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Dynamin-dependent endocytosis is necessary for convergent-
extension movements in Xenopus animal cap explants
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ABSTRACT Cadherin cell-cell adhesion molecules are important determinants of morphogenesis
and tissue patterning. C-cadherin plays a key role in the cell-upon-cell movements seen during
Xenopus gastrulation. In particular, regulated changes in C-cadherin adhesion critically influence
convergence-extension movements, thereby determining organization of the body plan. It is also
predicted that remodelling of cadherin adhesive contacts is important for such cell-on-cell move-
ments to occur. The recent demonstration that Epithelial (E-) cadherin is capable of undergoing
endocytic trafficking to and from the cell surface presents a potential mechanism for rapid
remodelling of such adhesive contacts. To test the potential role for C-cadherin endocytosis during
convergence-extension, we expressed in early Xenopus embryos a dominantly-inhibitory mutant
of the GTPase, dynamin, a key regulator of clathrin-mediated endocytosis. We report that this
dynamin mutant significantly blocked the elongation of animal cap explants in response to activin,
accompanied by inhibition of C-cadherin endocytosis. We propose that dynamin-dependent
endocytosis of C-cadherin plays an important role in remodelling adhesive contacts during

convergence-extension movements in the early Xenopus embryo.
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Introduction

Cell movements drive the morphogenetic processes that deter-
mine body plan and tissue organization in metazoan organisms
(Bard, 1990). These encompass both cell-upon-cell and cell-on-
matrix forms of cell locomotion. Although in post-developmental
life cells often locomote on extracellular matrices, many important
forms of morphogenetic movement involve the locomotion of cells
upon one another (Gumbiner, 1992). Such cell-on-cell locomotion
is exemplified by the convergent-extension movements that occur
in many vertebrate embryos (Keller, et al., 2000). Here intercala-
tion of cells upon one another reorganizes whole populations of
cells during gastrulation and neurulation. Importantly, such conver-
gent-extension movements are subject to strict cellular regulation
that is essential for development to occur normally (Keller, et al.,
2000). Any comprehensive understanding of morphogenesis there-
fore requires a proper description of the cellular mechanisms
responsible for cell-on-cell locomotion.

In contrast to recent advances in understanding matrix-based
cell locomotion, the cellular basis of cell-upon-cell locomotion is
poorly understood. Minimally, such cell movement likely entails

mechanisms for surface adhesion that are coupled to the actin
cytoskeleton (Lauffenburger and Horwitz, 1996; Mitchison and
Cramer, 1996). Surface adhesion supplies the traction for locomo-
tion, while productive coupling to the actin cytoskeleton is envis-
aged to provide the protrusive and contractile forces necessary for
cells to locomote.

Studiesinanumber of model systems suggest that cadherin cell
adhesion molecules play key roles in cell-upon-cell locomotion.
The cadherins are a large family of cell surface glycoproteins that
mediate homophilic cell-to-celladhesion (Yap, etal., 1997a; Tepass,
et al., 2000). Classical cadherins are major determinants of inter-
cellular adhesion in most solid tissues, which play important roles
in cell sorting, tissue patterning, and morphogenesis. For example,
DE-cadherin is essential for tracheal morphogenesis in Drosophila
(Tepass, et al., 1996; Tepass, et al., 2000), whilst misexpression
of the cadherin-associated regulator, p120-catenin, disturbs de-
velopmentin Xenopus (Paulson, et al., 1999). Classical cadherins
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Fig. 1. Activin-induced Xenopus animal cap elongation. (A) Excised
animal caps incubated without activin treatment did not elongate. (B)
Excised animal caps stimulated with activin showed elongation (5 ng/
mL). (C-F) Representative examples used for scoring elongation. (E and

F) Schematic representations of animal caps that are classified as
having undergone convergence and extension movements (length = 2

X width). Animal caps that remained spherical (C) and those that showed some stump development but did not meet the length/width requirements (D)
were not counted as having undergone convergence and extension movements. Scale bars in photographs A and B represent 1T mm.

function as membrane-spanning macromolecular complexes, that
physically associate with, and regulate, the actin cytoskeleton
(Adams and Nelson, 1998; Kovacs, et al., 2002). Cadherins are
thus prime mechanisms to mediate cell-on-cell locomotion.

