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Abstract

motion.

This review focuses on the in vivo macro-assembly dynamics of fibronectin and fibrillin-2 – two
prominent ECM components, present in vertebrate embryos at the earliest stages of development.

I Introduction

The ECM is an inherently dynamic structure with a well defined position fate: ECM filaments

There is a rich history of studies on extracellular matrix (ECM) biology during embryogenesis,

are not only anchored to and move with established tissue boundaries, but are repositioned prior

starting with the ground breaking studies of Rudnick, Grobstein, Hay and Gross (Rudnick, 1933;

to the formation of new anatomical features. We distinguish two ECM filament relocation pro-

Grobstein, 1954; Gross, 1974; Hay, 1982). These pioneering studies established the critical role

cesses – each operating on different length scales. First, ECM filaments are moved by large-scale

of ECM in development. The discovery and characterization of the integrin family of ECM re-

tissue motion, which rearranges major organ primordia within the embryo. The second type of

ceptors (Pytela et al., 1985; Hynes, 1987) was another major breakthrough in the field, triggering

motion, on the scale of the individual ECM filaments, are driven by local motility and protrusive

an avalanche of research studies. The basic molecular intricacies of ECM synthesis, secretion,

activity of nearby cells. The motion decomposition is made practically possible by recent ad-

cytoskeletal interactions and assembly have now been described. It is established that the ECM

vances in microscopy and high resolution particle image velocimetry algorithms. We demonstrate

provides adhesive substrates and signals for cell migration and differentiation (Hay, 1990; George

that both kinds of motion contribute substantially to the establishment of normal ECM structure,

et al., 1993), modulates the availability of growth factors (Charbonneau et al., 2004; Dallas et al.,

and both must be taken into account when attempting to understand ECM macro-assembly during

2005) and contributes to the mechanical integrity of tissues (Sherratt et al., 2003; Kadler, 2004).

embryonic morphogenesis. The tissue-scale motion changes the local amount (density) and the

To fit these pieces of information into an understanding of how the ECM functions in vivo during

tissue-level structure (e.g., orientation) of ECM fibers. Local reorganization includes filament as-

development and in mature tissues remains a daunting task – requiring further research into the

sembly and the segregation of ECM into specific patterns. Local reorganization takes place most

relationships between the various organization levels that span from molecules to organs. Due

actively at Hensen’s node and around the primitive streak. These regions are also sites of active

to the very nature of the problem, the required approaches are multi-disciplinary, incorporating

cell migration, where fibrillin-2 and fibronectin are often co-localized in ECM globules, and new

anatomical, biochemical, physical and tissue engineering concepts.

fibrillin-2 foci are deposited. During filament assembly, the globular patches of ECM are joined

The three dimensional (3D) organization of the ECM can be as crucial as its molecular compo-

into larger linear structures in a hierarchical process: increasingly larger structures are created

sition in determining its developmental functions. Cell-ECM contacts strongly depend on how the

by the aggregation of smaller units. A future understanding of ECM assembly thus requires the

ECM is presented to cell surface receptors, whether it is immobilized, planar or three dimensional

study of the complex interactions between biochemical assembly steps, local cell action and tissue

(Zamir et al., 1999; Cukierman et al., 2001). ECM organization also strongly influences cell shape
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and motility (Tomasek et al., 1982; Petroll and Ma, 2003): Fibroblasts (Stoplak and Harris, 1982;

1984; Cowin, 2000; Keller et al., 2003). Thus, during morphogenesis, the ECM is expected to

Dickinson et al., 1994), endothelial cells (Vernon et al., 1995), and neurons (Dubey et al., 2001),

exhibit far more substantial rearrangements than those observed in cell cultures. Moreover, in

are all known to preferentially follow oriented fibers. At the tissue level of organization, mechan-

vivo ECM macro-assembly can be affected by remote morphological events mediated through

ical properties, such as anisotropy or load bearing capacity, are determined by 3D ECM structure

long-range mechanical stress fields, extending over hundreds of cell diameters. To tackle these

