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Resumen y tópicos de la presentación

Morfogénesis

Migracion célular

• Perspectiva histórica: Ontogenia y filogenia.

• Influencia de factores celulares, químicos y biofísicos.

• Gastrulación.

• Conceptos generales.

• Peces anuales como modelo de migración celular.
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mecánica16, juegan un papel central en la expresión de la forma resul-
tante de la ontogenia. ¿Cómo se manifiestan esos fenómenos mecánicos 
en la morfogénesis de un animal?

Para responder esta pregunta nos valdremos de uno de los peces 
submarinos utilizados por Thompson, y realizaremos un viaje virtual 
hacia la conformación cartesiana inicial de su ontogenia (figura nº 5a). 
este viaje hipotético nos sirve de analogía para resaltar tres conceptos 
centrales del proceso de expresión de forma biológica. Primero, que 
la conformación cartesiana inicial de la ontogenia contiene unidades 
primordiales sobre las cuales actúan las estrategias determinística y re-
gulativa para permitir la expresión y transformación de la forma. estas 
unidades morfogenéticas están conformadas por células, las que actúan 
como verdaderos ladrillos generadores de forma. Segundo, que al co-
mienzo del proceso generador de forma no existe una representación 

16 rama de la física que trata del equilibrio y del movimiento de los 
cuerpos sometidos a cualquier fuerza (real academia española).

fiGUra nº 4:  TranSforMación carTeSiana enTre DoS eSPecieS
 reLacionaDaS De PeceS De La faMiLia STErNOPTyCHIDAE.

Nota: La deformación de una malla cartesiana impuesta sobre la especie Argyro-
pelecus, la cual demarca un denominado espacio morfométrico, cambia la forma 
externa de esta especie en aquella de la especie Sternoptyx. (Ilustración modificada 
de Thompson, 1942)

Argyropelecus olfersi Sternoptyx diaphana
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• Establece la premisa que el crecimiento y la forma se 
encuentran  acopladas,  de  manera  que  no  es  posible 
explicar una en ausencia de la otra.

• La  presentación  tiene  un fuerte  componente  matemático/
físico.

• En  su  último  capítulo  establece  la 
validez  y  aplicabilidad  de  estos 
conceptos durante la evolución.

• Las mallas o grillas corresponderían 
a regiones con tasas diferenciales de 
crecimiento o fuerzas físicas.
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• Introduce el concepto de la Inducción.
INDUCCIÓN
Proceso por el cual una célula o grupo de células 
es capaz de determinar el destino de otras células.
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Factores que influyen en la generación/mantención de forma
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• Información posicional
Información posicional y morfógenos.
Las células responden de manera diferencial 
dependiendo de la concentración de morfógeno 
secretado.

• Moléculas difusibles llamadas 
Morfógenos.
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Moleculares: adhesión celular

Townes and Holtfreter (1955)
19691955

Malcolm
Steinberg

(1962)

Factores que influyen en la generación/mantención de forma

Hipótesis de afinidad selectiva.
“The tissue segregation becomes complete because of 
the  emergence  of  a  selectivity  of  cell  adhesion: 
homologous cells when they meet remain permanently 
united  to  form  functional  tissues,  whereas  a  cleft 
develops  between  certain  non-homologous  tissues”. 
Townes PL, Holtfreter J.1955

• Afinidad selectiva de células

• Conservación de la topología 
embrionaria.

• Durante  la  reagregación  se 
producen movimientos celulares 
que recapitulan los embrionarios
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Moleculares: adhesión celular

1969
Malcolm
Steinberg

(1962)

Factores que influyen en la generación/mantención de forma

Unión heterofílica

Duguay, et al. 2003

E>PP>E

Foty and Steinberg, 2004

Unión homofílica

E>EE=E
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INTEGRACIÓN DE FACTORES GASTRULACIÓN



Gastrulación: reorganización del plan corporal

Lewis Wolpert

“El evento más importante de nuestras vidas, no es 
el nacimiento, el matrimonio ni la muerte sino la 

gastrulación”. 



Gastrulación: reorganización del plan corporal

Definición clásica

“Proceso morfogenético por el cual se establecen las capas germinales 
correspondientes a Ectodermo, Mesodermo y Endodermo”. 

Definición moderna

“Período  del  desarrollo  embrionario  caracterizado  por  procesos 
celulares  inductivos  y  movimientos  celulares  morfogenéticos,  los 
cuales  dan  origen  a  las  capas  germinativas  transformando  un 
embrión bilaminar (blástula) en uno trilaminar alargado donde los 
ejes principales están claramente definidos.



Gastrulación: procesos celulares inductivos

Quail embryo Chick embryo

Inducción de destino celular

Esta región con capacidad inductora se observa en 
embriones de todas las especies de vertebrados estudiadas



Gastrulación: procesos celulares inductivos

Inducción de destino celular

Proceso mediante el cual un grupo celular influencia el 
destino celular de otro 

- base del desarrollo condicional -  

Tejido a Inducir
Inductor 

(Tejido - molécula)

+

Tejido Inducido

Requisito esencial: El tejido a inducir debe ser competente.



