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Axisymmetric Drop Shape Analysis for Estimating the Surface Tension
of Cell Aggregates by Centrifugation
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ABSTRACT Biological tissues behave in certain respects like liquids. Consequently, the surface tension concept can be used
to explain aspects of the in vitro and in vivo behavior of multicellular aggregates. Unfortunately, conventional methods of surface
tension measurement cannot be readily applied to small cell aggregates. This difficulty can be overcome by an experimentally
straightforward method consisting of centrifugation followed by axisymmetric drop shape analysis (ADSA). Since the aggregates
typically show roughness, standard ADSA cannot be applied and we introduce a novel numerical method called ADSA-IP (ADSA
for imperfect profile) for this purpose. To examine the new methodology, embryonic tissues from the gastrula of the frog, Xenopus
laevis, deformed in the centrifuge are used. It is confirmed that surface tension measurements are independent of centrifugal
force and aggregate size. Surface tension is measured for ectodermal cells in four sample batches, and varies between
1.1 and 7.7 mJ/m2. Surface tension is also measured for aggregates of cells expressing cytoplasmically truncated EP/C-
cadherin, and is approximately half as large. In parallel, such aggregates show a reduction in convergent extension-driven
elongation after activin treatment, reflecting diminished intercellular cohesion.
INTRODUCTION

Biological tissues behave in certain respects like liquids. Indi-

vidual cells are free to move relative to each other, and tend to

maximize the cohesive contacts that hold them together. This

behavior allows the definition of a surface tension for an

aggregate of cells. The surface tension is a macroscopic reflec-

tion of the intercellular cohesion, and acts to minimize the

exposed area of the aggregate (1). The concept of tissue

surface tension can be used to explain aspects of the in vitro

and in vivo behavior of multicellular aggregates (2–4). For

example, in the gastrula of the frog Xenopus laevis, the forces

generated by tissue surface tensions are of the same order of

magnitude as other morphogenetic forces. One such other

force is that caused by an active cell rearrangement that drives

a characteristic narrowing and lengthening of the chorda-

mesoderm, termed convergent extension. In this situation,

coating of the chordamesoderm with an epithelial layer

reduces surface tension such that the morphogenetic process

is facilitated. The effects of surface and of interfacial tensions

also contribute to the positioning of tissues in the developing

Xenopus embryo (5). Other applications of the tissue surface

tension concept include the invasiveness of brain tumors,

which can be correlated with the surface tension of tumor

tissue (6,7), and the guidance of self-assembly of pancreatic

islets in vitro by surface tension differentials (8).

Liquid-fluid surface tension can be measured in various

ways by balancing it against a known or applied force.

Unfortunately, conventional methods of surface tension

measurement cannot be readily used for tissue surface
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tension measurement. The small size of cell aggregates,

due to physiological requirements, precludes use of, e.g.,

the Wilhelmy plate method or the spinning drop method.

Recently, a new method has been proposed to measure the

surface tension of cell aggregates (9–11). In this method,

a spherical aggregate is deformed between two parallel plates

and allowed to reach a new equilibrium. The aggregate is

positioned on the bottom plate, which is then raised until

the aggregate is deformed to some extent between the two

plates. The upper plate is suspended from the arm of an

electrobalance. The exerted force can be found by measuring

the change in the weight of the upper plate. After stress relax-

ation of the cell aggregate, equilibrium is reached, and the

aggregate profile is captured by a camera and used to calculate

geometrical information such as the principal radii of curva-

ture of the cell cluster. The force exerted on the parallel plates

is used to calculate the pressure difference between the aggre-

gate and the surrounding liquid. This pressure difference in

conjunction with the Laplace equation of capillarity is used

to determine the surface tension of the cell aggregate, with

precision of ~0.2 mJ/m2 (1 mJ/m2 ¼ 1 mN/m ¼ 1 dyne/cm).

