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Abstract
Rho GTPases have been shown recently to be important for cell polarity and motility of the trunk
mesoderm during gastrulation in Xenopus embryos. This work demonstrated that Rho and Rac
have both distinct and overlapping roles in regulating cell shape, and the dynamic properties,
polarity and type of protrusive activity of these cells. Overexpression of activated or inhibitory
versions of these GTPases also disrupts development of the head in Xenopus embryos. In this
study, we have undertaken a detailed analysis of Rho and Rac function in migrating anterior
mesendoderm cells. Scanning electron micrographs of these cells in situ revealed that their normal
shingle arrangement is disrupted and both the cells and their lamellipodia are disoriented. Anterior
mesendoderm explants plated on their natural blastocoel roof matrix, however, still migrated
towards the animal pole, although the tendency to move in this direction is reduced compared to
controls. Analysis of a number of parameters in time-lapse recordings of dissociated cells
indicated that Rho and Rac also have both distinct and overlapping roles in the motility of the
prospective head mesoderm; however, their effects differ to those previously seen in the trunk
mesoderm. Both GTPases appear to modulate cell polarization, migration and protrusive activity.
Rho alone, however, regulates the retraction of the lagging edge of the cell. We propose that
within the gastrulating Xenopus embryo two types of mesoderm cells that undergo different
motilities have distinct responses to Rho GTPases.
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INTRODUCTION
Cell movements are essential for the embryogenesis of all vertebrates and most
invertebrates. They begin at gastrulation when changes in cell shape, adhesion, and motility
result in a series of tissue rearrangements that establish the basic body plan of the embryo. In
Xenopus, gastrulation involves several distinct types of cell movement, including epiboly of
the ectoderm; rotation of the endoderm; involution of the mesoderm; migration of
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prospective head mesoderm cells and convergent extension of the trunk mesoderm (Keller
and Winklbauer, 1992; Winklbauer and Schurfeld, 1999; Keller et al., 2003). The
morphological details of these cell movements are well defined, however, their molecular
basis is not fully understood. Our recent work demonstrated a role for Rho GTPases in the
intercalation movements of the trunk mesoderm (Tahinci and Symes, 2003) and showed that
the cellular responses to activated or inhibitory versions of Rac and Rho are distinct from
those previously identified in cultured fibroblasts. To determine whether this is also true for
migratory embryonic cells, we have examined the role of these GTPases in prospective head
mesoderm cell motility. These cells, in contrast to trunk mesoderm cells, migrate as a sheet
across a fibronectin rich extracellular matrix that lines the inner surface of the blastocoel
roof and form leading edge protrusions such as lamellipodia and filopodia in direct contact
with the extracellular matrix (Keller and Winklbauer, 1992; Ramos and DeSimone, 1996).

Rho GTPases have been shown to control a large variety of biological responses, including
chemotaxis, cytokinesis, axon guidance, endocytosis, cell cycle progression and
differentiation (Etienne-Manneville and Hall, 2002), and up to 20 members of the family
have now been identified in a variety of organisms (Burridge and Wennerberg, 2004).
Perhaps the best-characterized roles for this family, however, are that of Rho, Rac and
Cdc42 in controlling specific rearrangements of the actin cytoskeleton (Raftopoulou and
Hall, 2004), an essential process in cell motility. Initially characterized in cultured
fibroblasts, but now shown to act in a variety of cell types, Rho regulates the assembly of
contractile actin:myosin filaments, while Rac and Cdc42 control actin polymerization
forming filopodia and lamellipodia, respectively (Ridley and Hall, 1992b; Ridley et al.,
1992; Kozma et al., 1995; Nobes and Hall, 1995). In addition, all three GTPases promote the
assembly of integrin based matrix adhesion complexes.