A role for cadherins in convergent-extension movements has
been most clearly characterized in the early Xenopus embryo,
where cell-cell adhesion is mediated by C-cadherin (Lee and
Gumbiner, 1995). Animal cap explants from early Xenopus em-
bryos elongate when stimulated with the mesoderm-inducing
factor, activin, a morphogenetic phenotype which arises from
convergence-extension movement (Symes, et al., 1988; Smith, et
al., 1989). Using this convenient assay, Brieher and Gumbiner
(1994) demonstrated that convergent-extension movements were
accompanied by a regulated decrease in cell-cell adhesiveness
mediated by C-cadherin while expression of dominantly-inhibitory
cadherin mutants blocked animal cap elongation (Lee and
Gumbiner, 1995). Importantly, convergence-extension was inhib-
ited when animal caps were treated with an antibody that stimu-

lates the higher-adhesive state of C-cadherin, preventing activin-
induced decreases in adhesion (Zhong, et al., 1999). Taken
together, these data suggest strongly that C-cadherin and its
regulated activity is essential for convergence-extension in Xeno-
pus animal caps.

For cells to translocate upon one another, there must also be
mechanism(s) to remodel the cell surface, allowing adhesive
contacts to be broken and re-formed. Recent reports indicate that
cadherins are capable of undergoing internalization and trafficking
to and from the cell surface (Kamei, et al., 1999; Le, et al., 1999).
As has also been demonstrated for integrin adhesion receptors
(Ng, etal., 1999), such trafficking provides a potential mechanism
to remodel adhesive contacts during cell-on-cell locomotion. Inter-
nalization of cadherins would facilitate disassembly of contacts,
thereby making cadherins available for adhesion to be established
in other regions of the cell surface. A key step in this trafficking
pathway is the initial step of cadherin endocytosis, a process which
appeared to be mediated by a clathrin-dependent pathway (Le, et
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Fig. 2. (Left) Injection of GFP RNA alone does not affect animal cap elongation. Animal caps excised from GFP-injected embryos treated without
activin (A,C) and with activin (B,D). Panels C and D show GFP fluorescence of animal caps shown in panels A and B respectively. The animal cap on the
bottom left of B rolled to the bottom left of the image in D.

Fig. 3. (Right) Expression of DN-dynamin inhibits activin-induced animal cap elongation. Animal caps were excised from Xenopus embryos co-injected
with GFP RNA and DN-dynamin RNA. Embryos injected with 3 pg DN-dynamin RNA into each blastomere at the two-cell stage, resulted in animal caps that
maintained their structural integrity in both activin treated (A,C) and activin untreated (B,D) groups. (C and D) show GFP expression of embryos in panels
A and B respectively. Scale bars represent T mm.
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al., 1999). Dynamin is a GTPase which plays an important role in
clathrin-mediated endocytosis and synaptic vesicle recycling
(Warnock and Schmid, 1996; Mukherjee, etal., 1997) and dynamin
mutants are well-described inhibitors of clathrin-dependent inter-
nalization (Herskovits, et al., 1993; Van Der Bliek, et al., 1993;
Damke, etal., 1994; Damke, etal., 2001; Marks, etal.,2001). Inthis
report we therefore expressed dominant-negative dynamin mu-
tants in Xenopus animal cap explants to test the potential role for
C-cadherin endocytosis in convergence-extension movements.

Results

Animal Cap Elongation Assays

To identify a role for clathrin-mediated endocytosis during
convergent-extension movements, we expressed a dominantly-
inhibitory (S45N) mutant of dynaminl1 (DN-dynamin) in early Xeno-
pus embryos and tested the effects of the transgene on animal cap
elongation. We studied three different groups of embryos: (1)
control uninjected embryos; (2) embryos injected with GFP RNA
alone as amarker; and (3) embryosinjected with DN-dynamin RNA
together with GFP RNA. Animal caps were excised from Stage 8
embryos and elongation assays were performed three times for
each injection group. Half of the excised animal caps in each group
were treated with the growth factor activin (5ng/mL) while the other
half were left untreated. For quantitation animal cap explants that
elongated so that their length was twice that of their width were
scored as having undergone convergent-extension movements
(Fig. 1).