Among the conventional methods of surface tension

measurement, drop shape techniques have proven to be reli-

able and easy to handle (12). In these methods, the unknown

surface tension is measured by balancing it against a known

gravitational force. When the two forces are of comparable

magnitude, surface tension can be determined by fitting the

shape of a drop to the Laplace equation (12). Despite the

high capabilities of drop shape methods, it has been shown

that all drop shape methods fail when surface tension over-

powers gravity and the shape of the drop is close to spherical

(12). The relative strengths of gravity and surface tension are
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measured by the Bond number, Bo¼DrgR2/g. Using typical

values from amphibians for aggregate radius (R ¼ 0.3 mm)

(13), surface tension (g ¼ 1 mJ/m2) (13), and density differ-

ence relative to water (Dr¼ 70 kg/m3) (14), the Bond number

is 0.06. This order-of-magnitude argument shows that normal

gravity would hardly affect the surface tension-induced

spherical shape of the aggregate at equilibrium. A higher

external force is required.

This higher force can be produced by centrifugation.

Centrifugation has been used to qualitatively determine

differences in tissue surface tension (15). However, a quantita-

tive measurement was not attempted due to a density gradient

in the culture medium that was believed to be caused by the

presence of serum (13). More recently (5), embryonic tissues

from X. laevis were deformed in the centrifuge at 100 g. To

obtain a numerical estimate of the surface tension of the cell

aggregates, a set of Laplacian profiles was generated in the

range of surface tension literature values for 100 g. Then,

the theoretical profile best matching the cell aggregate profile

was selected by visual inspection to determine the operative

surface tension (5). In the work reported here, a more accurate

and less subjective method is obtained by redeveloping the

whole approach in the framework of axisymmetric drop shape

analysis (ADSA) (12).

ADSA is a drop shape method that has been used widely

to analyze liquid-fluid interfaces (12). In ADSA, the experi-

mental profile’s coordinates are obtained through an image

analysis process including edge detection and optical correc-

tion modules. The experimental profile and physical proper-

ties such as density difference are the inputs to the numerical

scheme. In the numerical scheme, a series of Laplacian

curves with known surface tension are fitted to the experi-

mental profile. The best fit identifies the true liquid-fluid

interfacial tension. Despite the high accuracy of ADSA, it

was not directly suitable to determine surface tension of

cell aggregates. Since cell aggregates are not perfectly homo-

geneous, they show roughness and irregularities on their

surface. These irregularities necessitate a modification in

edge detection strategy and, more importantly, would likely

lead to local minima in the objective function, preventing

convergence to the correct interfacial tension.

Thus, more robust numerical methods were required. The

new methodology, or ADSA for imperfect profile (ADSA-

IP), employs a suitable technique for edge detection as

well as a new, simpler objective function and robust optimi-

zation procedure. The resulting overall method can accu-

rately measure tissue surface tensions while requiring only

standard laboratory equipment (a centrifuge).

We applied ADSA-IP to study embryos of the frog, Xeno-
pus laevis. During gastrulation, the Xenopus embryo consists

essentially of a single tissue whose different parts are engaged,

however, in different types of morphogenetic movements.

Most of these gastrulation processes involve the rearrange-

ment of cells that adhere reversibly to each other, and the

strength of tissue cohesion is an important factor in their
movement (16). For example, experimental reduction, but

also overstimulation of cell adhesion, have been reported to

interfere with convergent extension movement (17,18).

Experimental changes in cell adhesiveness are usually demon-

strated by assays that involve the breaking up of the tissue into

single cells, for example in dissociation/reaggregation assays

or in cell-substrate binding tests (19). However, tissue surface

tension is a reflection of the cohesive strength between cells in

an aggregate, and its measurement can be used to determine

cohesiveness in intact cell aggregates (e.g., (11,20)).

Despite its relevance for morphogenesis, surface tensions

of gastrula-stage tissues have not been measured extensively.

Respective values have been accurately determined for the

germ layers of another amphibian, Rana pipiens (13), and

for the zebrafish (20). For Xenopus, another major vertebrate

model organism, the magnitude of the surface tension has

only been estimated for the chordamesoderm (5).

In the following sections, we describe ADSA-IP in greater

detail. Then, using Xenopus gastrula tissue, we investigate

the independence of surface tension with respect to centrif-

ugal force and aggregate size, to verify that a surface tension-

like property is being measured. After this, values for the

surface tension of explants from the ectodermal tissue layer

of four batches of Xenopus gastrula are presented. Finally,

surface tension measurements are used to characterize the

experimental reduction in tissue cohesiveness brought about

by an interference with the function of EP/C-cadherin, the

major adhesion molecule in the early Xenopus embryo

(21–23). The effect of reduced cohesiveness is then related

to observations of convergent extension movement.