(Barocas and Tranquillo, 1997; Olsen et al., 1999).

challenges, quantitative experimental data on ECM behavior are needed. Such data would facili-

ECM structure, as a physical entity, is molded by mechanical stress (Keller et al., 2003). The
most relevant source of mechanical stress is cellular traction force (Stoplak and Harris, 1982; Oliver

tate our understanding and allow the formulation and testing of sophisticated mathematical models
with quantitative prediction power.

et al., 1995), which was demonstrated to reorganize collagen filaments in vitro (Petroll and Ma,

Here we review and report on the macro-assembly dynamics of fibronectin and fibrillin-2 –

2003; Friedl and Wolf, 2003). The mechanically-driven ECM reorganization is often not reversible

two prominent, ubiquitous ECM components, present in vertebrate embryos at the earliest (pre-

due to modifications in molecular configuration, which in turn enable chemical crosslinking or

gastrulation) stages of development. We demonstrate that at gastrulation and neurulation stages

proteolysis (Wolf and Friedl, 2005). The best understood example of such a reorganization, at the

the ECM is far from a static structure: it moves, rearranges and its components have well defined

molecular level, is that of fibronectin, where traction forces are needed to change the conformation

position fates.

of individual fibronectin molecules and expose a cryptic binding site (Zhong et al., 1998; Baneyx
et al., 2001). Thus macro-assembly, the 3D (and possibly tissue-scale) ECM organization, is not

II Localization and function of select ECM components

only the sum of all biochemical reactions forming ECM protein complexes, but also involves tissue
[FIGURE 1]
mechanics and sophisticated cell behavior (Hay, 1982).
While the importance of data obtained from cell culture studies cannot be overestimated, the

II.1

Fibronectin

most commonly used culture methods have inherent limitations in the study of ECM dynamics.
Attachment of the ECM to a rigid substrate creates mechanical boundary conditions which restrict
substantial deformation. Thus, the traction stress exerted by a cell affects only the ECM in the
immediate vicinity. Embryonic tissues, in contrast, undergo large deformations during organogenesis. These tissue motions are responses to intrinsic mechanical stresses, generated by a concerted
action of large cell collectives, many of which are located at distant sites in the embryo (Trinkaus,
5

Fibronectin is one of the earliest ECM proteins to be deposited in the embryo. As Fig. 1 demonstrates, fibronectin is present along the basal surface of the ectoderm and endoderm in gastrulating
avian embryos, and in filaments around Hensen’s node (Krotoski et al., 1986). Studies of amphibian embryos established that fibronectin is a major component of the ECM assembled along
the blastocoel roof and other tissue interfaces (Lee et al., 1984; Danker et al., 1993). In fact, ev-
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ery mesodermal cell at late gastrula and early neurula stages appears to be in direct contact with
a fibronectin-rich filamentous matrix (Davidson et al., 2004). Recently, Davidson et al. (2004)
demonstrated that fibronectin is deposited rather rapidly at the mesoderm-endoderm interface during the time when the endoderm involutes over the blastopore lip. The same study also showed
that fibronectin-rich ECM is created, removed and subsequently reestablished during Xenopus
development: Fibrils are cleared from the dorsal and ventral faces of the notochord, and at the
same time appear medially, at the neural/somitic mesoderm boundary. As the neural plate thickens, fibronectin fibrils are reestablished between the dorsal notochord surface. The deposition
of fibronectin fibers takes place at tissue boundaries, especially at sites of shear motion between
tissues.