Most work characterizing Rho GTPase function has been carried out using cultured
mammalian cells (for review see (Burridge and Wennerberg, 2004)), however, more
recently, their roles in embryonic development have been investigated. In Drosophila and
Caenorhabditis elegans, Rho and Rac participate in several developmental processes that
involve rearrangement of the actin cytoskeleton such as in establishing cell polarity and cell
motility (Settleman, 2001). Moreover, in both species, genetic analyses demonstrate that
these functions are regulated by the planar cell polarity (PCP) signaling pathway that
controls rearrangement of the actin cytoskeleton and gene regulation (Strutt et al., 1997;
Fanto et al., 2000; Weber et al., 2000; Winter et al., 2001). This pathway has now been
shown to play similar roles in vertebrate development. For example, convergent extension of
the Xenopus trunk mesoderm requires the PCP pathway in which Rho and Rac are activated
downstream of Wnt11/Fz7 and Dishevelled (Habas et al., 2001; Wallingford et al., 2002;
Habas et al., 2003). Rho activation proceeds through a novel intermediate, Daam1, and
possibly an unknown guanine nucleotide exchange factor, whereas Rac activation is
independent of Daam1 (Habas et al., 2001; Habas et al., 2003; Kim and Han, 2005). Both
GTPases result in the activation of the JUN N-terminal kinase (JNK) (Habas et al., 2001;
Habas et al., 2003; Kim and Han, 2005). This splitting of the PCP pathway suggests that
Rho and Rac act in parallel but ultimately converging pathways to regulate cell polarity in
this process (Tahinci and Symes, 2003). In addition to Xenopus, Rho GTPases have been
shown to be involved in the polarity and motility of different cell types throughout the
development of a variety of vertebrates including mouse, chick, and zebrafish (Liu and
Jessell, 1998; Sugihara et al., 1998; Marlow et al., 2002). Moreover, as they are activated in
response to a wide range of growth factors and cell adhesion molecules it is likely that
mechanisms other than the PCP pathway are also involved (Burridge and Wennerberg,
2004).
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Different cell types respond to Rho GTPase activation in different ways, for example,
activation of Rho in fibroblasts stimulates the formation of focal adhesions and stress fibers
that flatten the cells. In contrast, activation of Rho in neuronal cells induces neurite
retraction and cell rounding (Kozma et al., 1997). Moreover, when cells round up during
mitosis, Rho activity is increased (Ren et al., 1999; Maddox and Burridge, 2003). Despite
these opposing responses to Rho activation, the underlying biochemical mechanism may be
the same. The formation of a contractile actin-myosin network on activation of Rho, may
allow fibroblasts to maintain their flattened appearance through focal adhesions, whereas
neuronal cells do not form focal adhesions and mitotic cells loose stress fibers and focal
adhesions and, therefore, round up. Rac also has distinct effects in different cell types. For
example, Rac stimulates cell-cell adhesion in keratinocytes (Braga et al., 1997), whereas it
leads to cell scattering in Madin-Darby canine kidney epithelial cells stimulated with
hepatocyte growth factor (Ridley et al., 1995).

Previous work demonstrated that Rho and Rac play essential roles in Xenopus convergent
extension movements (Habas et al., 2001; Habas et al., 2003; Tahinci and Symes, 2003).
Overexpression of activated (ca) or inhibitory (dn) versions of these GTPases, however, also
disrupts head development in these embryos, although mesoderm induction occurs normally
(Wunnenberg-Stapleton et al., 1999; Tahinci and Symes, 2003).

To determine how Rho and Rac affects the prospective head mesoderm during gastrulation
anterior mesendoderm cells were examined in situ by scanning electron microscopy, as
dispersed cell cultures by time-lapse confocal microscopy, and as explants plated on their
natural, blastocoel roof matrix. We found that like the trunk mesoderm, Rho and Rac induce
distinct cell behaviors in head mesoderm cells, but there are also differences between the
two cell types. Both Rho and Rac are required to establish cell orientation and the polarity of
their cytoplasmic protrusions. We further find that inhibition of either Rac or Rho
dramatically reduces the ability of dissociated cells to migrate. These cells have a slower
rate of movement, decreased numbers of transient lamellipodia, and the lifespan of transient
lamellipodia is increased. In addition, in the case of Rho, inhibition of its signaling increases
the number of stable lamellipodia while constitutive activation decreases it. Cell migration is
also less continuous in cells overexpressing caRho, which undergo a sudden release of the
rear of the cell that causes the cell body to collapse and the cell to move forward rapidly.
Disruption of Rho or Rac, however, reduces but does not abolish the normal directed
movement of prospective head mesoderm explants. Taken together these data indicate that
within the gastrulating Xenopus embryo two types of mesoderm cells that undergo different
motilities have distinct responses to Rho GTPases.