METHODOLOGY

ADSA-IP consists of three main modules. The first is the

image processing module, which performs edge detection

and computation of the aggregate’s geometrical properties

using a semiautomatic procedure. The second module gener-

ates theoretical shapes of the idealized cell aggregates for

hypothetical surface tensions. The third module is the opti-

mization that finds the best match among the theoretical

profiles and the corresponding surface tension.

Image processing module

In this module, the experimental profile, consisting of a series

of coordinate points, is extracted from the image of a cell

aggregate. The images of cell aggregates were converted

from color images to digital gray level images. The gray

level for every pixel in the image is between 0 and 255,

which represents black and white, respectively. A typical

edge detector called Canny (24), available as a built-in func-

tion in the MATLAB Image Processing Toolbox (The Math-

Works, Natick, MA), was used. Some parameters of the

Canny edge detector, such as thresholds, were manually

adjusted to obtain the desired cell aggregate profiles. Some

geometrical properties (volume and main axes) of the
Biophysical Journal 96(4) 1606–1616
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aggregate were required for the optimization module. The

main axes of the cluster were easily calculated from the coor-

dinates of the points extracted by the edge detector. A sample

cell cluster (ectodermal cells) is shown in Fig. 1 A, as well as

the interface as detected by the Canny operator (Fig. 1 B). In

this figure, Lexp and Wexp represent the two main axes of the

cell cluster. Since the volume cannot be obtained experimen-

tally, it was required to estimate the volumes of cell clusters

from their two-dimensional images. For this purpose, the

samples were assumed to be axisymmetric ellipsoids, i.e.,

spheroids. Given Lexp and Wexp, the volume of a cell mass

can be calculated as

Vexp ¼
4

3
p

�
Lexp

2

�2
Wexp

2
: (1)

Axisymmetric liquid-fluid interfaces (ALFI)

Mathematically, the balance between surface tension and

external forces, such as gravity, is given by the Laplace equa-

tion of capillarity,

g

�
1

R1

þ 1

R2

�
¼ DP; (2)

where g is surface tension, R1 and R2 are the two principal

radii of curvature, and DP is the pressure difference across

the interface. Surface properties can be measured by

analyzing the experimental shape of a liquid-fluid interface

FIGURE 1 (A) Ectodermal cell aggregate after applying centrifugation of

100 � g. (B) Layout of the interface after edge detection.
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and comparing it with the solution of the Laplace equation.

In a gravitational field pointing in the z direction, the Laplace

equation can be rewritten as (25)

df

ds
¼ 2b þ cz� sinf

x
; (3)

c ¼ ðDrÞg
g

; (4)

where f is the angle of inclination of the interface to the hori-

zontal (x direction), s is the arc length along the interface, b is

the curvature at the apex, 1/c is the square of the capillary

length, g is the gravitational acceleration, and Dr is the density

difference between the two bulk phases. Since the cell aggre-

gates do not adhere to the agar surface on which they rest,

a 180� contact angle boundary condition was assumed.

A program called axisymmetric liquid-fluid interfaces

(ALFI) was introduced by del Rio and Neumann (25) for

numerical integration of the Laplace equation to generate

the theoretical profile of a drop. ALFI predicts the shapes

of drops for given surface tension, density difference, grav-

itational acceleration, and profile curvature at the apex.

The volume and the coordinates of the points forming the

theoretical profile are the outputs from ALFI. ALFI was orig-

inally written in C language using Fortran libraries, and now

has been rewritten in MATLAB to take advantage of the

user-friendly interface of MATLAB. For the new version

of ALFI in MATLAB, a multistep differential equation

solver called Adams-Bashforth-Moulton was applied.

Fig. 2 shows ALFI calculations of theoretical aggregate

shapes in normal gravity and at 100 � g, beside images of

actual cell aggregates under these conditions. It is seen that

under normal gravity, as argued in the Introduction, different

hypothetical cell aggregate surface tensions (in the range

usually observed) lead to virtually identical aggregate shapes

(Fig. 2 B), whereas at 100 � g the surface tension strongly

influences the shape (Fig. 2 D). Therefore, at 100� g the exper-

imental shape can be used to accurately infer the operative

surface tension by finding the best matching theoretical profile.

