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Epithelia are planar tissues that undergo major morphogenetic
movements during development. These movements must work in
the context of the mechanical properties of epithelia. Surprisingly
little is known about these mechanical properties at the time and
length scales of morphogenetic processes. We show that at a time
scale of hours, Xenopus gastrula ectodermal epithelium mimics an
elastic solid when stretched isometrically; strikingly, its area in-
creases twofold in the embryo by such pseudoelastic expansion.
At the same time, the basal side of the epithelium behaves like
a liquid and exhibits tissue surface tension that minimizes its ex-
posed area. We measure epithelial stiffness (∼1 mN/m), surface
tension (∼0.6 mJ/m2), and epithelium–mesenchyme interfacial ten-
sions and relate these to the folding of isolated epithelia and to the
extent of epithelial spreading on various tissues. We propose that
pseudoelasticity and tissue surface tension are main determinants
of epithelial behavior at the scale of morphogenetic processes.

Epithelia are a fundamental tissue type. They drive morpho-
genesis during embryonic development and in regenerative

processes such as wound healing. Epithelial cells possess distinct
apical and basolateral membrane domains and are linked by lat-
eral contacts to form 2D sheets with apical and basal surfaces. The
sheets can actively bend, change in thickness, or deform by in-
plane cell rearrangement (1, 2). Whereas these morphogenetic
movements are mostly driven by specific cell behaviors, epithelia
also have general mechanical properties that determine the con-
text in which the specific cellular processes must work (e.g., ref. 3).
Viscoelastic mechanical properties of epithelia have been ex-

amined at short length and time scales, i.e., in response to small
deformations that last up to seconds (e.g., refs. 4–8). However,
morphogenetic processes typically encompass hundreds to thou-
sands of cells, involve large deformations, and take minutes to
hours, yet only a few attempts have been made to analyze the
large-scale mechanical properties of epithelia (e.g., refs. 9 and
10). We use the ectodermal epithelial layer of the Xenopus gas-
trula to characterize such properties. We observe and analyze the
long-term behavior of isolated epithelial patches, which fold in on
themselves, and of epithelial patches placed on mesenchymal
tissue substrates, on which they either spread or retract. We show
from such experiments that at a time scale of hours, the Xenopus
epithelium exhibits pseudoelasticity; i.e., it mimics elasticity, giv-
ing the epithelium a solid-like character. This result is unexpected,
because most tissues show elasticity at short time scales, whereas
in the long term, viscous flow dominates (11). Moreover, we show
that in parallel to its solid property, the epithelium does exhibit
aspects of liquid-like behavior, in the form of tissue surface ten-
sion on its basal surface. The concept of surface tension has
previously been used to describe the liquid-like properties of
mesenchymal aggregates (12–16). We demonstrate that it can
similarly be applied to explain epithelial behavior. Altogether, we
argue that the interplay of pseudoelasticity and tissue surface
tension is a main aspect of epithelial tissue mechanics.

Results
Ectodermal Epithelial Layer of the Early Embryo. In the Xenopus
gastrula, the single-layered ectodermal epithelium is attached to
the inner ectoderm (Fig. 1 A and E). Both layers spread in the
process of epiboly to cover the embryo by the end of gastrulation.
Epithelial cells divide, but because tissue volume increase is

negligible during gastrulation, the epithelium becomes propor-
tionally thinner as it spreads (17, 18). An isolated epithelial patch
(Fig. 1A′′) exhibits two surfaces. Apically, cells are tightly linked
to form a cobblestone pattern (Fig. 1A′). Basally, the same cells
are dynamically connected, with protrusions extending across
gaps (Fig. 1A′′′). We expect that here, cells are free to increase
their mutual contacts at the expense of exposed surface, endowing
the basal side with the liquid-like behavior known from mesen-
chymal tissue, i.e., with tissue surface tension that minimizes its
area; apically, where cells are stably linked, this process should not
take place (Fig. 1K).