Gastrulación: movimientos celulares morfogenéticos

Desplazamiento coordinado de grupos celulares que generan un 
cambio de “forma” en el embrión 

- este cambio puede ser global o restringido a un tejido - 

Ectodermo EndodermoMesodermo

Gastrulación en el erizo de mar



Gastrulación: movimientos celulares morfogenéticos

Desplazamiento coordinado de grupos celulares que generan un 
cambio de “forma” en el embrión 

- este cambio puede ser global o restringido a un tejido - 

Gastrulación en el pez cebra



Gastrulación: movimientos celulares morfogenéticos

Desplazamiento coordinado de grupos celulares que 
generan un cambio de “forma” en el embrión 

- este cambio puede ser global o restringido a un tejido - 

Epibolia Involución/Ingresión
Convergencia 

extensión
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Migración celular: Conceptos generales

Movimiento celular in vitro: conducta de “gateo”



Migración celular: Conceptos generales

Migración de células individuales in vitro



Migración celular: Conceptos generales

Procesos celulares asociados al movimiento celular

“aplanados”
lamelipodios

“gordos”
lobopodios

“finos”
filopodios

“burbujas”
blebs

Los procesos celulares dependen de la actividad del citoesqueleto.

Microfilamentos (actina)

Microtúbulos (tubulina



Migración celular: Conceptos generales

Las células también se pueden mover formando grupos con: 

  

Movimiento de láminas celulares o epitelios

Movimiento de grupos de células

MOVIMIENTO POR FIJACIÓN A 
SUSTRATO EN MOVIMIENTO

PASIVO ACTIVO

MOVIMIENTO GUIADO 
POR CÉLULAS BORDE

MOVIMIENTO COORDINADO DE 
POBLACIONES CELULARES

ACTIVO

  

Movimiento de láminas celulares o epitelios

Movimiento de grupos de células

  

Definición

Gastrulación

“Etapa del desarrollo caracterizada por una complejidad de movimientos celulares 
morfogenéticos que dan origen a las capas germinativas y transforman a la blástula 
(normalmente en forma de disco) en un embrión alargado donde los principales ejes 
embrionarios están ya definidos.”

Hombre (Homo sapiens)

Anfibio (Xenopus laevis)

Pez (Danio rerio)

  

Gastrulación

Embriología comparada según Ernest Haeckel

Pez   Salamandra  Tortuga          Pollo              Cerdo        Cabra         Conejo     Humano

Distinta contribución de las células Distinta compactación

Modelo in vitro
“wound healing”

moved apart (Fig. 3A,B) (Abercrombie and Ambrose, 1958). Such
‘contact inhibition of locomotion’ (CIL) (Abercrombie, 1970) was
then reported in other in vitro contexts, such as when two epithelial
sheets meet (Abercrombie andMiddleton, 1968) and in the process of
radial extension of nerve fibres (Dunn, 1971). In addition, CIL was
observed during the migration of corneal fibroblasts in their natural
stroma and in artificial 3D collagen lattices (Bard and Hay, 1975).
Furthermore,CILwasproposed as an explanation forwoundhealing in
epithelia (Abercrombie, 1970; Farooqui and Fenteany, 2005) and for
the invasiveproperties of certainmalignant cells in vitro,movements of
which were not restricted by contact with normal fibroblasts owing to
defective CIL (Abercrombie, 1979; Vesely and Weiss, 1973).
CIL works to re-set the polarity of migrating cells. Cells initially

sense contact with other cells either at the lamellipodium
(Abercrombie, 1970; Abercrombie and Heaysman, 1954) or at
longer distances through filopodial extensions (Carmona-Fontaine
et al., 2008; Davis et al., 2012; Heckman, 2009; Lesseps et al., 1975;
Steketee and Tosney, 1999; Teddy and Kulesa, 2004). Sensing is
mediated by cell surface molecules, often cell-cell adhesion proteins
of the cadherin family (Mayor and Carmona-Fontaine, 2010), which
are proposed to change the balance in small GTPases, with local
activation of RhoA at the cell-cell contact and suppression of Rac1
and repolarisation of the colliding cell (Nelson et al., 2004;
Theveneau et al., 2010). When the sensing of cell-cell contact is
perturbed, cells lose their ability to reset polarity and they produce
numerous protrusions that are able to extend on top of neighbouring
cells (Abraham et al., 2009; Theveneau et al., 2010; Villar-Cervino

et al., 2013). Furthermore, the balance between CIL and attractive
forces, which we discuss later, determines whether a group of cells
disperses as individuals or as a collective group (Fig. 3C).