For this, a suitable optimization algorithm was required.

Optimization procedure

In any optimization procedure, an objective function is mini-

mized over a reasonable interval of the appropriate optimiza-

tion parameters. As these profiles have some irregularities,

a simple optimization scheme was developed. The deviation

between the volume and the two main axes of the cell aggre-

gate and those of the Laplacian curves were used as the

elements of the objective function,

E ¼
�

1� Lth

Lexp

�2

þ
�

1� Wth

Wexp

�2

þ
�

1� Vth

Vexp

�2

; (5)

where Lth and Wth are the main axes of the theoretical profile,

and Vth is the theoretical volume.
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FIGURE 2 (A) Ectodermal cell aggre-

gate in normal gravity. (B) Laplacian

profiles for three different surface

tension values in normal gravity for

volume of 0.13 mL. (C) Ectodermal

cell aggregate after applying centrifuga-

tion of 100 � g. (D) Laplacian profiles

for three different surface tension values

in 100 � g centrifugation for volume of

0.13 mL.
The curvature b at the apex of the drop and the constant c
(both in Eq. 3) were considered as the optimization parameters.

To minimize the objective function, E, a method called Nelder-

Mead simplex was used as the optimization method (26).

After every iteration, the optimization parameters are

updated and, consequently, the theoretical profile is changed

and generated again. Therefore, the Laplace equation is inte-

grated after every iteration. The minimum of the objective

function determines the Laplacian curve that best fits the

given experimental profile, from which surface tension can

be readily found.

Fig. 3 shows the entire procedure for ADSA-IP. Compared

to the standard ADSA, ADSA-IP uses a simpler numerical

method for fitting the Laplacian curves to the experimental

profile. In the standard ADSA, the sum of squares of normal

distances between the experimental points extracted from

edge detection and the theoretical profile is minimized to

find the best fit. Applying this method to the aggregate profile

with high irregularities would lead to local minima. There-

fore, to avoid the local minima, a simpler fitting method is
implemented in ADSA-IP, which compares the volume and

the main axes of the theoretical drop with those of the cell

aggregate. This simplification in the optimization process

FIGURE 3 Flowchart of measuring the surface tension for a cell aggregate.

Biophysical Journal 96(4) 1606–1616
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decreases the number of optimization parameters and compu-

tational cost in ADSA-IP compared to the standard ADSA.

Sensitivity of the method

To examine the method, an image of a cell aggregate was

selected and processed (Fig. 4). The surface tension obtained

was 2.6 mJ/m2. To illustrate the sensitivity of the method,

three different values of the surface tension (2.1, 2.6, and

3.1 mJ/m2) were chosen, and the three corresponding Lapla-

cian curves with the same volume as the sample were gener-

ated using the code described for generating Fig. 2, B and D.

These theoretical profiles were superimposed on the image

of the sample. As shown in Fig. 4, errors of 0.5 mJ/m2 in

the surface tension produce clearly inaccurate theoretical

profiles. Fig. 4 suggests that a precision of 0.2 ~ 0.3 mJ/m2

is realistic, which is similar to the accuracy of compression

plate tensiometry (27). The minimum measurable tissue

surface tension is in fact lower than 0.1 mJ/m2 because the

profile becomes more sensitive to the surface tension value

at very low surface tensions (not shown). The precision of

ADSA-IP is limited by the unavoidable irregularity of the

cell aggregate profiles rather than by any feature of the

numerical scheme itself.

EXPERIMENTAL PROCEDURE

X. laevis embryos were obtained by in vitro fertilization. For ectodermal

aggregates, all embryos were injected animally at the four-cell stage, with

either EPDC mRNA or, as a control, b-galactosidase (b-gal) mRNA (28).

For the centrifugation experiments, 500 pg per blastomere of mRNA was

injected. Ectodermal explants were excised from stage 10 embryos. The outer

epithelial layer was peeled from an area 750 mm in diameter around the animal

pole region, and the inner layer of cells was isolated (1000–2500 cells). For

large explants, four inner layers (diameter of 1000 mm, each with thickness

50–100 mm) were piled up to allow fusion into a single aggregate. Chorda-

mesoderm cell aggregates were prepared uniformly from noninjected embryos

as described before (29). The aggregates were allowed to round up for 2–3 h in

Steinberg’s Solution (SS (30)), and processed for centrifugation at room

temperature. The lack of serum in the culture medium meant that density gradi-

ents that were problematic in similar earlier work (15) were avoided.