Folding and Wrinkling of Isolated Epithelial Patches. We first ob-
served the equilibrium shapes that are assumed by isolated epi-
thelial patches. Such patches do not form flat or gently curved
sheets, as intuitively expected. Instead, they spontaneously fold
and wrinkle into shapes that minimize exposed basolateral surface.
Sufficiently small patches fold into spherules (Fig. 1 B, C, and L).
In spherules, cells are wedge shaped (Fig. 1 C, F, andG). They are
outlined by an actin-rich cortex (Fig. 1 E and F), and as expected
(19, 20) all basolateral, but not the apical, membranes express C-
cadherin (Fig. 1G). The volume of these nongrowing cells is re-
duced from 10,700± 2,300 μm3 (n= 13) at explantation to 4,700±
1,700 μm3 (n = 7) 3 h later, indicating one round of division.
Surprisingly, central cells that lack contact to the apical surface are
present (Fig. 1C), and bottle-shaped cells (Fig. 1C) did suggest
ingression of cells. However, the small apices of bottle cells are
stable, and no case of ingression was observed when 6 explants
were recorded over 3 h each (81 cells initially; eventually, through
divisions, 148 cells). Instead, dividing cells occasionally give off
daughters to the interior (Fig. S1 A–F). These divisions are
asymmetrical, generating surface cells with an apical domain and
interior daughter cells with basolateral membranes only (Fig. 1 E–
G and Fig. S1E,G, andH), as indicated by the apicalmarker aPKC
(21) and basolateral markers C-cadherin (19, 20) and integrinβ1
(22). Asymmetrical divisions may be induced by radial cell elon-
gation in spherules (see below); such divisions also occur at earlier
stages in the embryo when cells are likewise more columnar (18).
Epithelial folding and wrinkling exhibit characteristic regular-

ities. Geometrical consideration shows that to bury all exposed
basolateral surface inside a spherule with radius rs and surface As,
the initial apical surface area Ad must stretch by As/Ad = 3h/rs,
with h being the initial height of the epithelial patch (SI Text,
Section 1). However, below a certain rs, surface tension may be
unable to promote full covering; it would then stretch the apical
domain to incompletely cover the spherule until it is balanced by
restoring forces. Apical expansion on folding epithelial patches is
indeed seen in time-lapse recordings (Fig. 1B). An instance of
incomplete covering of spherules by the apical domain is shown in
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Fig. 1B; incomplete covering is generally observed below a critical
spherule radius of rs = 37 μm (Fig. 1J).
For covered spherules (rs > 37 μm), as rs increases further, the

required expansion of the apical surface diminishes, until it van-
ishes at rs = 3h. From geometry alone, above rs = 3h one would
expect the excess available apical surface to result in wrinkled
(nonspherical) shapes. However, well below this size, which at an
epithelial height of 37 μm(see below) would correspond to rs = 111
μm, explants become wrinkled. Starting at rs = 66 μm, they become
subdivided by crevices into connected partial spheres (Fig. 1H and
J). In another experiment, the transition was seen at rs = 65 μm.
With further size increase, cylindrical folds develop (Fig. 1I), with
fold radii varying around an average of 45 μm (Fig. 1J). In cross-
section, these folds appear similar to sectioned spheres (Fig. 1D).
The observed wrinkling of spherules at radii below rs = 3h

can be understood by considering the extremely elongated cell
shapes that would otherwise be necessary in such explants (Fig.
1L). We propose that such cell shapes are absent due to an elastic
energy. Thus, with increasing spherule size, apical elastic expan-
sion diminishes, but cells become more and more stretched radi-
ally. At some point, total strain energymay be reduced if spherules
wrinkle into smaller connected spherules of the same total vol-
ume. An approximate analysis (SI Text, Section 1; Fig. S5) sug-
gested that wrinkling indeed becomes energetically favorable at
rs ∼ 69 μm, close to the observed 66 μm. A similar calculation
for cylindrical wrinkles gave a minimum in strain energy at a cyl-

inder radius of 53 μm, reasonably close to our measured average
of 45 μm.
Thus, two characteristic radii are observed during epithelial

folding, which mark the transitions to complete apical covering
and to wrinkling; a related one characterizes the dimension of
cylindrical wrinkles in larger explants. Wrinkles are stable for
hours, showing no tendency to minimize apical surface area. This
observation suggests that effective surface tension is restricted
to the basal side, consistent with epithelial structure (Fig. 1K).
Moreover, it implies that elasticity of the tissue resists its de-
formation at the time scale of hours. Together, these observations
suggest that spontaneous epithelial folding and the resulting
equilibrium shapes of isolated epithelia can be understood as
arising from the combination of basal side tissue surface tension
and elasticity.

Pseudoelastic Deformation of Epithelial Explants. The unexpected
implication that tissue elasticity cannot be neglected even during
very prolonged deformations was confirmed by further experi-
ments. Elasticity is indicated by the reversibility of apical expansion
in epithelial spherules.When spherules cultured for 3 h are treated
with the Ca2+ chelator EDTA to disrupt adhesion of basolateral
membranes, folding is reversed, and apical cell surfaces shrink
within minutes (Fig. 2A).
In other experiments, we compressed spherules (Table 1 andFig.