Directed cell migration via chemotaxis
The ability of cells to undergo directed locomotion along a chemical
gradient, a process known as chemotaxis (Fig. 4A,B), was first
described in bacteria by Pfeffer (Pfeffer, 1884) and later in phagocytic
leucocytes by Metchnikoff (Metchnikoff, 1893). Since then,
chemotaxis has been a subject of intense research in both prokaryotic
(Hazelbauer, 2012) and eukaryotic cells, including the free-living
amoebaDictyostelium discoideum, mammalian leukocytes, fibroblasts
and neurons (Swaney et al., 2010; von Philipsborn and Bastmeyer,
2007; Vorotnikov, 2011). Despite exhibiting different modes of cell
locomotion (ameboid inD. discoideum and leukocytes; mesenchymal
in fibroblasts) and utilising different signal transduction mechanisms
[G protein-coupled receptor (GPCR)-dependent in D. discoideum
and leukocytes, and receptor tyrosine kinase (RTK)-dependent in
fibroblasts], most in vitromodels of eukaryotic chemotaxis share three
general principles. First, cells often exhibit intrinsic random motility.
Second, exposure to a chemoattractant gradient leads to small spatial or
temporal differences in receptor activation that are amplified within the
cell to induce Rac-mediated actin polymerisation and protrusion
formation on the side of the cell facing the highest concentration of
chemoattractant. Third, cell polarity is stabilised by positive-feedback
loops (at the cell front) combined with long-range inhibitory signals
(in the rest of the cell) that restrict protrusion formation towards the
cell front and increase its sensitivity to chemoattractants along
the gradient (Insall, 2013; Swaney et al., 2010; Vorotnikov, 2011;
Wang et al., 2011). Under these general principles, there is major
discussion concerning the mechanism by which receptor activation
leads to the formation of polarised protrusions. The ‘chemotactic
compass’ model (Fig. 4C, top) proposes that sensing of the gradient
results in local accumulation of intracellular signallingmolecules, such
as phosphatidylinositol-3,4,5-triphosphate (PIP3), towards the highest
chemoattractant concentration. Such localised signalling functions
upstreamof activatedRac and is used as a ‘compass’ to adjust the actual
cell polarity by turning the cell front towards the gradient (Bourne and
Weiner, 2002; Rickert et al., 2000; Swaney et al., 2010; Wang, 2009).
The alternative ‘chemotactic bias’ model (Fig. 4C, bottom) proposes
that chemoattractants simply bias the dynamic and self-organising
autocatalytic nature of protrusions towards the gradient without the
need of a compass (Arrieumerlou and Meyer, 2005; Insall, 2010). As
such, this model seems to better integrate recent data showing that
membrane tension resulting from actin polymerisation acts as a long-
range physical signal that inhibits protrusion formation in regions other
than the cell front (Batchelder et al., 2011;Houket al., 2012).Although
the compass and chemotactic biasmodelsmay differ in some aspects, it
should be noted that they are not mutually exclusive and thus both
probably operate in most eukaryotic cells (Insall, 2013).

Mechanical guidance of cell locomotion
In addition to gradients in ECM rigidity, which are known to direct
cell migration from soft to stiff substrates (Lo et al., 2000), it has
recently been shown that physical forces applied at the cell-matrix and
at cell-cell interfaces can also direct cell migration. For instance, cells
migrating on soft ECM matrices may produce patterns of substrate
deformation that serve as a cue to attract the migration of adjacent and
distant cells (Angelini et al., 2010; Reinhart-King et al., 2005). In
addition, cells forming a cohesive group can generate and sense
gradients of intercellular tension to coordinate the direction of their
collective migration (Tambe et al., 2011; Weber et al., 2012). These

Fig. 3. Contact inhibition of cell locomotion. (A) Contact inhibition of cell
locomotion (CIL) is the process by which migrating cells move apart from each
other following an event of cell-cell collision. It involves three well-defined
steps: (1) adhesion of the cell front to a colliding cell; (2) contraction and
paralysis of protrusion and ruffling; and (3) the formation of a new cell front and
migration away from the cell-cell contact zone. (B) A classic in vitro assay of
CIL. When two culture explants (labelled in red and purple) confront each
other, CIL drives both the radial cell spreading away from explants (unbroken
arrows) and the repolarisation of cell movement following events of collision
(dashed arrows). (C) The balance between repulsive (CIL) and attractive
(co-attraction, cell adhesion) forces determines whether a group of migrating
cells disperse as individuals or move as a collective cell group, forming
cellular streams (in the case of mesenchymal cells) or sheets (in the case of
epithelial cells). Cell density and spatial constraints imposed by the substrate
(depicted as a light blue box) also determine the spatial configuration of CIL
events, thus directing the formation of large, well-oriented and stable
protrusions at the front of the collective, facing the free space (red arrows).
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Migración celular: Conceptos generales

Los sustratos de migración celular son:

Matriz extracelular Otras células
• Mezcla de proteínas (colágeno, fibronectina), agua y 

polisacáridos.
• Interacción célula-matriz (integrinas-fibronectinas)

• La fibronectina es un heterodímero formado por 2 cadenas polipeptídicas similares 
unidas por puentes disulfuro en el extremo carboxilo terminal.  1067

as tracks along which cells can migrate or as repellents that keep cells out of for-
bidden areas. They can also bind and thereby influence the function of peptide 
growth factors and other small molecules produced by nearby cells.