RESULTS
Disruption of RhoA or Rac1 inhibits normal head formation in Xenopus embryos

Our previous work showed that disruption of RhoA (Rho) or Rac1 (Rac) by overexpression
of dominant negative (dn) or constitutively active (ca) forms caused Xenopus embryos to
develop with gastrulation defects, including spina bifida, shortened anterior-posterior axis
and reduced or missing anterior structures (Tahinci and Symes, 2003); Figure 1). This work
also demonstrated that RhoA and Rac1 are not required for mesoderm induction or
differentiation in Xenopus and that changes in the motility, polarity, and protrusions of trunk
mesoderm cells depend on Rho GTPase signaling. The disruption of anterior mesoderm
structures in these embryos further suggested that the motility of the head mesoderm is
abnormal. In this study, we test that notion by examining the disruption of RhoA and Rac1
in anterior mesendoderm cells in intact embryos, and as explants and dissociated cells in
culture.
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Rho and Rac control normal polarity of prospective head mesoderm cells
During gastrulation, the prospective head mesoderm cells migrate as a sheet across the inner
surface of the blastocoel roof (BCR), which is lined with a network of fibronectin fibrils
(Nakatsuji, 1975; Keller and Schoenwolf, 1977; Nakatsuji et al., 1985). These cells are
polarized with lamelliform protrusions extending towards the animal pole, in the direction of
movement, and their trailing edges underlapping one another in a distinct pattern that
resembles shingles on a roof ((Winklbauer and Nagel, 1991); see Figure 2A,B). To view
anterior mesendoderm cell morphology under in vivo conditions, the BCR was removed
from fixed stage 11 embryos. The substrate-apposed surface of the migrating mesoderm was
then viewed by scanning electron microscopy (SEM; Figure 2).

In uninjected embryos, cells are loosely packed, yet spread against the substratum (Figure
2A). Lamelliform protrusions of cells (Figure 2B) point animally, generating the
characteristic shingle arrangement of this cell population that is indicative of directional
migration (Winklbauer and Nagel, 1991). The mesoderm in embryos expressing dnRho
appears very similar to that of control embryos, with loosely packed cells spread against the
substratum, however, the shingle arrangement of the cells and the polarity of their
lamellipodia is disrupted (Figure 2C,D). In contrast, the cells expressing caRho are rounded
and are more loosely packed (Figure 2E) than control cells (Figure 2A). In addition, these
caRho expressing cells have randomly oriented lamelliform protrusions (Figure 2F).
Expression of dnRac also leads to the rounding up of very loosely packed cells (Figure 2G),
and the cytoplasmic processes are rare and filiform instead of lamelliform (Figure 2H). Like
expression of caRho, caRac causes the random orientation of lamelliform protrusions
relative to the animal pole (Figure 2I,J), however the cells are flattened against the
substratum and appear more tightly packed (Figure 2I,J) than control cells (Figure 2A,B).
Thus, all GTPase constructs disrupt the shingle arrangement of mesoderm cells. In addition,
Rac seems to be required for lamellipodia formation and spreading on the BCR substratum,
whereas inhibition of Rho function has little effect on spreading or protrusion formation in
the intact embryo.

To examine individual cells in more detail, the prospective head mesoderm was dissociated
and the cells cultured on a fibronectin substratum. In addition, to visualize the actin
cytoskeleton, the cells were stained with rhodamine phalloidin (see Experimental
Procedures). When individually cultured in this way, control anterior mesendoderm cells are
typically elongate or triangular, with 1–3 lamellipodia at the ends (Winklbauer et al., 1991);
Figure 3A). Expression of dnRho resulted in less pronounced lamellipodia (Figure 3B) than
controls (Figure 3A). Similarly, dnRac diminishes lamellipodia size (Figure 3D). In
addition, these cells have decreased actin staining of the cell body at the substrate level
(Figure 3D). In contrast, expression of either caRho (Figure 3C) or caRac (Figure 3E)
produces well-developed lamellipodia and caRac promotes the formation of additional small
lateral processes (Figure 3E).

Interestingly, disruption of Rho affects cell spreading in vitro (Figure 3B,C and F,G). The
cell area in contact with the substrate is increased in both caRho (4801±418 μm2) and dnRho
(3923±391 μm2) expressing cells compared to control (3474±488 μm2 and 2778±232 μm2,
respectively) and Rac expressing (dnRac 2793±391 μm2 and caRac 1936±156 μm2) cells
(Figure 3F). The overall height of the cells, however, is not increased (Figure 3G). This
increase in the size of Rho expressing cells is likely due to a slight delay in cell division.
Nevertheless, it is translated into increased cell area in contact with the matrix instead of
increased cell height, suggesting that the Rho-disrupted cells have a greater tendency to
spread on fibronectin.
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These data indicate that Rac1 is needed for lamellipodia formation both in vivo and on a
fibronectin substratum in vitro. In contrast, RhoA appears to affect lamellipodia formation
and the spreading of cells on fibronectin in vitro, but less so on the natural BCR substratum.
To investigate the role of these GTPases in mesoderm cell motility further, time-lapse
analysis of dissociated anterior mesoderm cells was performed.