Before loading cell aggregates, the bottoms of the centrifuge tubes were

filled with 5% liquid agarose, which solidified during a preliminary centri-

fugation run and generated a support surface for the aggregates that was

=3.1
=2.6 =2.1

FIGURE 4 Different Laplacian curves with different surface tensions

(2.1, 2.6, and 3.1 mJ/m2) superimposed on a sample cell aggregate. The

value of surface tension obtained from the numerical method was 2.6 mJ/m2.
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perpendicular to the centrifugation force. Immediately after centrifugation,

explants were fixed with 4% paraformaldehyde, fractured, and photographed

to document the explant profile.

To determine explant density, SS was layered on top of a mixture of

SS and Ficoll in centrifugation tubes. Explant fragments were placed in

the top phase, and centrifuged at 100 � g for 3 min. Cell aggregates were

sinking to the bottom at Ficoll concentrations below 19%, and floating at

the interface at concentrations above, indicating that the density of explants

corresponded to that of a solution of 19% Ficoll in SS. Weighing a defined

volume of that solution gave a density of 1.069 g/ml.

For the elongation assay, ectoderm explants of 600-mm diameter,

50–100-mm thickness were isolated from stage 9 embryos, treated with

5 ng/ml (in SS supplemented with 0.1% BSA) of recombinant human activin

A (RD338-AC; Cedarlane Laboratories, Burlington, Canada) for 1 h and

cultured in SS until control embryos reached stage 18. Seven to ten explants

were prepared for each condition. Length and width of explants were

measured after fixation with 4% paraformaldehyde.

RESULTS AND DISCUSSION

Verification of surface tension measurement

Since ADSA-IP is applicable to only equilibrium configura-

tions, it was necessary to find the time required for cell

aggregates to reach equilibrium shapes in the centrifuge. To

determine this time, ADSA-IP results for ectodermal cell

aggregates from a single batch were calculated after different

centrifugation times at 100 � g. Fig. 5 shows sample ecto-

dermal cell aggregates at different times. After 1 h of centrifu-

gation the average value (of four samples) and standard error

from ADSA-IP was 2.7 5 0.7 mJ/m2, whereas after 2 h it was

2.6 5 0.5 mJ/m2. Thus, within our precision, equilibrium was

reached after 1 h of centrifugation, and the results just quoted

did represent tissue surface tensions.

Equilibrium was reached more quickly, both in the centri-

fuge and for rounding up in normal gravity, than for chick

embryo tissues observed by previous researchers (15). This

implied a lower viscosity of X. laevis aggregates (31). A

lower centrifugal force was also required for deformation

of the aggregates compared to previous researchers (2000–

12,000 � g (15)); this was due to the lower surface tension

of X. laevis tissue (see the discussion of the Bond number

in the Introduction).

In the experimental procedure, the cell aggregates were

fixed after stopping the centrifuge and then their images

were taken. Approximately 2–3 min elapsed between the

last moment the aggregates were subjected to 100 � g and

the fixation. During this time, the aggregates would have

begun to round up into their near-spherical equilibrium shape

under normal gravity. However, no visible changes in aggre-

gate shape were observed. Considering the much longer time

(2–3 h) required for newly explanted aggregates to round up,

the delay before fixation was expected to have only a minor

effect on the surface tension results.

Since the value of surface tension should be independent of

both the magnitude of centrifugal force and the sample size,

ADSA-IP was examined by measuring the surface tensions

of cell aggregates at different centrifugal forces and of
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FIGURE 5 Ectodermal cell aggre-

gates after different durations of centri-

fugation at 100 � g.
different sizes. In these experiments, chordamesodermal

aggregates were used, and the surface tension was measured

after 2 h at three different centrifugal forces, 30 � g, 50 � g,

and 100� g (Fig. 6). The experimental images show that the

30� g force was sufficient to deform the aggregates and allow

surface tension measurement. As seen in Fig. 6, whereas the

flattening of the aggregates varied with the centrifugal force,

the average values of surface tension were similar. The prob-

ability that tissue surface tension varied with centrifugal force

was 0.40, as calculated using the F-test. In fact, results were

more uniform with chordamesodermal aggregates than with

ectodermal aggregates (see below) because the chordameso-

dermal aggregates each contained a mixture of cells from

a few embryos (5). In this case, the surface tension of the

mixed aggregate should correspond to the lowest surface

tension among the original embryos.