The best-understood member of this class of matrix proteins is fibronec-
tin, a large glycoprotein found in all vertebrates and important for many cell–
matrix interactions. Mutant mice that are unable to make fibronectin die early in 
embryogenesis because their endothelial cells fail to form proper blood vessels. 
The defect is thought to result from abnormalities in the interactions of these cells 
with the surrounding extracellular matrix, which normally contains fibronectin. 

Fibronectin is a dimer composed of two very large subunits joined by disulfide 
bonds at their C-terminal ends. Each subunit contains a series of small repeated 
domains, or modules, separated by short stretches of flexible polypeptide chain 
(Figure 19–47 ). Each domain is usually encoded by a separate exon, suggesting 
that the fibronectin gene, like the genes encoding many matrix proteins, evolved 
by multiple exon duplications. In the human genome, there is only one fibronectin 
gene, containing about 50 exons of similar size, but the transcripts can be spliced 
in different ways to produce multiple fibronectin isoforms (see Figure 19–46). 
The major repeat domain in fibronectin is called the type III fibronectin repeat, 
which is about 90 amino acids long and occurs at least 15 times in each subunit. 
This repeat is among the most common of all protein domains in vertebrates.

Fibronectin Binds to Integrins
One way to analyze a complex multifunctional protein molecule such as fibronec-
tin is to synthesize individual regions of the protein and test their ability to bind 
other proteins. By these and other methods, it was possible to show that one 
region of fibronectin binds to collagen, another to proteoglycans, and another 
to specific integrins on the surface of various types of cells (see Figure 19–47B). 
Synthetic peptides corresponding to different segments of the integrin-binding 
domain were then used to show that binding depends on a specific tripeptide 
sequence (Arg-Gly-Asp, or RGD) that is found in one of the type III repeats (see 
Figure 19–47C). Even very short peptides containing this RGD sequence can com-
pete with fibronectin for the binding site on cells, thereby inhibiting the attach-
ment of the cells to a fibronectin matrix.

Several extracellular proteins besides fibronectin also have an RGD sequence 
that mediates cell-surface binding. Many of these proteins are components of 
the extracellular matrix, while others are involved in blood clotting. Peptides 

THE EXTRACELLULAR MATRIX OF ANIMALS

(A)
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Figure 19–47 The structure of 
a fibronectin dimer. (A) Electron 
micrographs of individual fibronectin dimer 
molecules shadowed with platinum; red 
arrows mark the joined C-termini. (B) The 
two polypeptide chains are similar but 
generally not identical (being made from 
the same gene but from differently spliced 
mRNAs). They are joined by two disulfide 
bonds near the C-termini. Each chain is 
almost 2500 amino acids long and is folded 
into multiple domains (see Figure 19–46). 
As indicated, some domains are specialized 
for binding to a particular molecule. For 
simplicity, not all of the known binding 
sites are shown. (C) The three-dimensional 
structure of the ninth and tenth type III 
fibronectin repeats, as determined by 
x-ray crystallography. Both the Arg-Gly-
Asp (RGD) and the “synergy” sequences 
shown in red are important for binding to 
integrins on cell surfaces. (A, from J. Engel 
et al., J. Mol. Biol. 150:97–120, 1981. With 
permission from Academic Press; C, from 
Daniel J. Leahy, Annu. Rev. Cell Dev. Biol. 
13:363–393, 1997. With permission from 
Annual Reviews.)

958 CHAPTER 20   t   Integrating Cells into Tissues

FIGURE 2033 Organization of fibronectin and its binding to 
integrin. (a) Scale model of fibronectin is shown docked by two type III  
repeats to the extracellular domains of integrin. Only one of the two 
similar chains, which are linked by disulfide bonds near their C-termini, 
in the dimeric fibronectin molecule is shown. Each chain contains about 
2446 amino acids and is composed of three types of repeating amino 
acid sequences (type I, II, or III repeats) or domains. The EIIIA, EIIIB—
both type III repeats—and IIICS domain are variably spliced into the 
structure at locations indicated by arrows. Circulating fibronectin lacks 
EIIIA, EIIIB, or both. At least five different sequences may be present in 
the IIICS region as a result of alternative splicing (see Figure 5-16).  

Each chain contains several multi-repeat-containing regions, some of 
which contain specific binding sites for heparan sulfate, fibrin (a major 
constituent of blood clots), collagen, and cell-surface integrins. The 
integrin-binding domain is also known as the cell-binding domain. 
Structures of fibronectin’s domains were determined from fragments 
of the molecule. (b) A high-resolution structure shows that the RGD 
motif (red) extends outward in a loop from its compact type III domain 
on the same side of fibronectin as the synergy region (blue), which also 
contributes to high-affinity binding to integrins. [Data from D. J. Leahy 
et al., 1996, Cell 84:155, PDB ID 1fnf.]