Rho GTPase signaling is required for head mesoderm cell migration during gastrulation
Time-lapse confocal movies were made of dissociated prospective head mesoderm cells
moving on a fibronectin-coated surface. The movies were generated by the capture of one
image every minute for one hour beginning at stage 10.5 (the early-mid gastrula stage). Five
time points (0, 15, 30, 45, and 60 minutes) of a representative movie for each treatment are
shown in Figure 4. In all cases, head mesoderm cells did move, however, motility was
greatly reduced in cells in which RhoA or Rac1 was inhibited. To confirm this observation,
the rate of cell movement was calculated for each cell throughout the movie (see
Experimental Procedures; Figure 5A). Overexpression of constitutively active RhoA or
Rac1 did not significantly affect the rate of cell motility (caRho 2.41±0.04 μm/min and
caRac 1.85±0.31 μm/min, respectively compared to the control rates of 2.00±0.31 μm/min
and 2.54±0.53 for those experiments). In contrast, and in parallel to the diminished
lamellipodia size, inhibition of either RhoA or Rac1 decreased the rate of cell motility
(dnRho 0.96±0.37 μm/min and dnRac 0.88±0.06 μm/min, respectively compared to the
control cell rates of 2.57±0.54 μm/min and 2.25±0.64 μm/min for those experiments). These
data suggest that the translocation of head mesoderm cells on fibronectin requires normal
Rho GTPase signaling because inhibition of either RhoA or Rac1 signaling is sufficient to
reduce the rate of motility. Interestingly, this rate is not affected by overexpression of either
constitutively active Rho GTPase, but the pattern of movement is altered.

RhoA controls the retraction of the lagging edge of the cell
During the analysis of the time-lapse movies, we observed that head mesoderm cells
overexpressing caRho, had an erratic motion compared to control cells and to those
overexpressing other Rho GTPase forms. While the pattern of motility of control cells or
cells overexpressing dn Rho, dnRac or caRac was similar and continuous (Figure
6A,D,F,G), the cells overexpressing caRho exhibited a rapid retraction of the rear of the cell
and subsequent collapse of the cell body (Figure 6B,C,E). Thus, these cells move very little
for several consecutive frames followed by a sudden increase in speed (Figure 6E). These
data suggest that RhoA is important in the control of lagging edge retraction and further
provide a mechanistic explanation for why constitutive activation of RhoA results in a
disruption of anterior mesoderm structures in the embryo.

Rho affects the stability of lamellipodia of head mesoderm cells
Our previous work in trunk mesoderm cells suggested that both Rho and Rac are also
important for the formation and stability of leading edge protrusions such as lamellipodia
during Xenopus gastrulation. To determine the role of Rho GTPases in leading edge
protrusions in head mesoderm cells, lamellipodia were analyzed in the first 15 minutes of
each of the time-lapse confocal movies. Two classes of lamellipodia were counted, stable
lamellipodia that are present throughout the entire 15 min time period (Figure 5B), and
transient lamellipodia that develop and retract within that time (Figure 5C). In addition, as a
reflection of their stability, the lifespan of the transient lamellipodia was calculated (Figure
5D).

We found that neither mutants of Rac, dnRac nor caRac, affected the number of stable
lamellipodia per cell per hour (5.3±2.5 and 4.2±0.9, respectively, compared to control cells
3.3±1.8 and 2.9±1.4, respectively). RhoA, however, has a significant effect on the number of
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stable lamellipodia (Figure 5B). Overexpression of dnRho increased the number of stable
lamellipodia per cell per hour (dnRho 9.0±1.9 compared to control 3.5±2.4) while
constitutive activation of Rho decreased them (caRho 1.0±1.0 compared to control 4.0±2.3).
In contrast, transient lamellipodia are affected by both GTPases (Figure 5C,D). Neither
constitutively active mutant had a significant effect on the number (caRho 73.0±14.5
compared to control 58.5±5.9; caRac 42.7±6.6; control 54.6±8.0; Figure 5C) or lifespan of
transient lamellipodia (caRho 4.8±0.4 compared to control 5.6±0.5; caRac 6.0±0.6; control
5.4±0.4; Figure 5D). Inhibition of Rho or Rac, however, both reduces the number of
transient lamellipodia (dnRho 23.5±12.0 compared to control 54.3±8.6; dnRac 22.8±6.2
compared to control 41.0±10.3) and increases their lifespan (dnRho 10.0±2.2 min compared
to control 5.3±1.0 min; dnRac 7.8±1.3 min compared to control 6.2±1.1 min) suggesting that
both GTPases are required for lamellipodia turnover in head mesoderm cells on fibronectin.