2B) under a coverslip to induce a 1.5- to 2.1-fold increase in surface
area (Fig. 2C). When released after 3–4 h, explants immediately

Fig. 1. Folding of epithelial patches. (A) SEM picture of
ectoderm with epithelial (e) and inner ectoderm (ie) layer;
ap, apical surface. (A′–A′′′) Epithelial patch immediately
after isolation. (A′) apical surface; (A′′) lateral view; (A′′′)
basal surface with loosely connected cells and protrusions
(arrowheads). (B) The apical surface (pigmented) of two
cells (outlined in yellow; 1a, 2a) expands during rounding
up. Cells were followed frame by frame. Boundaries be-
tween basal parts of same cells (1b, 2b) are barely dis-
cernible. (C) Fractured epithelial spherule, with wedge-
shaped cells (white arrow), bottle cell (red arrow), and
central cells (yellow arrow). (D) Fractured cylindrical
wrinkle, arrows as in C. (E) Sectioned ectoderm double
stained with antibody against aPKC (red) and actin
(green). (F) Epithelial spherule stained as in E. (G) Spherule
stained with C-cadherin antibody. (H) Explants above 66
μm radius wrinkle into connected spheres. (I) Even larger
explants wrinkled into bent cylinders. (J) Explant structure
and explant size. To determine critical sizes, patches were
cultured for 4 h and scored for being completely or in-
completely covered or wrinkled. Transition between in-
completely (n = 32) and fully covered (n = 33) at a radius
of 37 μm is shown. Onset of wrinkling, n = 14; radii of
cylinders, n = 57. Horizontal lines are at multiples of epi-
thelial height. (K) Cells of a folding sheet, with apical
(brown) and lateral and basal (white) surfaces, subapical
junctional complex (red), and actin cortex (green). Arrows
and magenta/blue dots indicate movement of basal
surface, and double arrows show apical expansion. (L)
Patch size and spherule size. The apical side of the single-
layered patch is shaded. Extreme cell elongation (at r =
3h) is avoided by wrinkling.
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rounded up (Fig. 2D), again suggesting elastic behavior. The time
constant for the recoil (Fig. 2E)wasof order 5min (Table 1), similar
to time constants for contractionof gastrula epitheliumsubjected to
nonspecific stimuli (23). If true elastic deformation were involved,
a spring-like stretching of some structural component of the cell
would have to bemaintained over hours and through cell divisions.
To probe this, we attempted to temporarily disrupt tension by
treating explants with cytochalasin D, an inhibitor of the actin cy-
toskeleton. After being compressed for 1 h in the presence of in-
hibitor, explants retracted briefly during lifting of the coverslip, as

they tended to stick to it, but then remained flattened (Fig. 2F and
Fig. S3). However, when the inhibitor was washed out after 1 h and
explants were kept compressed for an additional 2 h, they recoiled
like untreated explants when finally released (Fig.2F and Fig. S3).
Thus, “elastic” stress need not be maintained uninterruptedly, but
can be restored after inhibition. Apparently, explants imitate solid
behavior, showing pseudoelasticity (24).

Pseudoelastic Deformation in Epiboly. To see whether pseudoelastic
deformation also plays a role in vivo, we observed the ectodermal
epithelium during epiboly, when its area increases twofold and its
thickness decreases correspondingly (18, 25). We confirmed that
epithelial height decreases by half between the late blastula and
the end of gastrulation (Fig. 2K). When the epithelium is locally
detached, it immediately curls outward (Fig. 2G). Within <1 min,
bending is reverted (Fig. 2H), but not when basolateral cell ad-
hesion is prevented by EDTA treatment (Fig. 2I). Apparently,
tensile elastic stress is concentrated apically, but is counteracted
by basal surface tension (Fig. 1K), which eventually would fold up
the patch. When epithelium is detached at different stages of
gastrulation and fixed when straightened (Fig. 2H), i.e., when cells
are not wedge shaped but columnar as in the embryo, epithelial
height is always the same regardless of howmuch it was decreased
by epiboly at the time of detachment (Fig. 2K), indicating re-
traction of the epithelium. The average height of the straight
epithelium, 37 μm, corresponds to that of late blastula embryos.
At that stage, the epithelium does not increase in height upon
detachment (Fig. 2K). This result suggests that the 1.8-fold ex-
pansion in epithelial area (corresponding to a decrease in height
from 37 to 20 μm) over 7 h between late blastula and late gastrula
stages (18, 25) is due to pseudoelastic stretching; if tension is re-
leased, the epithelium retracts and always returns to the same
preset target height. After gastrulation, retraction is minimal
again (Fig. 2K). Apparently, the epithelium has now adopted
a new target height.
These observations were made as the detached epithelium

passed through a straight configuration while being gradually
folded up by its basal side surface tension. In the embryo, folding
is prevented as the epithelium is attached to the underlying inner
ectoderm. In explants, epithelia can be kept straight by creating
a double layer, i.e., by joining two epithelial patches on their basal
sides (Fig. 2J). After 1 h under this condition, epithelial thickness
is seen to have increased to the same target height (∼37 μm) as
after local detachment and straightening (Fig. 2K). As thickening
after explantation already occurs within 1 min, epithelial shape
must be stable in these double layers. The result also implies,
again, that the effective apical side surface tension is close to zero.
Indeed, when an epithelial patch is kept in Ca2+/Mg2+-free me-
dium to prevent rounding up, the apical surfaces of cells do not
shrink (Fig. S4), confirming that the apical surface tension is
negligible. To summarize our results thus far, the epithelium
reacts pseudoelastically when stretched in vitro and in vivo and
exhibits tissue surface tension on the basal, but not the apical side.