II.2

Fibrillin-2

The fibrillin family of ECM proteins are constituents of connective tissue microfibrils (Sakai et al.,
1986; Zhang et al., 1994; Corson et al., 2004). Fibrillin-2 is observed in the avian embryo before
gastrulation in the form of slender filaments marking the future anterior-posterior axis (Wunsch
et al., 1994). During gastrulation, fibrillin-2 continues to display a remarkable pattern widely
distributed in association with the mesoderm (Rongish et al., 1998; Visconti et al., 2003) (Fig. 1):
a meshwork encases the notochord and fibrillin-2 cables connect the anterior intestinal portal to
the somites. Most notable are the bundles of fibers that run parallel to the embryonic axis. The
cranial portion of these bundles encloses the somites, while caudally the cables extend more than
200 µm into the segmental plate mesoderm and approach Hensen’s node. Caudal to the node,

Fibronectin is mainly known to promote cell adhesion and migration. Fibronectin was shown
to be necessary for ingressed mesoblast cell migration away from the primitive streak (Harrisson et al., 1993), and for the extension of the mesendoderm and radial intercalation in Xenopus
embryos (Davidson et al., 2002; Marsden and DeSimone, 2001). Fibronectin fibrils lining the
Xenopus animal cap ectoderm (Lee et al., 1984; Nakatsuji et al., 1985) are used as a substrate for
mesendoderm migration (Darribere et al., 1988; Winklbauer and Keller, 1996). Fibronectin null
mutations in mice are embryonic lethal, with mesodermal defects and failed notochord or somite
formation (George et al., 1993). In addition to its role in promoting cell migration, several in vitro
studies have suggested that fibronectin is required during the assembly of multiple ECM proteins,
including collagen types I and III (McDonald et al., 1982; Velling et al., 2002), fibulin (Godyna
et al., 1995; Roman and McDonald, 1993), fibrinogen (Pereira et al., 2002), thrombospondin (Sottile and Hocking, 2002) and LTBP1 (Dallas et al., 2005).

fibrillin-2 exhibits a different pattern, which consists of punctate, unconnected fluorescent foci. In
Xenopus embryos, a fibrillin homolog (XF) is expressed from blastula stages onward. At early
gastrula stages XF expression is restricted to the recently involuted mesoderm and the XF protein
is observed as two stripes flanking the presumptive notochord. After neural tube closure, XF
demarcates the notochord and the intersomitic clefts (Dr. Paul Skoglund, Univ. of Virginia, VA,
personal communication).
The importance of the fibrillin family of ECM proteins to the structural and functional properties of connective tissues is demonstrated by the fact that mutations in the human fibrillin genes
result in heritable disorders, with patients manifesting ocular, skeletal, and cardiovascular abnormalities (Dietz et al., 1994). In accord, fibrillin-deficient mouse models demonstrated that the
absence of normal levels of either fibrillin-1 or 2 protein is incompatible with the proper function
of mature elastic fibers (Arteaga-Solis et al., 2001; Pereira et al., 1997, 1999). Deficiency in both
fibrillin-1 and 2 was found to be compatible with gastrulation of mouse embryos, but the embryos

7

8

died before birth (Dr. Luca Carta, Hospital for Special Surgery, NY, personal communication). In

III ECM position fate

contrast, exogenous expression of a truncated fibrillin in the presumptive dorsal mesoderm of gasRecent advances in optical microscopy and molecular technologies allow the in situ visualization
trulation stage frog embryos disturbed endogenous fibrillin localization and blocked gastrulation
of morphogenic processes with micrometer scale resolution (Lansford et al., 2001; Kulesa, 2004;
(Skoglund, 1996).
Friedl, 2004). The same technologies also made possible the study of supramolecular, cellular-

II.3

and tissue-scale ECM assembly, both in cell cultures and in vivo (Ohashi et al., 1999; Czirok et al.,

