-Cadherin –  b -Catenin 

 To evaluate the regulation of the 3D E-cadherin adhesive 
pattern in skin, a model of PTP inhibition (by Na 

3
 VO 

4
 ) 

was implemented.    

 Bioassay 

 Stage 35 larvae were incubated for 24 h in 1 mM 
Na 

3
 VO 

4
  (Sigma St. Louis, MO) solution and laboratory 

artifi cial water (control), at a 10 larvae/L density, 20 ° C 
 �  2 ° C and 12-h light:12-h dark photoperiod. Bioassays 
were performed by triplicate. Preliminary bioas-
says showed 100% survival in the above mentioned 
conditions.   

 Immunofl uorescence and Morphological Studies 

 At the 24 h of bioassay, control and Na 
3
 VO 

4
 -treated 

animals were fi xed and processed as mentioned above 
to carry out the 3D E-cadherin expression  quantifi cation, 
2D  β -catenin expression pattern establishment, and 
morphological analysis.    

 Epidermal Cell Morphology: Relationship With 
Mechanic Stabilization and Contact Remodeling 

 In order to evaluate adhesive-contact remodeling 
mediated by E-cadherin throughout skin develop-
ment and in the cell-cell adhesion alteration model via 
Na 

3
 VO 

4
 , cell morphology and cross-sectional area were 

evaluated. 
 The cell morphology of 2D images from fi ve speci-

mens for each developmental stage and Na 
3
 VO 

4
 -treated 

animals ( n   �  5) was analyzed. Cell geometry was classi-
fi ed in round cells and 4-, 5-, 6-, 7-, 8-, and 9-sided cells. 
Additionally, using Image-Pro Plus, the cross-sectional 
area of 4-, 5-, 6-, and 7-sided cells was calculated to de-
termine if growth or shrinkage of individual cell contacts 
is a result of local neighbor exchanges or de novo syn-
thesis of E-cadherin.   

 Statistical Analysis 

 Differences in 3D E-cadherin expression in different 
stages were analyzed statistically by Analysis of vari-
ance (ANOVA) test with Tukey ’ s test. 3D E-cadherin ex-
pression between head and trunk was compared by  t  test. 
Differences in mean cellular morphology were analyzed 
statistically by nonparametric Kruskal-Wallis ANOVA 
test with Dunn test. Differences in mean cellular area 
were analyzed statistically by  t  test and nonparametric 
Mann-Whitney test. Values of  p   �  .05,  p   �  .01, and  p  
 �  .001 were considered signifi cant, very signifi cant, and 
extremely signifi cant, respectively. Data were ana-
lyzed with SPSS 10.0 and plotted with SigmaPlot 
2001 softwares.    

 RESULTS  

 E-Cadherin Expression During Skin Morphogenesis 
of Rhinella arenarum 

 E-cadherin expression was principally detected for the 
fi rst time in epidermal ectoderm near regions of neural 
folds at stage 15, showing some cells began displaying 
localized E-cadherin protein in a discontinuous, linear 
pattern along a subset of cell boundaries (Figure 1a). 
At stage 17, triangular-shaped regions of high immu-
nofl uorescence (immature puncta) appeared (Figures 1b 
and 2a), which became dot-shaped at stage 19 and stay 
established where three to four cells met (Figure 1c). 
DDM images clearly shows more continuous E-cadherin 
patterns in all cell perimeters (Figure 2a, b). No differ-
ences in the location pattern were detected in the cephalic 
and trunk regions (not shown). 