Anterior mesendoderm explants migrate in the normal direction
Anterior mesendoderm cells normally migrate as a sheet towards the animal pole, however,
in GTPase-compromised embryos these cells appear disoriented in situ (see Figure 2).
Dissociated cultures plated on a fibronectin matrix indicate that these cells are motile (see
Figure 4A), however, such isolated cells cannot be used to study directional migration
(Winklbauer et al., 1991). To determine whether RhoA and Rac1 are important for the
directed migration of prospective head mesoderm cells, the movement of anterior
mesendoderm explants was assessed in vitro on BCR-conditioned substratum (Nagel et al.,
2004). In this assay, 90% of control explants (n=38) move towards the animal pole (Figure
7). Animal pole preference is highly significantly reduced in caRac (n=41), dnRac (n=52),
caRho (n=39) and dnRho (n=48) expressing explants (Figure 7). However, dnRho explants,
like controls, are highly significantly (α=0.001) different from random migration, where
explants would move in either direction in 50% of the cases. In addition, at a moderate
significance level of α=0.05, explants in all groups have a preference for the animal pole. All
experimental explants migrate at about the same velocity as controls (about 40 μm/hour),
and significantly slower than isolated cells.

Taken together, these data provide an explanation for why disruption of Rho or Rac
signaling affects the normal development of anterior structures. Cell motility requires
coordinated extension and retraction of cytoplasmic protrusions such as lamellipodia, as
well as correct cell orientation and polarization. We find that both Rho and Rac are required
for the normal shingle organization of anterior mesendoderm cells, and for efficient
directional migration. In addition, Rac is required for the formation of lamelipodia in the
embryo. In vitro, both GTPases seem to regulate the stability of lamellipodia of head
mesoderm cells. When dnRho or dnRac is overexpressed, head mesoderm cells produce
fewer transient lamellipodia with a longer average lifespan. DnRho also increases the
number of stable lamellipodia. It may be the cumulative effect of these disruptions that
significantly reduces the tendency of anterior mesendoderm explants to move in the normal
direction. We speculate that this results in an overall decrease in directed head mesoderm
translocation during gastrulation and consequently, defective head structures.

DISCUSSION
Rho and Rac are well-known modulators of the actin cytoskeleton that have been shown to
be important for cell polarity and motility in a variety of cell types in culture, as well as
during embryonic development. While the biochemical effects of specific GTPases are
likely to be similar in most cells, the response of specific cell types to their activity varies.
Our previous work examined the behavior of individual cells of the Xenopus trunk
mesoderm during gastrulation and showed that distinct functions of Rho and Rac are
required for the polarized mediolateral cell intercalation that drives convergent extension.
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The repertoire of cellular responses to perturbations of Rho and Rac activity, however, was
different to that previously reported in cultured cell lines. This work also revealed that
disruption of Rho or Rac inhibits head development in these embryos (Tahinci and Symes,
2003) and is consistent with previous work in Xenopus suggesting that RhoA is important
for head formation (Wunnenberg-Stapleton et al., 1999). These anterior defects appeared to
be due to morphogenetic problems and not to be consequence of earlier failures in
mesoderm induction, since goosecoid, a gene specific to prospective head mesoderm, was
still appropriately expressed (Tahinci and Symes, 2003). Thus, in this study, prospective
head mesoderm cells were analyzed to identify the roles of Rho and Rac in their migration.

Mesoderm migration is mostly studied by using dispersed cells seeded onto an artificial
fibronectin substratum, since the opaqueness of the Xenopus gastrula prevents in situ
observations. However, in the Xenopus gastrula, mesoderm cells do not move individually,
but as a coherent cell mass. The substratum for this movement, the inner surface of the BCR,
is rather complex. Fibronectin in the BCR extracellular matrix is essential for migration
(Ramos and DeSimone, 1996; Winklbauer and Keller, 1996), justifying the use of
fibronectin substrata in vitro. In addition, a matrix-binding form of PDGF-A is involved in
the control of mesoderm spreading and translocation (Symes and Mercola, 1996; Nagel et
al., 2004). Moreover, mutual repulsion between migratory mesoderm cells and the cells of
the BCR substratum is essential for mesoderm translocation (Wacker et al., 2000;
Winklbauer et al., 2001). Since all these factors can possibly modulate the context for Rac
and Rho function in head mesoderm cells, we compared the effects of these GTPases in
single cells on fibronectin in vitro, in cells moving as aggregates on BCR matrix in vitro,
and in the embryo.