Co-localization

2004; Davidson et al., 2004; Kozel et al., 2006; Sivakumar et al., 2006).
As Fig. 1 demonstrates, the general organization of both fibronectin and fibrillin-2 is surprisingly
similar. Both proteins are associated with ECM filaments throughout the lateral embryo, and exhibit a punctate pattern at Hensen’s node and in the caudal part of the embryo (boxed region B).
Both accumulate at the dorsal and ventral surface of the mesodermal germ layer, in filaments which
traverse the mesoderm, and encase the notochord and the somites. While fibronectin and fibrillin-2
distribution is similar, confocal sections show that in general, these molecules are not extensively
co-localized. One significant exception is the caudal embryo, where fibrillin-2 immunoreactive filaments often appear decorated with fibronectin foci at the resolution of confocal light microscopy
(Fig. 1g and 1h). Although fibronectin is not an elastic fiber constituent, their association is not
uncommon (Goldfisher et al., 1985; Latif et al., 2005). While there is no biochemical evidence for
direct binding between fibrillins and fibronectin under physiological conditions, these two ECM
components may interact by both binding to versicans (Wu et al., 2005), fibulins (Timpl et al.,
2003), matrilin-2 (Piecha et al., 2002) and LTBP1 (Dallas et al., 2000).

[FIGURE 2]
Dynamic imaging studies in avian embryos reveal that fibronectin and fibrillin-2 containing
ECM filaments are substantially displaced during development (see Fig. 2, and Czirok et al. (2004);
Filla et al. (2004)). During this process ECM filaments typically retain their characteristic shape
and connectivity with adjacent filaments. Position changes, therefore, are interpreted as physical
displacements of intact objects rather than as a process involving filament disassembly and reassembly. Based on this approach, one can determine the position fate of ECM filaments – in a
manner analogous to cell fate mapping. This fate is not trivial: ECM filaments are not only anchored to and move with established tissue boundaries, but are rearranged and repositioned prior
to the formation of new anatomical features. An example is presented in Fig. 2, where fibrillin-2
filaments associated with the segmental plate mesoderm are assembled into parallel cables at the
position of future somites. The demarcation between the axial cables and the less organized lateral meshwork of fibrillin-2 is fuzzy and does not coincide with preexisting anatomical structures.
Once somites form, the axial cables become part of the dense ECM meshwork that encloses and
connects all somites. In fact, pre-existing ECM filaments with long lifetimes are used in a similar
manner during the formation of other early embryonic structures including the foregut, heart or

9

10

blood vessels (unpublished data). At present, the relationship between cell and ECM fate maps

in ECM motion, fluorescence intensity profiles are calculated along a line parallel to the motion

remains an open problem – in the concluding section we present conjectures on this relationship

of the filaments. The resulting intensity profiles are shown in Fig. 4c for each frame in the image

after further analysis of in situ ECM dynamics.

sequence. The intersection between ECM filaments and the selected line is marked by intensity
peaks. As filaments move, the location of the intensity peaks shifts, resulting in continuous curves

IV ECM displacement mapping

on the spatio-temporal intensity plot. The smoothness and overall similarity of the curves in Fig. 4c
indicate a slowly changing, correlated and persistent motion where displacements tend to continue

[FIGURE 3]
over many hours in a similar fashion. Thus, ECM filaments seem to be embedded in a moving and
ECM formation is best studied in caudal regions of early avian embryos, where tissue geomcontinuous mechanical medium, rather than existing as free-moving or quickly disconnecting and
etry is relatively uncomplicated. To ensure the simultaneous visualization of all ECM filaments
reconnecting polymers.
within this area, images are taken in multiple focal planes. To characterize the dynamics of ECM
Images analyzed in Fig. 3 and in (Czirok et al., 2004) depict every fluorescence-tagged ECM
rearrangements, filament segments can be followed through the image sequence, their position
filament, irrespective of their dorsal-ventral location. Because of the absence of ECM filament
registered relative to some stable anatomical reference points (like the intersomitic clefts) and their
populations displaying markedly different displacements, we can exclude the possibility of large
displacements calculated (Czirok et al., 2004). Although tracking procedures can be performed
dorsal-ventral differences in motion. Thus, ECM filaments located either in the mesoderm, at the
in 3D, due to the large depth of field of the microscope objective, the resolution along the vertimesoderm-endoderm or mesoderm-ectoderm boundaries show approximately the same displacecal (z) direction is rather limited. In fact, in the wide-field epifluorescence microscopy setup, the
ments.
optical depth of field is comparable to the specimen thickness. Therefore, our studies analyze the
two-dimensional (x-y) projections of the physical (3D) ECM displacements.