Animal caps excised from uninjected embryos elongated when
treated with activin (Figs. 1,2,4), as previously reported with this
assay system. Compared with uninjected controls, expression of
GFP alone did not affect the ability of explants to undergo conver-
gence-extension when stimulated with activin (Tukey test, p=0.791).
Animal caps injected with GFP and DN-dynamin (3.0 pg RNA)
remained intact. However, animal caps expressing DN-dynamin
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Fig. 4. Quantitation of activin-induced animal cap elongation. Animal
caps from uninjected control embryos and embryos injected with GFP RNA
alone or with GFP RNA and DN-dynamin RNA were scored for elongation
in the absence or presence of activin.
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Fig.5.C-cadherinimmunostaining
in Xenopus animal cap explants.
Unstimulatedanimal caps were fixed
and processed for immunostaining
with (A) primary C-cadherin antibody,
secondary antibody and streptavidin-
Texas Red; (B) biotinylated second-
ary antibody and streptavidin-Texas
Red; or (C) streptavidin-Texas Red
alone. Confocal optical sections
showed that C-cadherin stained prin-
cipally at cell-cell borders. There was no non-specific binding of secondary
antibody or texas red to cellular components. Scale bars represent 20um.

(Figs. 3,4) did not elongate in response to activin to anything like
the same degree as either control animal caps (p=0.01, Tukey test)
or animal caps expressing GFP alone (p=0.005, Tukey test). This
robustinhibition of activin-induced animal cap elongation therefore
suggested a key role for clathrin-mediated endocytosis in conver-
gence-extension movement.

C-cadherin Immunolocalization during Animal Cap Elongation

If cadherin endocytosis participated in convergent-extension
movements we predicted that animal cap elongation would be
accompanied by an increase in the intracellular pool of cadherin.
Therefore, in order to assess whether activin treatment affected the
subcellular distribution of C-cadherin, animal caps from the elon-
gation assays were fixed and immunostained for C-cadherin. The
surfaces of ectodermal cells were clearly stained in optical sections
of the animal caps collected using a confocal laser scanning
microscope (Fig. 5A). Control sections treated in the absence of
the C-cadherin antibody revealed no non-specific background
fluorescence (Fig. 5 B,C).

Activin treatment appeared to increase the intracellular staining
of C-cadherin in ectodermal cells from both control uninjected and
GFP-injected animal caps (Fig. 6 A-D), consistent with internaliza-
tion of C-cadherin. To quantitate the extent of internalisation of C-
cadherin we measured the intensity of cytoplasmic fluorescence
staining per unit area in ectodermal cells of animal caps. Five
optical sections were obtained randomly from each injection and
treatment group. Each image had a 6x6 grid overlaid on it and,
using a random number generator for grid coordinates, a random
sample of cells was analysed and an average cytoplasmic fluores-
cence intensity for each cell calculated (Fig. 7). Activin induced an
increase in intracellular total fluorescence intensity in the ectoder-
mal cells of control uninjected embryos (P<0.001) as well as GFP-
injected embryos (P<0.001). One way analyses of variance
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Fig. 6. C-cadherin immunostaining in Xenopus animal caps expressing
DN-dynamin. Animal caps were taken from control uninjected embryos
(A,B), embryos injected with GFP RNA alone (C,D) and embryos injected
with DN-dynamin RNA (E,F). Animal caps were incubated in the absence
(A,C,E) orpresence of activin (B, D, F) then processed and immunostained for
C-cadherin. Activin treatment increased cytoplasmic C-cadherin staining in
uninjected embryos (B) and embryos injected with GFP RNA alone (D), but
toamuch less marked extent in embryos injected with DN-dynamin RNA (F).
Scale bars represent 20um. Differences in cell size are due to slight variations
in age between animal caps, since a cell division takes ~15 minutes. Cells in
(C) that show cytoplasmic staining have probably been induced by residual
mesoderm.

(ANOVA) between injection groups in the activin-treated and -
untreated groups revealed that the injection of GFP did not signifi-
cantly increase total fluoresence intensity in the cytoplasm of
activin-treated ectodermal animal cap cells (P=0.762). Activin-
induced convergence-extension was therefore accompanied by
an increase in the cytoplasmic pool of C-cadherin.