 Statistical analysis demonstrated that 3D E-cadherin 
expression level in dorsal skin increases throughout 
development (Figure 3a). In the cephalic region, a sig-
nifi cant increase occurred from stages 17 to 19, and an 
extremely signifi cant increase occurred from stages 19 



4 M. F. IZAGUIRRE ET AL.

to 35. From stages 35 to 40, an increased tendency 
was observed yet the differences were nonsignifi cant 
(Figure 3a). However, the increase in expression 
level at stage 40 was extremely signifi cant compared 
to stages 17, 19, and 25. 3D E-cadherin expression 
at stage 46 could not be quantifi ed because the sig-
nal was possibly masked by autofl uorescence, due 
to increased skin thickness and the presence of high-
fl uorescence-intensity endogenous pigments. Addi-
tionally, a signifi cant and a very signifi cant increase of 
expression level between cephalic and trunk regions were 
verifi ed in stages 25 and 35, respectively; however, E-
cadherin expression of trunk dorsal epidermis at stages 

15 and 17 was extremely low and therefore nonquantifi -
able. In the trunk region, a very signifi cant increase in 
E-cadherin expression was registered from stages 19 to 
40 (Figure 3a). 

 From stages 25 onwards, puncta remodel into higher 
molecular density dot-shaped zones, additionally with an 
accumulation in cell boundaries of E-cadherin, correlating 
with an increase in expression level (Figures 1g – i, 2c – e).
It was noted that from stage 25 onwards, autofl uorescence 
increased due to increased larval pigmentation, but did not 
interfere with specifi c immunosignal (Figures 1g – i, 2c – e). 
Particularly, and for unknown reasons, autofl uorescence is 
higher at stage 35 than stage 40 (Figures 1h, i, 2d, e).   

  
Figure 1.     2D E-cadherin and  β -catenin expression of dorsal epidermis of  Rhinella arenarum  (nondeconvolved images). ( a ) Stage 15; ( b ,  d ) 
stage 17; ( c ,  e ,  f ) stage 19; ( g ,  j ) stage 25; ( h ,  k ) stage 35; ( i ,  l ) stage 40. Asterisk ( * ) marks the punctum shown in more detail.  
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 E-Cadherin Expression After Cell-Cell 
Adhesion Alteration    

 E-cadherin expression pattern in Rhinella  arenarum 
dorsal skin of Na 

3
 VO 

4
 -treated stage 35 larvae showed great 

differences with control stage 35 larvae (Figure 2d, f, g). 

E-cadherin expression in Na 
3
 VO 

4
 -treated epithelium 

drastically decreased, both in the cephalic and trunk re-
gions (Figure 3b). Additionally, a progressive change in 
cell-cell junction organization mediated by E-cadherin 
was detected (Figure 2f, g), showing increased segmen-
tation in the expression pattern, loss of this molecule in 

  
Figure 2.     ( a  –  g ) 2D maximun intensity projections of 128-image stacks of E-cadherin of cephalic dorsal epidermis of  Rhinella arenarum . ( a  –  e ) 
DDM images clearly show that E-cadherin increases in cell boundaries, switching from a dotted to a continue pattern during development, with 
high immunosignal density in puncta. Stage 17 ( a ), stage 19 ( b ), stage 25 ( c ), stage 35 ( d ), and stage 40 ( e ). All stacks include two cell layers; 
panel ( d ) looks different from the other panels because when tadpoles developed, their pigment quantity increased. Intriguingly, autofl uorescence 
from pigments is higher at stage 35 than any another stage ( a  –  e ). ( f ,  g ) Na 

3
 VO 

4
 -treated tadpoles show a progressive time-dependent decrease in 

E-cadherin expression. For unknown reasons, treated-tadpoles became unpigmented, thus decreasing autofl uorescence ( f ,  g  versus  d ). ( h ,  i ) 2D 
 β -catenin expression of cephalic dorsal epidermis of control ( h ) and Na 

3
 VO 

4
 -treated ( i ) Stage 35 larvae skin. Clearly,  β -catenin disappears from 

cell boundaries andincreases at cytoplasmic and nuclear level, suggesting a signaling role. Lines represent:  x -(green),  y - (blue), and  z - (red) axes.  
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some cell boundaries, and preservation of punc-
ta. In some regions, puncta appear smaller and 
apparently disconnected from cellular-membrane 
molecules (Figure 2d, f, g). Immunolocalization was 
mainly observed on the lateral membrane of the su-
perfi cial ectodermal cells, whereas for cells in the 

deep-ectodermal layer a very diffuse  immunosignal 
was observed. No signifi cant differences in 3D E-cad-
herin expression between cephalic and trunk regions of 
Na 