IV.2

Displacement decomposition

[FIGURE 4]
In addition to the above data, we know that although the motion of ECM filaments may be similar,

IV.1

there must be differences which eventually result in distinct patterns along the dorsal-ventral axis

Correlated motion

or between different kinds of ECM proteins. It is thus reasonable to distinguish two ECM filament
The analysis of image sequences reveal that ECM motion is ordered in space since displacements of
relocation processes – each operating on different length scales. First, ECM filaments are expected
adjacent filaments are similar: Changes in the relative position of nearby filaments are far smaller
to be moved by large-scale tissue motion, which rearranges major organ primordia within the
than the observed displacement of the ECM composite (Fig. 3a). To visualize temporal changes
embryo. A second type of motion, on the scale of the individual ECM filaments, could be driven
11
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by local motility and protrusive activity of the nearby cells. Although any kind of motion can

V The tissue motion component of ECM displacement

be arbitrarily divided into two scales, the model posed here predicts that the large-scale motion
[FIGURE 5]
component is the same for all ECM components, while the local rearrangements must be ECM
[FIGURE 6]
component specific, to account for the observed differences in the various distribution patterns.
The overall direction of ECM motion is highly reproducible across embryos Czirok et al.
Moreover, the local action of the cells is expected to operate on shorter characteristic time scales
(2004). Moreover, as Fig. 5 demonstrates, the tissue component of the motion is the same for
(minutes) than global tissue movements (hours). As we will learn from the data below, both kinds
both fibronectin and fibrillin-2, and is best described as two, counter-rotating vortices on each side
of motion contribute substantially to normal ECM structure, and both must be taken into account
of Hensen’s node (Fig. 6). This displacement pattern appears to move with the node, as it regresses
when attempting to understand ECM macro-assembly during embryonic morphogenesis.
caudally over time.

IV.3

[FIGURE 7]

Particle image velocimetry

The displacement field presented in Fig. 6 has two important implications for morphogenesis:
The decomposition of ECM movements into two processes was made possible by adopting high
resolution (sub-pixel) particle image velocimetry (PIV) techniques (Zamir et al., 2005) in tracing
the filaments. In the PIV analysis of “optical flow”, image details are traced through the image sequence without the need for segmentation and recognition of distinct objects. As the red arrows in
Fig. 3b demonstrate, a two-step predictor-corrector PIV algorithm approximates the manual tracking very closely. The extraction of the tissue motion component, i.e., the motion of a mechanical
continuum, can be done by local averaging of the individual ECM filament displacements (Czirok
et al., 2004) or by spline smoothing of the results of a coarser PIV calculation (Zamir et al., 2005).
Both approaches rely on the presence of local spatial and temporal correlations, i.e., on the fact
that adjacent ECM filaments continue to move similarly. The second, local component of the motion is obtained as the difference of the actual displacements (tracked either manually or with high
resolution PIV) and the tissue motion component (Fig. 4d).
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it changes both the local amount (density) and the tissue-level structure of the ECM. Calculation
of the divergence of the displacement field reveals how the motion changes the amount of labeled
ECM components present within a certain area. As Fig. 7a demonstrates, ECM is condensed
around the site of somitogenesis. In contrast, in the caudal embryo labeled ECM filaments are
scattered within an increasing area, so their density decreases. Interestingly, this region of expansion coincides with the deposition and assembly of new, and thus unlabeled, ECM filaments
(unpublished data) – a process that may counterbalance the observed local decreased density of
labeled filaments. The observed tissue movements can result in ECM density changes of up to
10%/hour, and thus yield a substantial cumulative compression of the ECM over the duration of
gastrulation (Zamir et al., 2005). A mathematical decomposition (Abraham et al., 1988) reveals
the deformation of the tissue motion component (Fig. 7b). The deformation is maximal between
Hensen’s node and the somitogenesis front, and appears to play a major role in the transformation
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of the loose meshwork, characteristic for the segmental-plate associated ECM, into anisotropic,
axial cables.