Different sizes of ectodermal cell aggregates used to test

ADSA-IP are shown in Fig. 7. Results from three batches

centrifuged at 100 � g are shown in Table 1. (Detailed

results for the small aggregates are given in Table 2 and

will be discussed below.) It can be seen that for two batches

(batches 2 and 3), the difference between the average surface
tensions of small and large aggregates is minor, relative to

the difference in their volumes. Batch 1 is an exception;

however, for the large explants, tissue damage due to

hypoxia cannot be excluded.

Surface tension of X. laevis aggregates

Surface tensions determined by ADSA-IP for ectodermal cell

aggregates from four different batches of embryos are shown

in Table 2. Values were generally higher than those reported

for ectodermal tissue from another frog (Rana pipiens) (13)

and from zebrafish (20), indicating greater tissue cohesive-

ness in X. laevis at a similar stage of development.

As seen in Table 2, surface tension was highly variable

within each batch. Comparing the average values of surface

tension for different batches revealed that there was an addi-

tional batch-to-batch variability. According to an analysis of

variances test, the probability that the observed differences in

the average values of surface tension of different batches was

due to chance alone was <0.001.

Mechanical parameters of embryonic tissues show

a surprisingly large embryo-to-embryo variability. Although
Biophysical Journal 96(4) 1606–1616
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FIGURE 6 Chordamesoderm cell aggre-

gates at three different centrifugation forces

after 2 h.
part of this variation may be due to experimental error, a care-

ful analysis of tissue stiffness in sea urchin embryos indi-

cated that there is also a high level of real biological

variability in parameter magnitude (32). Such variability is

also obvious from our numerical results with Xenopus
embryonic tissue. A similar variation of surface tension

was observed by others for embryonic tissue from both

R. pipiens and zebrafish. Surface tension values for ecto-

dermal tissue ranged from 0.25 to 1.59 mJ/m2 in a set of

11 embryos of R. pipiens (13), and for zebrafish, the surface

tension of mesendodermal tissue ranged from 0.1 to 1.2 mJ/

m2 in a set of 35 embryos (20).

In all cases, it is not clear what part of the variability is due

to measurement errors. However, a striking variation in

tissue cohesiveness is immediately experienced when cell

aggregates are removed microsurgically from Xenopus
embryos. The additional variability of surface tension

measurements observed between different batches of

Biophysical Journal 96(4) 1606–1616
embryos, i.e., between groups derived from different parents,

suggests that a genetic or a maternal component is involved.

However, other sources of variation may contribute, for

example, a continuous developmental change of adhesive-

ness which was not controlled for in these experiments.

Tissue cohesion and convergent extension
movement

The strong variation in surface tension values described

above indicates a corresponding variability in tissue cohe-

sion. To understand how cohesiveness may limit normal

gastrulation movements, we experimentally manipulated

cell adhesion by interfering with cadherin function. Dimin-

ishing cadherin expression and hence tissue cohesion by

injection of antisense morpholino oligonucleotides has

been shown to reduce surface tension in the zebrafish

gastrula tissue (20). We used ADSA-IP to confirm that
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expression of cytoplasmically truncated cadherin can also

lower cell adhesiveness, by interfering with the function of

endogenous cadherin, and can be used to study the role of

cohesiveness in convergent extension.

EP/C-cadherin (also C-cadherin, or EP-cadherin) is the

main cadherin in the early Xenopus embryo (21–23). As

a classic vertebrate cadherin, it possesses five extracellular

domains that mediate homophilic adhesive interaction with

other cadherins; as well, a transmembrane domain; and

a conserved cytoplasmic tail that promotes an interaction

with the actin cytoskeleton (33). In a not yet fully understood

fashion, this cytoskeletal link is essential for strong cell adhe-

sion. Cadherins whose cytoplasmic domain has been deleted

mediate only weak cell binding to cadherin-coated surfaces

in vitro (19). Moreover, when overexpressed, such truncated

cadherins can interfere with the function of endogenous

wild-type cadherin. For example, cytoplasmically truncated

EP/C-cadherin leads to the loss of tissue cohesion and an

inhibition of gastrulation movements when high doses of

TABLE 1 Results of ADSA-IP for two different sizes of

ectodermal cell aggregates at 100 � g centrifugation

Batch

No.