3
 VO 

4
 -treated larvae were found (Figure 3b). Intrigu-

ingly, larvae treated with Na 
3
 VO 

4
  became less pigmented, 

which reduced autofl uorescence.  
Morphological studies do not show clear differences 

between control and Na3VO4-treated larvae, suggesting 
preservation of cell morphology and epithelial architec-
ture in a 24 h. treatment (Figure 4).

 2D  b -Catenin Expression Throughout Development 

 To corroborate the cell-cell adhesion alteration model 
generated, the 2D  β -catenin expression pattern was 
determined (Figure 1d – f, j – l).  β -Catenin was scarcely 
detected at stage 17 and was regionally coexpressed 
with E-cadherin in outer-ectoderm cell membranes of 
dorsal (Figure 1d) as well as ventral skin (not shown). 
At stage 19,  β -catenin expression increases and 
presents higher intensity in puncta (Figure 1e). 
Additionally,  β -catenin was detected in puncta in 
cytoplasmic and/or nuclear level in deeper imaging 
planes that include the nucleus (Figure 1e, f). At stages 
25 and 35,  β -catenin was mainly detected at submem-
brane level, in the outer-ectoderm layer in cell-cell 
junctions at a depth just below the apical membranes, 
in the superfi cial ectodermal layer, and with increased 
intensity in puncta (Figure 1j, k). At the beginning of 
metamorphosis (stage 40), no changes were detected 
with respect to stage 35 larvae (Figure 1l). Due to an 
increase in epidermal thickness and impermeability of 
stage 46 larvae, specifi c immunosignal was not clearly 
detected (not shown).   

  b -Catenin Expression in Na 3 VO 4 -Treated Larvae 

 The cephalic and trunk dorsal skin  β -catenin pattern of 
stage 35 Na 

3
 VO 

4
 -treated larvae was signifi cantly different 
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  Figure 3.     3D E-cadherin expression of cephalic and trunk dorsal 
epidermis throughout development of  Rhinella arenarum  ( a ) and 
after treatment with Na 

3
 VO 

4
  ( b ).  *  *  *  p   �  .001;  *  *  p   �  .01;  *  p   �  .05.  

  
Figure 4.     Sagital sections of Na 

3
 VO 

4
 -treated ( a ) and control ( b ) stage 35 larvae skin of  Rhinella arenarum . Toluidine blue stain. No 

morphological changes after Na 
3
 VO 

4
  treatment were detected. A: apical cell; Cl: clear cell; C: collagen; M: melanophore; V: sanguine vessel.  
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to that of control larvae (Figure 2h, i). Expression was 
predominantly cytoplasmic, presenting a ring-like pat-
tern lining the plasma membrane and with some nuclear 
localization (arrows, Figure 2i). Despite a noticeable 
increase in cytosolic  β -catenin in Na 

3
 VO 

4
 -treated larvae 

epidermal cells, an increase in nuclear  β -catenin was less 
evident. However, this does not preclude the increased 
nuclear activity of  β -catenin and would require further 
testing. Additionally, submembrane signal was extremely 
diffuse and it was not detected in puncta (Figure 2i).   

 Epidermal Cell Morphology: Relationship With 
Mechanic Stabilization and Contact Remodeling 

 In all studied stages the predominant cell type was that 
of 5-sided and 6-sided cells, together they make up ap-
proximately 50 – 60% of total cells in stages 15, 17, and 
19 and 70 – 80% in stages 25, 35, and 40 (Figure 5a). As 
development progressed the hexagonal cell amount in-
creased (Figure 5a). Additionally, round cells detected at 
stage 17 disappear at stage 25, together with an important 

increase of the amount of 7-sided cells from stage 35 
onwards. 