VI.2

Filament assembly

[FIGURE 9]
Filament assembly, a particularly interesting reorganization process, also takes place in the

VI Local ECM rearrangements

caudal embryo. Globular patches of immunofluorescence are joined into larger linear structures as
shown in Fig. 9. Closer analysis reveals that the process appears to be hierarchical: increasingly

[FIGURE 8]

larger structures are created by the aggregation of smaller units. Throughout the assembly process,

VI.1

participating ECM filaments appear to consist of both fibronectin and fibrillin-2; thus filaments

Magnitude and diversity

are “born” as composite structures. While a set of globules and short filaments is often observed
As described in section IV, local ECM rearrangements are obtained after subtracting the tissue moto assume a linear pattern, in our pulse-chase experiments some fibers do not appear to be fully
tion component from the displacement data. This local component of ECM displacement, depicted
connected. Presumably, newly produced or different and thus unlabeled ECM proteins fill in the
in Fig. 4d, changes quickly in space and time. As Fig. 5 demonstrates, local rearrangements are
gaps, but are not visualized.
different for fibronectin and fibrillin-2 and have magnitudes typically five times smaller than that
The dynamics of macro-assembly of fibronectin (Ohashi et al., 2002), LTBP (Sivakumar et al.,
of the tissue motion component. As local ECM rearrangement is presumably correlated with cell
2006) and elastin (Kozel et al., 2006; Czirok et al., 2006) filaments was recently investigated in
motility and protrusive activity, the magnitude of the local component is an approximate measure
various cell culture models. In case of densely populated cell cultures these studies showed that the
of the ECM remodeling activity of cells. Fig. 8 shows the distribution of the magnitude of the local
ECM is assembled first in distinct globules on the cell surface. Subsequently, through the motion
ECM rearrangement within the caudal embryo. Most active local ECM reorganization takes place
of several adjacent cells, these ECM foci are organized into progressively larger filaments. In the
at Hensen’s node and around the primitive streak. In this “active” region (red area in Fig. 8) the
case of elastin, ECM filaments were shown to aggregate in a hierarchical fashion similar to Fig. 9
ECM does not form an interconnected network, fibrillin-2 and fibronectin are often co-localized
(Czirok et al., 2006).
(Fig. 1) and new fibrillin-2 foci are deposited (unpublished results). The “active” region also coincides with the location where mesodermal cells migrate intensively after ingression (Schoenwolf

VII

et al., 1992; Psychoyos and Stern, 1996).

Conclusions

The present data inevitably raise questions about possible relationships between ECM motion and
the features of mesodermal cell migration (Schoenwolf et al., 1992; Psychoyos and Stern, 1996).
15
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We expect a similar approach to be applicable to cell motion and cell fate mapping. Using the

B3D6 antibodies were obtained from the Developmental Studies Hybridoma Bank at the Univ. of

same arguments as those presented in section IV, cell displacements can also be decomposed into

Iowa.

a tissue and a local motion component – the latter reflecting the autonomous motion of individual
cells relative to the tissue (Sepich et al., 2005). We predict that the tissue motion component of the
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development as demonstrated by the diverse expression of JB3, an antigen of the endocardial
FIGURE 1