In contrast, the degree of cytoplasmic C-cadherin staining was
substantially reduced in animal caps from embryos injected with DN-
dynamin (Fig. 6 E,F; Fig. 7). Quantitation revealed that while activin
increased the intracellular pool of C-cadherinin animal caps express-
ing DN-dynamin (P=0.011), the degree of internalization was much
lessthanthatobserved in either control uninjected embryos (P=0.008)
or in embryos injected with GFP alone (P=0.004; Fig. 7). A one-way
ANOVA revealed that activin-treated animal caps excised from

embryos expressing DN-dynamin showed no significant difference
in cytoplasmic fluoresence intensity compared with activin-untreated
animal caps in the control and GFP-only injection groups (P=0.330;
Fig. 7). Expression of DN-dynamin therefore significantly reduced C-
cadherin internalization in response to activin.

Discussion

Remodelling of adhesive contacts is a key process in cell
locomotion. Translocation requires that cells make new adhesive
contacts with their environment at their leading edges, as well as
breaking and clearing older contacts at the rear (Lauffenburger and
Horwitz, 1996; Mitchison and Cramer, 1996). Endocytosis is a
ubiquitous process which eukaryotic cells utilize to remodel their
cell surfaces, allowing the turnover and redistribution of cell surface
proteins and lipids (Mukherjee, et al., 1997). Increasing evidence
that cell adhesion molecules (integrins, cadherins) undergo en-
docytosis provides the potential for this mechanism of receptor-
driveninternalization to be used to remodel adhesive contacts (Le,
etal.,, 1999; Ng, etal., 1999). In this report we have identified a key
role for dynamin-dependent endocytosis during convergent-exten-
sion movements in the early Xenopus embryo. Further, we found
a strong relationship between the inhibition of C-cadherin internal-
ization and inhibition of cell-upon-cell movement which suggests
that endocytosis of C-cadherin makes a significant contribution to
this form of morphogenetic movement.

In these experiments we utilized the activin-induced elongation
of Xenopus animal caps, a well-characterized model for conver-
gence-extension movements (Symes, et al.,, 1988; Smith, et al.,
1989; Brieher and Gumbiner, 1994; Keller, et al., 2000). A model
that has, moreover, been used to identify a requirement for
regulated cadherin activity during convergence-extension (Brieher
and Gumbiner, 1994; Zhong, et al., 1999). We noted that stimula-
tion with activin quite rapidly induced a significant increase in
cytoplasmic staining for C-cadherin. Taken with earlier evidence
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Fig. 7. Quantitation of cytoplasmic C-cadherin fluoresence intensity.
Animal caps were stained for C-cadherin and examined by confocal
microscopy. Cytoplasmic C-cadherin fluoresence intensity per unit area
was calculated as described in Methods.



that activin does not affect the total cellular content of C-cadherin
(Brieher and Gumbiner, 1994), this suggested that C-cadherin
internalization increased in response to activin. Internalization of
cadherins has beenincreasingly documented in cell culture (Kamei,
etal.,, 1999; Le, et al., 1999; Palacios, et al., 2001), typically under
conditions that entail reorganization or disassembly of adhesive
junctions. Increased cytoplasmic cadherin localization was also
observed during epithelial-to-mesenchymal transitions in sea ur-
chin embryos (Miller and Mcclay, 1997), suggesting that cadherin
internalization may commonly accompany morphogenetic move-
ments during development. Furthermore, cadherin internalization
is subject to cellular regulation, being stimulated by a range of
growth factors and intracellular signaling pathways (Kamei, et al.,
1999), including the ARF6 GTPase (Palacios, etal., 2001). Of note,
areduction in the surface pool of C-cadherin would be predicted to
accompany the activin-induced internalization of C-cadherin ob-
served in our experiments, with a concomitant fall in cell surface
cadherin adhesiveness (Angres, et al., 1996; Yap, et al., 1997D).
Increased cadherin internalization therefore provides a potential
mechanism for the regulated decrease in C-cadherin activity
documented to participate in convergence-extension movements.