 Statistical analysis detected signifi cant differences 
only between 5- and 6-sided cells at both stages 15 and 25 
(Figure 5a). However, Na 

3
 VO 

4
 -treated animals did not 

show signifi cant differences in the relative amount of 
cellular types, suggesting that there were no changes in 
cell morphology after 24 h of treatment (Figure 5b). 

 In order to study how cell contacts were remodeled, 
we evaluated cell cross-sectional area together with 
changes of E-cadherin and  β -catenin expression through-
out development. Specifi cally, we analyzed if molecules 
accumulated inside the cell derived from preexistent cell 
contacts rather than from the biosynthetic pathway. 

 Measuring cell areas during the elongation of the 
boundary, when cells change their cross-sectional ge-
ometry, revealed that areas fl uctuate throughout develop-
ment, showing extremely signifi cant increase at stage 19 
and stage 40 from pentagons to hexagons, and at stage 35 
from pentagons to hexagons and to heptagons (Figure 6a). 
These data, correlated together with the increase in 
E-cadherin and  β -catenin expression, suggest that the 
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  Figure 6.     Skin cell cross-sectional area of  Rhinella arenarum , 
throughout the development ( a ) and in stage 35 Na 

3
 VO 

4
 -treated 

larvae ( b ).  *  p   �  .05;  *  *  p   �  .01;  *  *  *  p   �  .001.  
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  Figure 5.     Morphology of  Rhinella arenarum  apical epidermal 
cells, throughout the development ( a ) and in stage 35 Na

3
VO

4
-

treated larvae ( b ).  *  p   �  .05. Panel ( a ) clearly shows that the 
amount of the hexagonal cells increases throughout development; 
inserts show stage 19 versus stage 35.  
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formation of new cell contacts may use material derived 
from new biosynthesis instead of material derived from 
preexistent contacts (Figure 6a). Round cells and octa-
gons were discarded for the analysis. Larvae treated with 
Na 

3
 VO 

4
  showed a signifi cant and a extremely signifi cant 

increase of the cell area from pentagons to hexagons and 
from hexagons to heptagons, respectively (Figure 6b). In 
contrast, cell area of pentagons, hexagons, and heptagons 
of Na 

3
 VO 

4
 -treated stage 35 larvae signifi cantly decreased 

with respect to those of control larvae (Figure 6b).    

 DISCUSSION 

 Adhesion mediated by the cadherin-catenin complex is 
pivotal for the development of multicellular organisms. 
Features such as a large repertoire of homotypically 
interacting cadherins, rapid assembly and disassembly, 
and a connection to a force-generating actin cytoskeleton 
make cadherin-mediated junctions ideal structures for 
the execution of complex changes in cell and tissue mor-
phology during animal development and maintaining of 
tissue architecture. 

 It is known that E-cadherin expression is down-regu-
lated or absent in tissue architecture remodeling as well 
as in tumor invasion and metastasis (Vleminckx et al. 
1991; Perl et al. 1998). Therefore, in the present article 
the role of 3D E-cadherin expression in regulating cell 
morphology and epithelial architecture maintenance is 
discussed in some detail using as models of epithelial 
remodeling the anuran metamorphosis and changes at 
the phosphorylation level of E-cadherin –  β -catenin 
complexes. 

 DDM studies employed in the present work allowed 
us to quantify the epidermal E-cadherin expression from 
stage 17 to stage 40, showing deep changes in the ex-
pression pattern of intercellular junctions associated 
with  Rhinella arenarum  development. A transition from 
dot to nonsegmented lines and an increase in the adhe-
sive belt thickness, puncta size, and molecular density 
were observed. Maximum intensity projections of raw 
and deconvolved stacks suggest that during  Rhinella 
arenarum  epidermal morphogenesis, E-cadherin estab-
lishes exploring contacts at stage 15, transient contacts 
that increase from stage 17 onwards, and it turns into a 
zippering framework structure from stage 25 onwards, 
which coincides with the transition from embryonic to 
larval life, as was postulated by Izaguirre (2003). From 
stage 25 onwards, this framework increases and becomes 
organized in puncta in the union of two or more cells. 