Aggregate

size

Sample

No.

Surface tension

(mJ/m2)

Average

(mJ/m2)

Standard

error p

1 Small — — 1.9 0.2 0.9998

Large a 3.6 3.8 0.3

b 3.4

c 3.7

d 4.6

2 Small — — 3.1 0.6 0.67

Large a 4.4 3.8 0.2

b 3.2

c 3.8

d 3.8

3 Small — — 5.5 0.7 0.10

Large a 5.3 5.6 0.4

b 6.0

The individual results for the small aggregates can be found in Table 2. The

last column shows the probability that the true means of the small and large

aggregate surface tensions are different, calculated from the Student’s t-test.

FIGURE 7 Ectodermal cell aggregates (batch 1, samples a) of two

different sizes after 100 � g centrifugation.
the respective mRNA are injected into the cells at early

cleavage stages of the Xenopus embryo (17).

It is not clearly understood how cytoplasmically deleted

cadherin can interfere with the function of endogenous cad-

herin to lower adhesiveness. We asked whether lower, non-

dissociating doses of cytoplasmically deleted EP/C-cadherin

(EPDC) have, in fact, a measurable effect on tissue cohesion.

Consistent with published data concerning high doses of

EPDC mRNA (17), it was found that animal injection at

the four-cell stage of 1 ng of EPDC mRNA per blastomere

led to mild tissue disintegration in some of the embryos.

Moreover, explants of gastrula-stage ectodermal tissue did

not round up, or at least not rapidly enough to be used in

centrifugation experiments (not shown). At half this dose

of mRNA, however, explants readily formed spherical

aggregates, which were then used to determine the respective

surface tensions (Table 3 and Fig. 8).

In general, injection of EPDC mRNA at 0.5 ng/blastomere

reduced surface tension to approximately one-half the

control value. Whereas control values range from 1.1 to

7.7 mJ/m2 (Table 2), they vary between 0.7 and 5.0 mJ/m2

in explants from EPDC-injected embryos (Table 3). Thus,

both the lowest and the highest surface tension values were

similarly reduced by EPDC expression. Moreover, batch 3

shows the highest surface tension values in controls, but

also in the EPDC-injected explants, arguing against the

possibility that EPDC expression reduces surface tension to

a common basal level in all explants. Together with the

strong variation of values in both control and EPDC cell

aggregates, this leads to a pronounced overlap between the

two distributions (Fig. 8).

TABLE 2 Results of ADSA-IP for ectodermal cell aggregates

centrifuged at 100 � g

Batch No. Sample No.

Surface

tension (mJ/m2) Average (mJ/m2)

Standard

error

1 a 2.0 1.9 0.2

b 1.9

c 2.0

d 2.4

e 1.8

f 1.1

2 a 4.4 3.1 0.6

b 3.9

c 2.3

d 1.7

3 a 7.6 5.5 0.7

b 7.7

c 3.7

d 4.4

e 5.4

f 4.0

4 a 1.9 2.7 0.7

b 1.3

c 3.3

d 4.5

These aggregates are referred to as ‘‘small’’ in Table 1 and as ‘‘b-gal’’ in

Table 3.
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The fact that similar surface tension values are found in

a large number of both the control and the adhesion-inhibited

cell aggregates raises the question of how cohesiveness (as

observably manifested by surface tension) could be related

to explant performance during morphogenetic movements.

These results confirm that high doses of cytoplasmically

deleted EP/C-cadherin interfere with normal development.

Thus, at the late neurula stage, fusion of the neural folds is

visible as a dark, pigmented streak in controls (Fig. 9 A),

but not in the embryos that had been injected with EPDC

mRNA (Fig. 9 B). Moreover, such high doses inhibit the

elongation of ectodermal explants that had been induced to

mesoderm by treatment with the growth factor activin

(Fig. 9, C and D), as previously shown (17). This experi-

mental system is a commonly used, well-studied model

for the gastrulation process of convergent extension (34).

Inhibition of elongation in such induced ectodermal explants

indicates a requirement for cadherin-dependent cell-cell

adhesion during convergent extension.