All Rac and Rho mutant forms, whether constitutively active or dominant negative,
disrupted the shingle arrangement of migratory mesoderm cells in the embryo, which is
considered indicative of normal oriented migration of these cells towards the animal pole.
Consistent with this, they also diminish the directionality of mesoderm explant migration on
conditioned substratum, which is not a general response to overexpression of factors in the
head mesoderm (for example see (Nagel et al., 2004)). However, in each case, explants are
still significantly biased towards the animal pole, suggesting that compromised Rac or Rho
signaling does not interfere with recognition of the orienting cues itself, but perhaps with
their efficient translation into directional explant movement. Alternatively, it is possible that
experimentally modulating the activity of each GTPase separately is not sufficient to
completely abolish directionality. In other cell types, for example, the neutrophil-like HL-60
cells, cell polarity depends on the activity of Rac and Rho in two divergent pathways (Xu et
al., 2003). Activation of Rac regulates the “front” of the cell through Gi-mediated
production of 3′-phosphoinositol lipids and F-actin whereas activated Rho controls the
“rear” and “sides” via a Rho-dependant kinase and myosin II (Xu et al., 2003). Whether the
effects that are common to all mutant forms are caused by the same primary defect, for
example in the cellular response to an orienting, PDGF-dependent signal, or due to different
deficiencies remains to be elucidated.

In addition to this common effect on the efficiency of directional migration, specific roles
for Rac and Rho are apparent. As often found for cultured cell lines (Ridley and Hall,
1992a), Rac seems to stimulate lamellipodia formation in head mesoderm cells. Dominant
negative Rac diminishes lamellipodia both in vitro and in the embryo, and activated Rac has
the opposite effect. The observed decreased or increased spreading of mesoderm cells on the
BCR, respectively, could be an indirect consequence of this effect, but we cannot exclude an
additional, direct role of Rac in cell attachment to the BCR. Also, the reduced velocity of
mesoderm cell migration in vitro is probably a consequence of impaired lamellipodia
formation.
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Interestingly, Rho seems to have different effects in vitro and in the embryo. Inhibiting Rho
function in the embryo has little effect on cell morphology, except cell orientation, and on
conditioned substrate, directionality of migration is mildly diminished, but migration
velocity is normal. This suggests that Rho function is not essential for migration when
mesoderm cells move as an aggregate, as in the embryo or in explants on conditioned
substratum. In fact, that caRho decreases spreading of cells on the BCR in vivo implies that
Rho activity must be kept at a low level in the migrating mesoderm. However, in isolated
cells on fibronectin, Rho appears to be active since its inhibition, as well as its increased
activation, modulate cell shape, lamellipodial dynamics and the mode of translocation
dramatically. For example, we found that activation of Rho affects migration by controlling
the retraction of the lagging edge of the cell in dispersed cultures. A similar observation has
also been made in other cell types including antigen-presenting dendritic cells (DC cells),
monocyte and hemocytes (Worthylake et al., 2001; Swetman et al., 2002; Stramer et al.,
2005). It is not clear however, whether some of these effects are also present in the embryo,
and responsible for impaired cell orientation, but went unnoticed since cell behavior could
not be observed directly.

In contrast to head mesoderm cells, the motility of trunk mesoderm cells engaged in
convergent extension has only been studied in explants, since isolated cells do not engage in
lamellipodia or filopodia formation (Symes et al., 1994). This makes it difficult to compare
the effects of Rho and Rac mutant forms in both tissues, given our presently available data.
Obviously, a cell’s environment can impact its response dramatically. For example, when
human mammary epithelial cells are spatially organized in three-dimensional basement
membrane cultures, growth and adhesion pathways are coupled and bidirectional, but when
cultured as a two-dimensional monolayer, the same signaling pathways become uncoupled
(Wang et al., 1998). In addition, within tissues mechanical forces may affect a cells’
response to Rho. It has been shown that extrinsically applied force can promote the
assembly of stress fibers and focal adhesions in cells in which myosin activity is inhibited
(Riveline et al., 2001). Nevertheless, a reduction in the rate of migration on inhibition of
Rho or Rac is also seen in trunk mesoderm cells in intact explants (Tahinci and Symes,
2003) as well as in other cell types and organisms including border cell migration in the
Drosophila ovary (Murphy and Montell, 1996), the migration of mammalian epithelial cells
(Valles et al., 2004), and smooth muscle cell migration (Melnychuk et al., 2004). Currently,
we cannot distinguish whether the observed differences in the trunk and head mesoderm
with respect to lamellipodial dynamics are due to the cell environment, the kind of motility
(intercalating versus migratory), or cell type. Taken together however, these data suggest
that, like intercalating trunk mesoderm cells, Rho and Rac have distinct functions in head
mesoderm cell motility. The challenge for future studies is the identification of the
mechanisms underlying the differences between these two cell types.