 Functionally, the quick disassembly and the light 
force associated at cadherin EC1 (extracellular cadherin 
repeat domain 1) interaction could be advantageous in 
the early exploration phase of junctional remodeling that 
must occur during the establishment of the fi rst tissue 
patterns (Perret et al. 2004; Pokutta and Weis 2007). 
Afterwards in the development, the continuous pattern 
and puncta observed could represent steady contacts, 

where the interaction between all  cadherin-ectodomains 
should generate the force to be able to stabilize the new 
tissue structure formed, which must support the strong 
tensions to resist to deformation (Kusumi et al. 1999; 
Perret et al. 2004; Bayas et al. 2006). Similar results have 
been found using in vitro systems (McNeill et al. 1993; 
Angres et al. 1996; Adams et al. 1996, 1998). 

 Unfortunately, 3D E-cadherin expression at the end of 
metamorphosis could not be evaluated by DDM. Several 
factors could affect the visualization by whole-mount 
immunofl uorescence: impenetrability of antibodies due 
to the impermeability of the skin ’ s outer stratus and its 
increased thickness, and because the plasma membrane 
of cornifi ed cells became thick by the deposition and 
cross-linking of proteins to build the insoluble cornifi ed 
envelope (Steinert and Marekov 1999). Additionally, an 
increase in autofl uorescence due to increased pigmenta-
tion produced confusing results because of our system ’ s 
technical limitations. However, Izaguirre (2003) estab-
lished that even though a drastic skin remodeling by the 
disassembling and reassembling of adhesive contacts is 
produced at the metamorphic climax in  Rhinella arenar-
um , E-cadherin expression in cell boundaries is stable. 
Moreover, several studies carried out in  Xenopus laevis  
(Levi et al. 1991), mouse (Tunggal et al. 2005), and hu-
man (Jensen et al. 1997; Moles and Watt, 1997) show that 
E-cadherin is present in all epidermal layers and exocrine 
ducts, but decreases in the corneal stratus when cells be-
come keratinized. Surprisingly, a high signal of E-cadherin 
is maintained during skin remodeling (Izaguirre et al. 2001a; 
Izaguirre 2003), when live larval, apoptotic larval, and live 
preadult cells coexist and there is higher adhesive contact 
remodeling to replace larval with preadult skin. 

 Whole-mount immunofl uorescence together with 
DDM allowed us to detect E-cadherin in earlier  Rhinella 
arenarum  developmental stages than those reported pre-
viously (Izaguirre et al. 2000; Izaguirre 2003). Na 

3
 VO 

4
  is 

an inhibitor of PTP that signifi cantly reduced E-cadherin 
and  β -catenin protein levels at cell contacts and also pro-
duced an increase in cytosolic and nuclear  β -catenin. 3D 
representations of the E-cadherin pattern in the altered 
larval skin strongly suggest that in spite of its dramatic 
decrease in cellular boundaries and of the  β -catenin rate 
of association to membrane, epithelial cells preserve 
E-cadherin in puncta trying to maintain cell shape, thus 
suggesting that no major changes in adherens junction 
formation mediated by E-cadherin and cadherin-associ-
ated  β -catenin take place. 

 It is known that the strong adhesion formation by 
cadherins depends on their association with the actin-
cytoskeleton, a connection mediated by  α - and  β - or 
 γ -catenin (Wheelock et al. 1996). Several studies have 
demonstrate that the phosphorylation of  β -catenin 
reduces their affi nity for E-cadherin by approximately 
85%(Xu and Kimelman 2007) and increases the free 
cytosolic pool of  β -catenin, regulating its function as 
a signaling molecule during epithelial cell migration 
(Muller et al. 1999). Additionally, it is known that to 



 E-CADHERIN IN EPITHELIAL ARCHITECTURE 9

maintain  β -catenin associated to cadherin in a  reasonably 
stable  manner, it is necessary both to maintain a pool 
of  β -catenin in a dephosphorylated state as well as low 
levels of free cytoplasmic  β -catenin (Miller and Moon 
1996). This can be accomplished by having PTP active, 
and excess free phosphorylated  β -catenin is targeted to 
 β -catenin destruction multiprotein complexes, which 
include such proteins as axin, APC, PP2, GSK3 β , and 
CK1 α  (Willert and Jones 2006; Xu and Kimelman 
2007). 