EIIIB EIIIA IIICS

Type I repeat

Type II repeat

Type III repeat

Fibrin, 
heparan
sulfate
binding

Cell binding
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binding

Integrin

Fibrin
binding

Heparan
sulfate
binding

NH2 COOH

COOH
SS

RGD

(a) (b)

Synergy
region

RGD
sequence

EXPERIMENTAL FIGURE 2034 A specific tripeptide 
 sequence (RGD) in the cell-binding region of fibronectin is required 
for adhesion of cells. The cell-binding region of fibronectin contains 
an integrin-binding hexapeptide sequence, GRGDSP in the single-letter 
amino acid code. Together with an additional C-terminal cysteine (C)  
residue, this heptapeptide and several variants were synthesized 
chemically. Different concentrations of each synthetic peptide were 
added to polystyrene dishes that had the protein immunoglobulin G 
(IgG) firmly attached to their surfaces; the peptides were then chemi-
cally cross-linked to the IgG. Subsequently, cultured normal rat kidney 
cells were added to the dishes and incubated for 30 minutes to allow 
adhesion. After the unbound cells were washed away, the relative 
amounts of cells that had adhered firmly were determined by staining 
the bound cells with a dye and measuring the intensity of the staining 
with a spectrophotometer. The results shown here indicate that cell ad-
hesion increased above the background level with increasing peptide 
concentration for those peptides containing the RGD motif, but not for 
the variants lacking this sequence (modification underlined). [Data from 
M. D. Pierschbacher and E. Ruoslahti, 1984, Proc. Natl. Acad. Sci. USA 81:5985.]
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such as the synergy region; see Figure 20-33b) and in other  
RGD-containing proteins must enhance their binding to cer-
tain integrins. Moreover, the simple soluble dimeric forms 
of fibronectin produced by the liver or by fibroblasts are ini-
tially in a nonfunctional conformation that binds poorly to 
integrins because the RGD motif is not readily accessible. 
The adsorption of fibronectin onto a collagen matrix or 
basal lamina—or, experimentally, to a plastic tissue culture 

dish—results in a conformational change that enhances the 
ability of fibronectin to bind to cells. Possibly, this confor-
mational change increases the accessibility of the RGD motif 
for integrin binding.

Microscopy and other experimental approaches (e.g., bio-
chemical binding experiments) have demonstrated the role 
of integrins in cross-linking fibronectin and other ECM com-
ponents to the cytoskeleton. For example, the colocalization 
of cytoskeletal actin filaments and integrins within cells can 
be visualized by fluorescence microscopy (Figure 20-35a).  
The binding of cell-surface integrins to fibronectin in the 

• La fibronectina conecta células con 
la matriz extracelular e influencia en la 
forma, diferenciación y la migración 
celular.
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Integrins Are Transmembrane Heterodimers That Link the 
Extracellular Matrix to the Cytoskeleton
There are many varieties of integrins, but they all conform to a common plan. 
An integrin molecule is composed of two noncovalently associated glycopro-
tein subunits called Į and ȕ. Both subunits span the cell membrane, with short 
intracellular C-terminal tails and large N-terminal extracellular domains (Figure 
19–55). The extracellular domains bind to specific amino acid sequence motifs 
in extracellular matrix proteins or, in some cases, in proteins on the surfaces of 
other cells. The best-understood binding site for integrins is the RGD sequence 
mentioned earlier (see Figure 19–47), which is found in fibronectin and other 
extracellular matrix proteins. Some integrins bind a Leu-Asp-Val (LDV) sequence 
in fibronectin and other proteins. Additional integrin-binding sequences, as yet 
poorly defined, exist in laminins and collagens. 

Humans contain 24 types of integrins, formed from the products of 8 differ-
ent ȕ-chain genes and 18 different Į-chain genes, dimerized in different combi-
nations. Each integrin dimer has distinctive properties and functions. Moreover, 
because the same integrin molecule in different cell types can have different 
ligand-binding specificities, it seems that additional cell-type-specific factors can 
interact with integrins to modulate their binding activity. The binding of integrins 
to their matrix ligands is also affected by the concentration of Ca2+ and Mg2+ in the 
extracellular medium, reflecting the presence of divalent cation-binding domains 
in the Į and ȕ subunits. The divalent cations can influence both the affinity and 
the specificity of the binding of an integrin to its extracellular ligands.

The intracellular portion of an integrin dimer binds to a complex of several 
different proteins, which together form a linkage to the cytoskeleton. For all but 
one of the 24 varieties of human integrins, this intracellular linkage is to actin fila-
ments. These linkages depend on proteins that assemble at the short cytoplasmic 
tails of the integrin subunits (see Figure 19–55). A large adaptor protein called 
talin is a component of the linkage in many cases, but numerous additional pro-
teins are also involved. Like the actin-linked cell–cell junctions formed by cad-
herins, the actin-linked cell–matrix junctions formed by integrins may be small, 
inconspicuous, and transient, or large, prominent, and durable. Examples of the 
latter are the focal adhesions that form when fibroblasts have sufficient time to 
establish strong attachments to the rigid surface of a culture dish, and the myoten-
dinous junctions that attach muscle cells to their tendons. 