EXPERIMENTAL PROCEDURES
Embryos

Xenopus embryos were fertilized in vitro, dejellied in 2% cysteine, pH 7.8, and cultured in
10% Marc’s Modified Ringer (0.1× MMR, (Peng, 1991)) at temperatures between 14°C and
23°C as previously described (Ataliotis et al., 1995). Embryos were staged according to
Nieuwkoop and Faber (Nieuwkoop and Faber, 1967).

mRNA Synthesis and Microinjection
Synthetic mRNA transcripts encoding the dominant negative (RhoN19, RacN17) or
constitutively active forms (RhoV14, RacV12) of RhoA and Rac1 were transcribed from the
SP6 promoter of pCS2-RhoN19, pCS2-RacN17, pCS2-RhoV14 and pCS2-RacV12
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respectively, using the mMessage mMachine kit (Ambion, Austin, TX) as previously
described (Tahinci and Symes, 2003). Similarly, a membrane-targeted form of the Green
Fluorescent Protein (GAP43-GFP) was transcribed from pCS2+/GAP43-GFP (a generous
gift from Dr. E. M. De Robertis, University of California, Los Angeles; (Kim et al., 1998)).

Embryos were injected into both dorsoanterior blastomeres at the 2–4 cell stage, targeting to
the prospective head mesoderm (according to Xenopus fate maps; (Lane and Sheets, 2002)).
A total of 2ng mRNA was injected per embryo. 300–1000pg mRNA encoding dominant
negative (dn) or constitutively active (ca) RhoA or Rac1 was coinjected with mRNA
encoding GAP43-GFP. GAP43-GFP mRNA was used as an inert control for injections.

Microdissection
For dissociated cells, embryo dissections were performed at the beginning of gastrulation
(stage 10). Anterior mesoderm was excised from early gastrulae with mounted eyebrow
hairs in 1× Modified Barth’s Solution (1× MBS, (Peng, 1991)). Dissections were carried out
under GFP fluorescence to ensure only GFP-labeled cells were taken. These explants were
then dissociated into single cells in Ca2+- and Mg2+-free MBS containing 0.1mM EDTA
(Winklbauer et al., 1991). The cells were then plated in 1×MBS on glass coverslips for
confocal microscopy or Greiner tissue culture dishes (Greiner Bio-One Inc., Longwood, FL)
for fluorescence microscopy. Both the acetone rinsed coverslips and tissue culture dishes
were coated with 50μl of 200 μg/ml bovine plasma fibronectin (FN; Sigma-Aldrich) for
45min, and then blocked with 100μl of 50 mg/ml bovine serum albumin. The dispersed cells
were then monitored by time-lapse confocal microscopy (Zeiss Inverted Axiovert 100 M BP
Laser Scanning Microscope 510; see below) or were fixed after 1 hour in 4% formaldehyde/
0.1% Triton-X-100, and stained with 5μM TRITC-conjugated phalloidin (Sigma-Aldrich)
for 30min.

To assay directional migration in vitro, substrate was conditioned according to (Nagel and
Winklbauer, 1999). Stage 10 blastocoel roof (BCR) explants were held against the bottom of
tissue culture dishes (Greiner Bio-One Inc., Longwood, FL) for 2 hours. After removal of
the BCR, the substratum was saturated with 50 mg/ml of BSA. The movement of anterior
mesendoderm explants containing about 200 cells each on conditioned substratum was
observed by recording explant positions initially, and 1 hour later. Changes of positions
were scored as being towards the animal pole or away from it and analyzed statistically
using the one-sided Welch-test, with significance levels high α<0.005 and moderate α=0.05.

Time-lapse movies
Time-lapse movies were made of dispersed anterior mesoderm cells by the capture of an
image once every minute for one hour. The total distance traveled by each cell was
determined by calculating the sum of the distance its center moved between continuous
frames of a movie. This figure was then used to calculate the rate of cell migration. In
addition, using the first 15 minutes of each movie, every cell was evaluated for changes in
the number and stability of its lamelliform protrusions, elaborate sheet-like extensions of the
plasma membrane. The activity of each lamellipodia was classified according to whether it
was present in every frame of the sequence (stable), or it appeared and then disappeared
(transient). The lifespan of the transient protrusions was measured by calculating the time
elapsed between appearance and retraction. Cell area was calculated in NIH image 1.62 by
outlining the cell. A minimum of 5 cells in 3 independent experiments was analyzed for
each condition. All measurements and data analyses were performed by using NIH image
1.62. Overall cell height was calculated by addition of the total number of optical sections
through a cell in a Z-series. Statistical analysis was carried out using the Student t-test
(P<0.05).