 Several studies using PTP nonselective inhibitors, 
such as vanadate or Na 

3
 VO 

4
 , have generated confl ict-

ing results. In some studies, tyrosine phosphorylation 
of zonula adherens proteins, especially  β -catenin, is not 
associated with the disruption of the cadherin-actin cy-
toskeleton linkage, zonula adherens disassembly (Esser 
et al. 1998), or increase of the transepithelial permeabil-
ity (Young et al. 2003), whereas other studies do fi nd the 
disassembly of adherens junctions (Hazan and Norton 
1998; Chen et al. 2007). 

 Mechanism(s) by which the tyrosine phosphoryla-
tion state of one or more zonula adherens proteins can, 
through in-to-out signaling, regulate cadherins is poorly 
understood. Interestingly, PTP inhibition alone promotes 
tyrosine phosphorylation of zonula adherens proteins, 
coincident with increases in the movement of macromol-
ecules and neutrophils across the endothelium barrier 
(Young et al. 2003). Opening of the paracellular pathway 
theoretically permits disengagement of homophilically 
bound VE (vascular endothelial)-cadherin ectodomains 
and lateral mobility in the lipid bilayer with redistribu-
tion across the plasma membrane. It is conceivable that 
as VE-cadherin and either  β - or  γ -catenin leave the inter-
cellular junctions, they do so together as a VE-cadherin –
 catenin complex. This would permit more dynamic and 
effi cient zonula adherens disassembly/reassembly in 
response to rapidly changing physiological demands 
(Young et al. 2003). 

 In the present work, neither disassembly of cell 
junctions nor histological changes were observed, but 
Na 

3
 VO 

4
  signifi cantly modifi ed both 3D and 2D expres-

sions of E-cadherin and  β -catenin, respectively. The 
expression patterns found suggest that the epithelial 
cells gradually revert the pattern established throughout 
development; thus, cells decrease E-cadherin and sub-
membrane  β -catenin, present a segmented immunofl uo-
rescence cell-lining pattern, and preserve E-cadherin in 
puncta to maintain cell shape, and additionally increase 
cytosolic and nuclear  β -catenin as mediator of signaling. 
The histological study did not reveal blistering or loss of 
cellular shape or tissue architecture, suggesting neither 
major changes nor major role in cell contact forma-
tion and/or maintaining in vivo of E-cadherin. Maybe, 
E-cadherin loss was compensated by the transcriptional 
up-regulation of other adhesive molecules avoiding cell-
cell contact disorganization, such as has been suggested 
by Roitbak et al. (2004). Interestingly, it has been recently 
reported that E-cadherin gene inactivation in mouse pro-

duces perinatal death due to the inability to maintain a 
functional epidermal water barrier, and revealed that the 
key tight junctional components were improperly local-
ized, resulting in altered tight junctional architecture and 
epidermal resistance (Tunggal et al. 2005). Surprisingly, 
desmosomes were formed normally and no obvious 
defects in cell contacts were detected, suggesting that 
E-cadherin is specifi cally required for tight junctions but 
not for the formation of other contacts; this apparently 
involves signaling rather than cell contact formation in 
vivo (Tunggal et al. 2005). 