Interestingly, although cadherin inhibition reduces explant

lengthening in general, significant variability is seen in the

degree of elongation of both controls and EPDC expressing

explants (Fig. 9, C and D). To quantitate elongation, we deter-

mined the length/width ratio of explants from three batches of

embryos that had each been injected with different doses of

TABLE 3 Results of ADSA-IP for ectodermal cell aggregates

injected with b-gal (control) or EPDC, and centrifuged at 100� g

for 1 h

Batch

No.

Aggregate

type

Sample

No.

Surface

tension (mJ/m2)

Average

(mJ/m2)

Standard

error p

1 b-gal — — 1.9 0.2 0.01

EPDC a 1.7 1.2 0.1

b 1.4

c 0.9

d 0.9

e 1.2

f 1.0

2 b-gal — — 3.1 0.6 0.02

EPDC a 1.9 1.3 0.2

b 1.4

c 0.7

d 0.7

e 2.0

f 1.2

3 b-gal — — 5.5 0.7 0.04

EPDC a 1.9 3.1 0.6

b 2.0

c 2.9

d 3.9

e 5.0

4 b-gal — — 2.7 0.7 0.13

EPDC a 0.7 1.3 0.4

b 0.7

c 1.5

d 2.3

The individual results for the control aggregates can be found in Table 2. The

last column shows the probability that the true means of the control and

EPDC surface tensions are equal, calculated from the Student’s t-test.
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EPDC mRNA (Fig. 9 E). In two of these batches, elongation

of control-injected explants was moderate, and increasing

doses of EPDC mRNA increasingly diminished explant

lengthening—including the 0.5 ng/blastomere dose, at which

we had measured a twofold reduction in surface tension (see

the previous section). In the batch that showed strongest elon-

gation in controls, only the highest dose inhibited elongation,

and the 0.5 ng/blastomere dose had no effect.

Altogether, it appears that convergent extension varies

similarly to tissue surface tension, and hence tissue cohesion.

At a high dose of EPDC mRNA (1 ng/blastomere), visible

signs of tissue dissociation and lack of explant rounding

suggest such a strong reduction of cell adhesion that inhibition

of convergent extension is indeed not unexpected. However,

when surface tension is reduced even to 0.7–1.0 mJ/m2 by

injection of 0.5 ng of EPDC mRNA per blastomere, explants

still possess sufficient cohesiveness to become spherical, but

13 out of a total of 27 explants tested showed no signs of elon-

gation upon activin induction. Since activin treatment does

not reduce cohesiveness of the elongating chordamesodermal

tissue, in contrast to more anterior mesoderm, as determined

from surface tension measurement ((5), Fig. 6, and H.

Ninomiya and A. Kalantarian, unpublished results), this

suggests a nontrivial requirement for a minimum cohesive-

ness for the active cell intercalation movement that drives

convergent extension. The data are furthermore consistent

FIGURE 8 Distribution of surface tension in injected ectodermal

explants.
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FIGURE 9 Biological effects of

EPDC expression in Xenopus. (A)

Control b-gal mRNA injected neurulae

embryos. (B) Disintegrated embryos

after EPDC mRNA injection. (C) Ecto-

dermal explants from control embryos

elongate extensively after activin treat-

ment. (D) The elongation is compro-

mised by EPDC expression. (E) A

diagram of the explant elongation shows

that the repression profile of EPDC

varies between batches of embryos (dia-

mond, 1; square, 2; triangle, 3). Bars,

500 mm.
with the degree of elongation depending on the magnitude of

cohesiveness as determined by surface tension.

The results suggest that natural variation in tissue cohesive-

ness could be a major factor contributing to variation in

morphogenetic processes. However, it must be noted that

several other sources may contribute to the variation in

explant elongation in these experiments. For example, elonga-

tion should be sensitive to the amount of inductive signal
received (29). In the embryo, convergent extension movement

seems to be more robust than it is in activin-induced explants,

which stresses this latter concern. However, variation of elon-

gation is also observed in explants of the blastopore lip, where

endogenous convergent extension is monitored. A likely

interpretation of these observations could be that under artifi-

cial in vitro conditions, an intrinsic variation in elongation

strength becomes more apparent.
Biophysical Journal 96(4) 1606–1616
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