CELL–MATRIX JUNCTIONS

Figure 19–55 The subunit structure 
of an active integrin molecule, linking 
extracellular matrix to the actin 
cytoskeleton. The N-terminal heads of 
the integrin chains attach directly to an 
extracellular protein such as fibronectin;  
the C-terminal intracellular tail of the  
integrin ȕ subunit binds to adaptor  
proteins that interact with filamentous  
actin. The best-understood adaptor is  
a giant protein called talin, which contains 
a string of multiple domains for binding 
actin and other proteins, such as vinculin, 
that help reinforce and regulate the linkage 
to actin filaments. One end of talin binds 
to a specific site on the integrin ȕ subunit 
cytoplasmic tail; other regulatory proteins, 
such as kindlin, bind at another site on  
the tail.  

α subunit
of active
integrin

β subunit
of active
integrin

extracellular matrix protein

talin

vinculin

actin filament
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containing the RGD sequence have been useful in the development of anti-clot-
ting drugs. Some snakes use a similar strategy to cause their victims to bleed: 
they secrete RGD-containing anti-clotting proteins called disintegrins into their 
venom.

The cell-surface receptors that bind RGD-containing proteins are members of 
the integrin family, which we describe in detail later. Each integrin specifically 
recognizes its own small set of matrix molecules, indicating that tight binding 
requires more than just the RGD sequence. Moreover, RGD sequences are not the 
only sequence motifs used for binding to integrins: many integrins recognize and 
bind to other motifs instead. 

Tension Exerted by Cells Regulates the Assembly of Fibronectin 
Fibrils
Fibronectin can exist both in a soluble form, circulating in the blood and other 
body fluids, and as insoluble fibronectin fibrils, in which fibronectin dimers are 
cross-linked to one another by additional disulfide bonds and form part of the 
extracellular matrix. Unlike fibrillar collagen molecules, however, which can 
self-assemble into fibrils in a test tube, fibronectin molecules assemble into 
fibrils only on the surface of cells, and only where those cells possess appropri-
ate fibronectin-binding proteins—in particular, integrins. The integrins provide a 
linkage from the fibronectin outside the cell to the actin cytoskeleton inside it. The 
linkage transmits tension to the fibronectin molecules—provided that they also 
have an attachment to some other structure—and stretches them, exposing cryp-
tic binding sites in the fibronectin molecules (Figure 19–48). This allows them 
to bind directly to one another and to recruit additional fibronectin molecules 
to form a fibril (Figure 19–49). This dependence on tension and interaction with 
cell surfaces ensures that fibronectin fibrils assemble where there is a mechanical 
need for them and not in inappropriate locations such as the bloodstream.

Many other extracellular matrix proteins contain multiple copies of the type 
III fibronectin repeat (see Figure 19–46), and it is possible that tension exerted 
on these proteins also uncovers cryptic binding sites and thereby influences their 
behavior.

The Basal Lamina Is a Specialized Form of Extracellular Matrix
Thus far in this section we have reviewed the general principles underlying the 
structure and function of the major classes of extracellular matrix components. 
We now describe how some of these components are assembled into a specialized 
type of extracellular matrix called the basal lamina (also known as the basement 
membrane). This exceedingly thin, tough, flexible sheet of matrix molecules is an 
essential underpinning of all epithelia. Although small in volume, it has a criti-
cal role in the architecture of the body. Like the cadherins, it seems to be one of 
the defining features common to all multicellular animals, and it seems to have 
appeared very early in their evolution. The major molecular components of the 
basal lamina are among the most ancient extracellular matrix macromolecules. 

Basal laminae are typically 40–120 nm thick. A sheet of basal lamina not only 
lies beneath epithelial cells but also surrounds individual muscle cells, fat cells, 

MBoC6 m19.73/19.49

Figure 19–48 Tension-sensing by 
fibronectin. Some type III fibronectin 
repeats are thought to unfold when 
fibronectin is stretched. The unfolding 
exposes cryptic binding sites that interact 
with other fibronectin molecules resulting 
in the formation of fibronectin filaments like 
those shown in Figure 19–49. (From  
V. Vogel and M. Sheetz, Nat. Rev. Mol. Cell 
Biol. 7:265–275, 2006. With permission 
from Macmillan Publishers Ltd.)
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Figure 19–49 Organization of fibronectin 
into fibrils at the cell surface. This 
fluorescence micrograph shows the front 
end of a migrating mouse fibroblast. 
Extracellular fibronectin is stained green 
and intracellular actin filaments are stained 
red. The fibronectin is initially present as 
small dotlike aggregates near the leading 
edge of the cell. It accumulates at focal 
adhesions (sites of anchorage of actin 
filaments, discussed later) and becomes 
organized into fibrils parallel to the actin 
filaments. Integrin molecules spanning the 
cell membrane link the fibronectin outside 
the cell to the actin filaments inside it (see 
Figure 19–55). Tension exerted on the 
fibronectin molecules through this linkage is 
thought to stretch them, exposing binding 
sites that promote fibril formation. (Courtesy 
of Roumen Pankov and Kenneth Yamada.)