The localization of fibronectin (red) and fibrillin-2 (green) in a gastrulation/neuru-

cushion tissue. Dev. Biol. 165, 585–601.
lation stage avian embryo. The en face views (a-d,g,h) and optical transverse sections (e,f) show
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the ECM molecules labeled by whole mount JB3 (anti fibrillin-2) and B3D6 (anti fibronectin)

gastrulation in the chick are controlled by positive and negative chemotaxis mediated by fgf4

immunostaining in a HH stage 6 (Hamburger and Hamilton, 1951) quail embryo. a: Wide-field
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cell-matrix adhesions. J Cell Sci 112 ( Pt 11), 1655–69.

and fibrillin-2 in the caudal half of the embryo. Fibrillin-2 connects the somites (cyan arrow), and
forms long filaments in the pre-somitic mesoderm which become more pronounced in time (Fig. 2).
Regions analogous to A and B are further analyzed by laser scanning optical microscopy (b-h).

Zamir, E. A., Czirok, A., Rongish, B. J., Little, C. D., 2005. A digital image-based method for

Panels b, c and d show 2.2µm thick optical sections of boxed area A at the ventral surface, middle

computational tissue fate mapping during early avian morphogenesis. Ann Biomed Eng 33,
and dorsal surface of the mesoderm, respectively. e: A digitally reconstructed transverse section
854–65.
along the white lines in (b-d) shows fibronectin and fibrillin filaments spanning the mesoderm
Zhang, H., Apfelroth, S., Hu, W., Davis, E., Sanguineti, C., Bonadio, J., Mecham, R., Ramirez,

(white arrowheads). f: Anterio-posterior projection of all transverse sections similar to (e) reveal

F., 1994. Structure and expression of fibrillin-2, a novel microfibrillar component preferentially

ECM accumulation at the dorsal and ventral surfaces of the mesodermal germ layer. Digitally

located in elastic matrices. J Cell Biol. 124(5), 855–63.

reconstructed oblique projections of boxed area B (g, h) demonstrate co-localization of filaments

Zhong, C., Chrzanowska-Wodnicka, M., Brown, J., Shaub, A., Belkin, A. M., Burridge, K., 1998.
Rho-mediated contractility exposes a cryptic site in fibronectin and induces fibronectin matrix

(yellow) as well as filaments extending in the dorsal-ventral direction (white brackets). g: En face
view, rotated by 10o along the lateral (x) axis. h: Oblique view, rotated by 50o along the lateral (x)
axis. H: Hensen’s node, n: notochord, s: primitive streak, d: dorsal, v: ventral

assembly. J Cell Biol 141, 539–51.

FIGURE 2

Fibrillin-2 reorganization coincident with somitogenesis. Selected filaments, marked

with the colored circles, visibly alter their relationship with nearby filaments and the axis. Despite
this motion, the filaments retain connectedness and shape to some degree. Blue boxes denote
formed somites. n: notochord. Reprinted from (Czirok et al., 2004).
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FIGURE 3

Detailed view of ECM filament motion. a: The displacements of fibrillin-2 filaments

circle (fibronectin: red, fibrillin-2: green).

during a 20 minute interval are depicted within a region analogous to boxed area A of Fig. 1,
FIGURE 5

Quantitative analysis of the tissue and local motion components. a: Distribution

and in a region containing somites (inset). The earlier and latter immunofluorescence pattern is
of the magnitude of the tissue (solid line) and local (dashed line) motion components, calculated
presented in the green and blue channels, respectively. Co-localization of the two channels (cyan)
for fibronectin throughout the caudal embryo. The average magnitudes are markedly different:
indicates absence of motion (inset). Yellow arrows represent filament displacements, as obtained
by manual tracking. The change in filament configuration, as indicated by the similar length of the