Ren et al. Page 9

Dev Dyn. Author manuscript; available in PMC 2008 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scanning Electron Microscopy
Embryos were fixed in 2.5% formaldehyde and 2.5% glutaraldehyde in MBS, and BCRs
were removed with needles. Specimens were postfixed in 2% OsO4, dehydrated in a graded
ethanol series, critical point dried, and sputter coated with gold-palladium.
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Figure 1. Rho and Rac are important for head development
Embryos were microinjected at the 2-cell stage into the dorsoanterior marginal zone with
2ng of mRNA encoding (A) GAP43-GFP, (B) dnRho, (C) caRho, (D) dnRac, or (E) caRac.
Note the disruption of anterior and axial structures in Rho GTPase-injected embryos
compared to GFP controls.
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Figure 2. SEM analysis of anterior mesendoderm cells in situ
Uninjected embryos (Con) or embryos that had been injected with mRNAs encoding
different Rho GTPases into the future anterior mesoderm at the 2-cell stage were fixed at
stage 11. The blastocoel roof was removed and the embryos were then processed for SEM.
(A,B) Uninjected control embryos. (C,D,) dnRho, (E,F) caRho, (G,H) dnRac, or (I,J) caRac.
Scale bars in I and J are 20 μm and refer to A,C,E,G,I and B,D,F,H,J, respectively.
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Figure 3. Rhodamine phalloidin staining of dissociated anterior mesendoderm cells
mRNAs encoding GAP43-GFP (Con) and different Rho GTPases were microinjected into
the future anterior mesoderm at the 2-cell stage. Prospective head mesoderm cells were then
dissected from these embryos at the beginning of gastrulation (stage 10) the cells were then
fixed at stage 10.25 and the actin cytoskeleton was visualized using rhodamine phalloidin.
(A–D) Con, (E) dnRho, (F) caRho (G) dnRac, (H) caRac. The cell area at the substrate
surface (F) and the cell depth (G) was calculated, control GFP-injected (grey bars) and
RhoGTPase-injected (black bars). Error bars represent standard error, * marks differences
that are statistically significant (P < 0.05).
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Figure 4. Time-lapse movies of migrating prospective head mesoderm cells
mRNAs encoding GAP43-GFP (Con) and different Rho GTPases were microinjected into
the future anterior mesoderm at the 2-cell stage. Prospective head mesoderm cells were then
dissected from these embryos at the beginning of gastrulation (stage 10). The cells were
dissociated, plated on a fibronectin matrix and monitored using time-lapse confocal
microscopy during early-mid gastrula stage (beginning at stage 10.5). Five time points from
a representative movie for each set of injections are shown. (A) Con, (B) dnRho, (c) caRho,
(D) dnRac, (E) caRac. t equals time in minutes. Note, the loss of cell adhesion over time
when Rac is inhibited (D).
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Figure 5. Analysis of time-lapse confocal movies
The (A) rate of motility, number of (B) stable and (C) transient lamellipodia, and the (D)
lifespan of transient lamellipodia were assessed from the time-lapse movies (see
Experimental Procedures). Data for each Rho GTPase (black bars) is shown next to that for
sibling controls (grey bars). Error bars represent standard error, * marks differences that are
statistically significant (P < 0.05).
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Figure 6. Rho controls lagging edge retraction
The analysis of the time-lapse movies revealed that while control head mesoderm cells
moved in a fluid motion those overexpressing caRho move erratically. Five time (t) points
(one frame per minute) from representative movies for (A) Con, (B,C) caRho are shown.
(D–E) The distance moved in consecutive 5 minute periods for control (grey) and Rho
GTPases (black) are shown on graphs. Each graph has one example of a control cell and two
examples of a Rho GTPase. (D) dnRho, (E) caRho, (F) dnRac, (G) caRac. Note the sudden
spikes in the distance traveled for caRho. These spikes correspond to the retraction of the
lagging edge and subsequent collapse of the cell body and forward movement.
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Figure 7. Directed migration of head mesoderm explants is not controlled by Rho GTPases
Anterior mesendoderm explants, derived from uninjected (Con) or RhoGTPase injected
embryos, were plated on their natural blastocoel roof matrix and the direction of their
movement assessed. Note that all explants tend to migrate in their normal direction although
this tendency is reduced in explants expressing RhoGTPases.
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