Fibronectina
Actina

La matriz extracelular: Glicoproteínas.

Escuela Tecnología Médica.
Facultad de Ciencias de la Salud.
Universidad Central de Chile.

blebs that are propelled by RhoA-mediated myosin II cortical
contraction and hydrostatic pressure, which result in a retrograde
flow of cortical actin. This event is modulated by chemokine

signalling, specifically Cxcr4b receptor activation by a gradient of
Cxcl12a, which induces local amplification of intracellular Ca2+

influx at the cell front resulting in enhancement of RhoA-mediated

Fig. 8. Chemotaxis and chemotactic gradients during development. (A) Top: Zebrafish primordial germ cells (PGCs, green) begin migrating (green
arrows) soon after their specification and cluster in the region of the future gonad, guided by Cxcl12a (purple). Bottom: PGCs move by linking retrograde
cortical actin flow (red arrows) to E-cadherin-mediated adhesions (blue) with surrounding somatic cells. A functional chemoattractant gradient (purple) is
shaped by somatic cells through Cxcr7-mediated endocytosis of Cxcl12a. (B) Top: Drosophila border cells (green/red) migrate in between and along large
nurse cells from the anterior pole of the egg chamber, moving in two distinct phases: early posterior (red arrow) and late dorsal (white arrow). Bottom: Border
cells migrate as a compact cluster containing two inner polar cells (red) and four to eight migratory cells (green). The PDGF/VEGF-related receptor (PVR)
and its ligand PVF1 have a dominant role in posterior migration, when the cluster moves by cells at its front forming long and stable cellular extensions. PVR
activates the atypical Rac exchange factor MBC and its co-factor ELMO. Signalling via the EGF receptor (EGFR) and its ligand Gurken, which activates
MAPK or phospholipase C γ (PLCγ), is required for dorsal migration, which is characterised by cells forming short, unstable extensions with a front-bias,
often exchanging positions (dashed arrows) and sometimes showing rotation of the entire cluster (solid arrows). (C) Top: The zebrafish posterior lateral line
primordium (red) forms a cluster of >100 cells that migrates from the anterior postotic area to the tail following a stripe of Cxcl12a (purple). Bottom: During
migration, the cluster transforms a uniform stripe of extracellular Cxcl12a (purple) into a gradient of Cxcl12a/Cxcr4b signalling (red) across the primordium.
Such a self-generated gradient is achieved by restricting Cxcr7-mediated endocytosis (green) to the rear of the cluster (middle panel, dashed box). Cxcl12a/
Cxcr4b signalling directs cell migration by enhancing actin dynamics at the front of the cluster (lower panel, dashed box), where Cxcr4b shows constant
turnover involving endocytosis/degradation and delivery of new receptor to the plasma membrane. Right-hand panels depict the process of internalization
and turnover of chemokine receptors (Cxcr7 in green, Cxcr4b in orange) in response to the ligand Cxcl12a (purple circles). (D) Top: Xenopus cranial neural
crest cells (red) move laterally, guided by a moving source of Cxcl12 produced by pre-placodal cells (purple). Bottom: Neural crest and pre-placodal cells
coordinate their migration by combining chemotaxis with CIL, engaging in repeating ‘chase-and-run’ cycles: neural crest cells, which are polarised and
activate Rac at their cell front, migrate towards (‘chase’) pre-placodal cells, attracted by Cxcl12 (purple circles). Upon cell-cell contact (green) CIL induces
cell repolarisation through Rac inhibition and pre-placodal cells move away from neural crest cells (‘run’).
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¿Cómo estos factores se Inter-relacionan para la 
generación/mantención de la forma embrionaria?

Biofísicos Moleculares

Celulares

Interacción entre factores y la complejidad de los sistemas vivos

Visión Evo-Devo



Resumen y tópicos de la presentación

Morfogénesis

Migracion célular

• Perspectiva histórica: Ontogenia y filogenia.

• Influencia de factores celulares, químicos y biofísicos.

• Gastrulación.

• Conceptos generales.

• Peces anuales como modelo de migración celular.



Peces teleósteos: modelo de estudio de la forma embrionaria

• En la actualidad existen alrededor de 27000 especies, lo cual corresponde a casi la mitad de 
los todos los vertebrados. 

• Los ejemplares mas anFguos se corresponden al período triásico tardío.

• Extraordinaria variabilidad de habitats, esFlos de vida y Fpo de desarrollo embrionario.