Expression of adominantly-inhibitory mutant of dynamin substan-
tially reduced the ability of animal cap explants to undergo conver-
gence-extension when stimulated by activin, accompanied by de-
creased internalization of C-cadherin. Since the dynamin mutant
used in our experiments is well-documented to inhibit clathrin-
mediated endocytosis (Herskovits, et al., 1993; Van Der Bliek, et al.,
1993; Damke, et al., 1994; Damke, et al., 2001; Marks, et al., 2001),
this provides evidence that activin-induced C-cadherin internaliza-
tion may occur via a clathrin-mediated pathway. It is also, to our
knowledge, the first evidence that dynamin-dependent endocytosis
participates in convergence-extension. In particular, inhibition of C-
cadherin endocytosis is likely to have prevented the activin-induced
reduction in surface cadherin adhesiveness necessary for cell-on-
cellmovements to occur (Brieher and Gumbiner, 1994; Zhong, etal.,
1999). Of note, application of an antibody that promoted the high-
adhesive state of C-cadherin effectively blocked activin-induced
animal cap extension (Zhong, et al., 1999), achieving results similar
to those we observed upon expression of mutant dynamin.

Taken together, our findings suggest an important contribution
of C-cadherin endocytosis to activin-stimulated convergence-ex-
tension movements. Although dynamin-dependent endocytosis
was necessary for C-cadherin to redistribute into a cytoplasmic
pool upon stimulation with activin, it is important to note that the
effect of activin may not have occurred principally through changes
in the rates of cadherin endocytosis. In the post-Golgi pathway of
E-cadherin trafficking identified in MDCK cells, endocytosed E-
cadherin was rapidly recycled back to the cell surface (Le, et al.,
1999). A net redistribution of cadherin to the cytoplasmic pool may
therefore also occur if internalized C-cadherin cannot be recycled
to the cell surface, independently of any change in the rate of
cadherin internalization. By either mechanism, however, a net
increase in the cytoplasmic pool of C-cadherin, and concomitant
reduction in surface cadherin, provides an attractive mechanism
for activin to down-regulate cadherin activity. As has been reported
for integrins (Lawson and Maxfield, 1995), internalization and
recycling of cadherins may also allow redundant adhesive contacts
to be cleared from the rear ends of locomoting blastomeres, and
facilitate recycling of cadherins to newly-forming adhesive con-
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tacts at their leading edges, thereby providing a mechanism for
adhesive turnover during translocation.

While our findings point to an important role in C-cadherin
endocytosis and recycling, dynamin may play additional roles in
activin-induced convergence-extension movements. Clathrin-medi-
ated endocytosis of growth factor receptors has been implicated in
their signaling activity (Vieira, et al., 1996), with the potential to
influence activin signaling (Garamszegi, et al., 2001). Also, there is
emerging evidence that dynamin can affect actin assembly and
regulation of the cytoskeleton (McNiven, et al., 2000; Ochoa, et al.,
2000), that may be important in cell locomotion. It is consequently
possible that the potent inhibition of animal cap extension by mutant
dynamin also reflected perturbations in cell mechanisms additional
to C-cadherin trafficking. Cadherin endocytosis may therefore con-
stitute one of several key aspects of the cell surface remodelling
necessary for cell-upon-cell locomotion to occur during develop-
ment.

Materials and Methods

RNA Preparation and Injection

The dominant-negative (S45N) dynaminl (DN-dynamin) mutant cDNA
(Damke, et al., 1994) was a kind giftfrom Dr. S. Schmid (Scripps). The coding
region of DN-dynamin cDNAwas excised fromits original vector and inserted
into the pCS2+ expression vector. RNA was transcribed using an Ambion
SP6 Message Machine Kit according to the manufacturer’s instructions. Two
cell stage Xenopus embryos were placed into microinjection dishes in
0.1xMBS and 5% Ficoll and viewed using an SZX12 stereomicroscope
(Olympus). Microinjection needles were prepared using a PUL-1 micropi-
pette puller (World Precision Instruments Inc., Florida, USA) and fitted to a
displacement microinjection apparatus (World Precision Instruments Inc.,
Florida, USA). The microinjection apparatus was mounted on a 3-dimen-
sional micromanipulator (Narishige). For control experiments 9pL of capped
GFP RNA (~1 pg/uL; a generous donation from Robin Connor and Nicole
Wilson) was injected into both blastomeres of 2 cell stage Xenopusembryos.
Experimental animals were co-injected with 9 pL of capped DN-dynamin
RNA (~1 pg/pL) and capped GFP RNA (~1 pg/pL) at a ratio of 1 part DN-
dynamin to 2 parts GFP (~33% DN-dynamin). Injected embryos were
allowed to recover in 0.1xMBS + 5% Ficoll for one hour before being
transferred to 1XMMR (100 mM NacCl, 2 mM KCI, 2 mM CaCl,, 1 mM MgCl,,
5 mM Hepes). GFP expression was visualised using the same stereomicro-
scope with a fluorescence attachment (Olympus, Japan).