4 µm and 1.2 µm for the tissue and the local components, respectively. b: Distribution of the
difference between fibronectin and fibrillin-2 displacements. The magnitude of the difference be-

white brackets, is small compared to the displacements. b: ECM filament motion, estimated by
tween the displacement vectors obtained for the two ECM components is calculated throughout
particle image velocimetry (Zamir et al., 2005). Yellow arrows represent manual tracking results
the caudal embryo for each motion component (tissue motion: solid line, local rearrangements:
from panel (a). Red arrows represent the results of a two-step predictor-corrector PIV algorithm
dashed line). Compared to the typical magnitude of the tissue displacement, the tissue components
with 64 and 16 pixel windows, without data smoothing in the corrector step. Blue arrows represent
the estimated tissue motion component, determined by the same algorithm with 128 and 64 pixel
windows and an additional thin plate spline smoothing.

are essentially the same for both fibronectin and fibrillin-2 (average difference is 0.15 µm, 3% of
the average magnitude). In contrast, the difference in the local component (average is 0.8 µm) is
five-fold larger, and is comparable with 1.2 µm, the typical magnitude of the local displacement

FIGURE 4

Comparison of fibronectin (red) and fibrillin-2 (green) rearrangements. Immunola-

vectors. Displacements were calculated from 40 images, each taken 5 minutes apart.

beled ECM components are depicted at two time points, separated by 20 minutes (a,b). Despite
FIGURE 6

Tissue component of ECM displacements. Displacement vectors (circles at end-

the general displacement shown in Fig. 3, the relative configurations of fibronectin and fibrillin-2
points), were obtained by PIV and are averaged for each grid point over 10 frames (40 minutes).
filaments remained mostly unchanged (magenta circles). However, at certain positions the relative
The motion pattern obtained from a two-somite embryo (a) and 3 hours later from the same, fourmotion of the two ECM components is evident (cyan circles), a difference attributed to local cell
somite embryo (b) are very similar, essentially consisting of two vortices, on each side of the
activity. c: Temporal changes in fluorescence intensities along the white line in panels a and b.
embryonic axis. Centers of rotation are marked by asterisks. The gray lines denote the somites,
The continuous curves represent filament trajectories. Within the cyan circle, a fibronectin filanotochord, Hensen’s node and the primitive streak (from top to bottom).
ment is seen relocating between two fibrillin-2 filaments. In contrast, the two ECM components
move as a single composite structure within the magenta circle. d: The local component of the
displacement field, calculated by PIV. The endpoint of the displacement vector is indicated by a
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FIGURE 7

Analysis of the tissue component of ECM motion. a: The divergence of the dis-

placement field shows condensation of labeled ECM filaments around the site of somitogenesis

30

(blue) and dilution at the caudal end of the primitive streak (yellow). b: The motion also deforms
the ECM. Tissue deformation is indicated by two-headed arrows: The size of the symbols is proportional to the magnitude of the deformation, and the lines are parallel to the direction of stretch.
The gray lines denote the somites, notochord, Hensen’s node and the primitive streak (from top to
bottom).

FIGURE 8

Magnitude of the local component of ECM rearrangements, averaged over 10 con-

secutive frames (40 minutes). Hensen’s node and the area surrounding the primitive streak displays
especially active local ECM rearrangements (red). The numeric values are given in units of µm/h.
The gray lines denote the somites, notochord, Hensen’s node and the primitive streak (from top to
bottom).

FIGURE 9

Hierarchical assembly of ECM filaments. An image sequence depicting an area

located lateral to the streak (comparable to boxed region B in Fig. 1) as it moves with the tissue.
White circles label individual globules of ECM material, which typically contain both fibronectin
and fibrillin-2. In the course of three hours, the globules assume an ordered, linear shape, which
remains stable until the end of observation, 7 hours later (not shown). Brackets indicate areas where
previously distinct ECM objects merge (assume a stable linear arrangement). As an example, the
filament marked by the cyan ellipse in panel (b) is created from the material enclosed in the cyan
ellipse in panel (a). Both areas are shown with greater detail in the insets. During the assembly
process, the original punctate immunofluorescence gives rise gradually to a filamentous pattern.
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