 These results suggest that other adhesion molecules 
switch roles with E-cadherin to avoid cell-cell contact dis-
organization or that E-cadherin ’ s role is mainly confi ned 
to cell signaling. On the other hand, internalization and 
recycling of cadherins has recently emerged as a major 
route for controlling adherens junction remodeling and 
maintenance (Fujita et al. 2002; Palovuori et al. 2003). 
There is evidence that a small pool of cell surface E-cad-
herin is constitutively and constantly traffi cked through 
endocytosis and recycling, and this pool increases mark-
edly in preconfl uent cells and when cell-cell contacts are 
weakened or disrupted by distinct mechanisms (Fujita 
et al. 2002; Palovuori et al. 2003). In contrast, in the 
present work, no increase in cytosolic E-cadherin was 
detected. Therefore, we suggest that E-cadherin is inter-
nalized and then shuttled to lysosomes instead of being 
recycled back to the lateral membrane. Lysosomal tar-
geting of E-cadherin is an important posttranscriptional 
mechanism to deplete cellular E-cadherin during Src-
induced epithelial to mesenchymal transitions (Palacios 
et al. 2005). 

 In order to evaluate how cell contacts are remodeled 
throughout development, we measure cross-sectional 
cell area in normal specimens and specimens affected 
by cadherin-catenin complex deregulation by PTP 
inhibition. The increase in average area of 4-, 5-, 6-, 
and 7-sided cells and E-cadherin and  β -catenin expres-
sion suggest that cells must synthesize E-cadherin and 
 β -catenin to contribute in the formation of new contacts, 
independently of utilization of material derived from 
preexisting contacts. 

 Epidermal morphological changes (not shown) during 
development, together with the beginning of E-cadherin 
expression in  Rhinella arenarum  from stage 15 until 
stage 25, show that a strong remodeling of cell shape 
and polarization of cytoplasm components is produced. 
In this way, pigments assume an apical localization, lipid 
droplets become situated in the intermediate area, and 
yolk-bodies move to the basal region. Similar polariza-
tion events in the apical epithelial cells take place dur-
ing  Xenopus laevis  embryogenesis (Billett and Gould 
1971). Both in vitro and in vivo studies have shown that 
E-cadherin is not only necessary for adherens junction 
formation, but also that its adhesive activity is crucial for 
the assembly of other junction complexes. This assembly 
is correlated with the establishment of cell polarity and 
with the recruitment of protein complexes essential for 
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cell polarity set up in cell junctions, such as E-cadherin 
and associated proteins (Lecuit 2005; Tunggal et al. 
2005; Classen et al. 2005; Wang and Nathan 2007). 

 In conclusion, present results suggest that dur-
ing skin development, epithelial cell geometry varies 
to reach higher physical stability in order to support 
greater tensions, therefore increasing the proportion of 
hexagonal cells. Coincidentally, E-cadherin expression 
increases, suggesting it has a role in controlling cell 
shape and thus in epithelial architecture stabilization. 
Low levels of E-cadherin –  β -catenin complex phos-
phorylation are essential to the maintenance of these 
complexes, but are not crucial to maintain in vivo skin 
architecture. 

 The preservation of tissue architecture resulting from 
the alteration of the E-cadherin-ß-catenin complexes by 
phosphorylation, clearly suggests that the compensatory 
adhesion systems must be up-regulated and at the same 
time E-cadherin must be down-regulated to maintain the 
epithelial architecture. ß-catenin depletion in the plasma 
membrane and its predominant cytoplasmic location in 
epidermal cells of Na3VO4-treated larvae, suggest that 
it would be diffi cult for a member of the cadherin family 
to replace E-cadherin, as has been found in the auto-
somal dominant polycystic kidney disease (ADPKD) 
(Roitbak et al., 2004). However, this hypothesis is seen 
to be improbable because it has been demonstrated that 
cadherin-catenin systems are essential to maintain not 
only adherens junction but also structurally intact oc-
cludens zonula and epithelial permeability barrier (Price 
et al. 2002). Therefore,  β -catenin withdraw from their 
normal position at the basolateral membrane after PTP 
inhibition and their increase in the cytoplasm could wait 
for another cadherin to replace E-cadherin function, after 
24 h of Na 

3
 VO 

4
  treatment. Future experiments will be 

necessary to clarify the last hypothesis. 
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