Villalón et al. Plos One  2012



La forma a través de los ojos de peces teleósteos



embrionario

Blastodermo profundo

DCL

Capa envolvente

EVL

Capa sincicial vitelina

Vitelo

YSL

extraembrionario

Los dominios extraembrionarios correspondientes a la capa envolvente (EVL) y capa sincicial 
vitelina (YSL) contactan a las células embrionarias (DCL)

Desarrollo temprano en peces: conservación morfológica.



Peces teleósteos anuales como modelo de estudio de epibolia

Austrolebias nigripinnis



pez anual

GASTRULACIÓNEPIBOLIA DISPERSIÓN

En los peces anuales la epibolia esta separada de la gastrulación

pez cebra

Genómica

Desarrollo exo-útero

Embriones transparentes

Epibolia separada de la 
gastrulación

Baja densidad celular

epibolia
gastrulación

Peces teleósteos anuales como modelo de estudio de epibolia



Diseño Experimental  ·  desde la adquisición de imágenes hasta el análisis  matemáPco de 
la conducta celular.

Análisis de la posición, forma y organización
LifeACT-GFP  (or GAP43-EGFP) 
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Corrección del movimiento y rotación
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Análisis de la epibolia en peces teleósteos anuales



Epibolia del Epitelio  ·  Expansión Psular sin división celular.

LifeACT-GFP  (or GAP43-EGFP) 

Análisis de la epibolia en peces teleósteos anuales
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Movimiento de láminas celulares o epitelios

Movimiento de grupos de células

MOVIMIENTO POR FIJACIÓN A 
SUSTRATO EN MOVIMIENTO

PASIVO ACTIVO

MOVIMIENTO GUIADO 
POR CÉLULAS BORDE

MOVIMIENTO COORDINADO DE 
POBLACIONES CELULARES

ACTIVO

  

Movimiento de láminas celulares o epitelios

Movimiento de grupos de células

  

Definición

Gastrulación

“Etapa del desarrollo caracterizada por una complejidad de movimientos celulares 
morfogenéticos que dan origen a las capas germinativas y transforman a la blástula 
(normalmente en forma de disco) en un embrión alargado donde los principales ejes 
embrionarios están ya definidos.”

Hombre (Homo sapiens)

Anfibio (Xenopus laevis)

Pez (Danio rerio)

  

Gastrulación

Embriología comparada según Ernest Haeckel

Pez   Salamandra  Tortuga          Pollo              Cerdo        Cabra         Conejo     Humano

Epibolia  
del  

Epitelio  

• No hay cambio del número de células. 
• No se visualiza acPvidad de membrana 

en el borde del blastodermo. 
• La tracción la ejerce la capa sincicial.



Epibolia del mesénquima  ·  Movimiento celular autónomo.

Análisis de la epibolia en peces teleósteos anuales

Epibolia  
del  

Mesénquima

• Se dispersan a lo largo del epitelio. 
• Permanecen mas Pempo en los bordes 

de EVL. 
• Es arrastrado por el epitelio.
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Reig, et al. Nature Communication 2017.



Epibolia del blastodermo  ·  contactos entre epitelio y mesénquima.

Análisis de la epibolia en peces teleósteos anuales

Epibolia  
del  

Blastodermo

• Existe un acoplamiento entre las epibolias del 
epitelio y el mesénquima 

• El mesénquima se mueve entre EVL y la  capa 
sincicial.

Reig, et al. Nature Communication 2017.
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E-cadherina se requiere para establecer contacto entre el epitelio y el mesénquima.
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El blastodermo profundo interacciona con la EVL.
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Los bordes de EVL funcionan como atractores de corto alcance

Las células del blastodermo profundo pueden “senPr” y direcciones sus movimientos hacia el 
borde de la EVL



Los bordes de la EVL presentan mayor tensión corPcal y menor deformabilidad que las 
regiones mas centrales de la EVL.
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AcFna Miosina II-P Deformación

tensión corFcal ≃ deformabilidad

anP-fosfomiosina II Faloidina

Los bordes de EVL tienen distintas propiedades físico-mecánicas
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Lifeact-GFP 

El blastodermo profundo y la tensión cortical de la EVL



Conclusiones

1. Acoplamiento de expansión  
entre DC-EVL

2. Interacción Nsica depende  
de E-Cadherina

3. Aspectos mecánicos del 
sustrato favorecen la segregación 

hacia los bordes

Mecanismo en el cual existe una coordinación entre la expansión de la EVL, con el subsecuente 
cambio en las propiedades bio\sicas del tejido, y la migración del blastodermo profundo.

Biofísicos MolecularesCelulares



Innovaciones

Microscopía confocal convencional  ·  visualizando el lado oscuro de la luna.
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Innovaciones

Microscopía de sabanas de luz  ·  visualizando el lado oscuro de la luna.

Microscopía 
Sábanas 
De luz

• Es posible 
visualizar el 
embrión completo
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Innovaciones

Corte láser  ·  medición de tensión corPcal in vivo.
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Innovaciones

Corte láser  ·  medición de tensión corPcal in vivo.

Velocidad directamente 
proporcional a la tensión
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