Animal Cap Explants Assays

Embryos were staged according to the normal stage of Xenopus laevis
development (Nieuwkoop and Faber, 1967). Animal caps were isolated
from de-jellied stage 8 control and experimental embryos in 1XMMR using
two pairs of curved forceps and a dissection microscope (Olympus SZ11,
Japan). Blastomeres were incubated in the presence or absence of 5 ng/
mL human recombinant activin A (R&D Systems, MN, USA) in IXMMR for
12 hours at room temperature. Convergent and extension movements
were considered to have occurred when an animal cap had elongated so
that its length was at least twice that of its width. Animal caps were fixed
in 4% paraformaldehyde for one hour and then stored in 1xTBS (100 mM
Tris-HCI, 0.9% NacCl, pH 7.4) and 0.02% sodium azide. Photographs of
animal caps were obtained using a stereomicroscope (Olympus SZX12)
with a fluorescence attachment (Olympus, Japan) and a Spot digital
camera (Diagnostic Instruments Inc., Ml, USA). Allimages were collected
using Spot Advanced software (Diagnostic Instruments Inc., MI, USA).

Immunofluorescence Analysis
Animal caps were blocked in 2% bovine serum albumin (BSA) and
0.3% Triton X-100 in 1xTBS. Animal caps were then incubated in primary
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antibody (1:400) in 1XTBS and 0.3% Triton X-100 for 15 hours at4°C. The
rabbit anti-C-cadherin polyclonal antibody was generated against the
ectodomain of C-cadherin and is a kind gift from Drs. Bill Brieher and Barry
Gumbiner (Brieher, et al., 1996). Following three washes in 1XTBS and
0.3% Triton X-100, animal caps were incubated in a biotinylated goat,
anti-rabbit IgG secondary antibody (1:400; Vector Laboratories) in 1XTBS
and 0.3% Triton-X for one hour at room temperature. Animal caps were
again washed three times in 1xTBS and 0.3% Triton X-100 and incubated
in Streptavidin-Texas red (1:200) (Vector Laboratories) in the same buffer
for one hour at room temperature. Two negative controls were used:
omission of (1) primary antibody and (2) primary and secondary antibod-
ies. Specimens were mounted between two coverslips in fluorescence
mounting media (5% propyl gallate 5% ethanol, 25mM sodium bicarbon-
ate, pH 9.6) and stored in the dark at 4°C. Optical sections were obtained
using a Bio Rad MRC 1204 scanning laser confocal system, with a
Krypton/Argon laser (American Laser Corp., USA) fitted on an Olympus
BX60 Microscope. All images were prepared using Adobe Photoshop.

Levels of cytoplasmic C-cadherin staining were quantified using Image J
(National Institute of Health, USA). Cytoplasmic staining for C-cadherin was
used as an index of C-cadherin internalization. Five confocal optical sections
were obtained for each injection and treatment group, and a 6x6 grid overlaid
on each. Two die were rolled to generate a random grid coordinate and any
blastomere that lay either wholly or partially within this square and whose cell
surface was completely identifiable had its internal border outlined manually.
Fluorescence intensity within this region of interest was measured and
represented as pixels/unit area (arbitrary units). This was repeated ten times
and an average of the fluoresence intensity was calculated for each image.
Inthis analysis, the fluoresence intensity of C-cadherin staining per unit area
of an optical section was taken to represent the level of endocytic activity per
unit-volume of a cell, assuming that the distribution of cytoplasmic C-cadherin
was throughout a cell. This method of analysis was not dependent on cell
shape, since optical sections taken through the centre of two cells with equal
volume and equal amounts of cytoplasmic C-cadherin have the same
fluoresence intensity per unit area even if one cell was squashed, resulting
in a larger cross sectional area. Differences in cell volume did not influence
this quantification technique either, since fluoresence intensity was being
used as a measure of endocytic activity levels, rather than absolute levels
endocytosed C-cadherin.
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