Epithelial Spreading: Analysis. Epithelial layers are often attached
on their basal side to another tissue, as in the case of the gastrula

Fig. 2. Elasticity of epithelium. (A) Spherical epithelial explant treated with
EDTA after 3 h. Apical (pigmented) cell surface (yellow outline) shrinks. (B–E)
Flattening of spherules by compression. Spherules (3 h after explantation)
before (B) and 30 min after compression (D) are shown. (C) Flattened explant
120 min after start of compression. (E) Recoil after compression; τ, time
constant. (F) Recoil for flattened explants treated with cytochalasin D and
explants treated with cytochalasin D followed by washing with MBS for 1 h.
(G–I) Recoil of epithelial patch in situ. Fixed and fractured embryos, ecto-
dermal region, are shown. The epithelium (e) was cut at three sides and
peeled off the inner ectoderm (ie). The patch, attached at the fourth side
(arrow), curls back, shortening its apical side (ap) (G), and then straightens
within <1 min (H). No straightening occurs in EDTA buffer even after 5 min
(I). Patches were oriented randomly; no indication of in-plane anisotropy
was noted. (J) Two stage 10+ epithelial patches attached with their basal
sides (arrowheads) form a double layer: fixed and fractured 1 h after ex-
plantation. (K) Height of epithelium at different stages in intact embryo
(dark gray bars) and after straightening of patch, as in H, or in double layer
(DL), as in J (light gray bars). Error bars, SDs; significant differences at same
stage and between stages are marked with brackets. Numbers inside bars
indicate numbers of measurements and embryos.

Table 1. Flattening and rerounding of epithelial spheres

Patch
Initial

radius, μm
Flattened

surface area/A0

Final surface
area/A0

Time constant,
min

a 78 1.64 1.06 6
b 79 1.68 1.24 6
c 111 2.13 1.03 12
d 112 1.96 1.09 3
e 74 1.47 0.90 5
f 85 1.55 0.75 2
Average ± SD 1.01 ± 0.17 5.7 ± 3.5

A0, initial surface area; time constant measured for rerounding. The
final surface area of an explant divided by the initial one gives values close
to unity.
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ectoderm studied here, or in stratified epithelia. To quantita-
tively understand the spreading of an epithelium on a mesen-
chymal tissue, we apply the concept of tissue surface tension to
the pseudoelastic epithelium.
The adhesive interaction of two mesenchymal aggregates can

be modeled as that between two liquid drops (26). Epithelia
exhibit liquid-like surface minimization on only the basal side,
requiring an adjustment to the theory (SI Text, Section 2). We
find that, for an epithelium placed on any mesenchyme (Fig. 3A),
spreading should ensue if γem < γm, where γm is the surface
tension of the mesenchyme and γem the interfacial tension be-
tween epithelium and mesenchyme. The extent of spreading
(Fig. 3B) depends on the stiffness of the epithelium: In equi-
librium, surface tension is balanced by elasticity. The change in
epithelial thickness, as a measure of spreading, is (27)

−
Δh
h

¼ γm − γem
k

; [1]

where k is an epithelial stiffness, h is its initial height (thickness),
and Δh is the change in height (negative for spreading) (SI Text,
Section 2).
From the above equation, to predict spreading, knowledge of

γem is required. Because interfacial tensions are notoriously
difficult to measure, they are usually estimated from the easier-
to-measure surface tensions of the individual tissues (SI Text,
Section 2). Two commonly used assumptions are

γem ¼ jγe − γmj [2]

and

γem ¼ γe þ γm–2ðγeγmÞ1=2; [3]

where γe is the basolateral surface tension of the epithelium. The
condition for spreading (γem < γm) then becomes either γe < 2γm
(from Eq. 2) or γe < 4γm (from Eq. 3) (Fig. 3B). Importantly, by
taking advantage of the spring-like property of epithelial patches,
relationship Eq. 1 can be used to directly measure interfacial
tensions γem (see below).

Epithelial Spreading: Observations. We tested the above model by
observing epithelial patches attached to mesenchymal tissues.
When a patch spreads on a large explant of inner ectoderm (Fig.
S5A), expansion as a function of time fits a dying exponential
(Fig. S5 B and D), consistent with viscoelastic behavior. When
adhesion to the inner ectoderm is released by addition of EDTA,
patches rapidly shrink back to their original sizes (Fig. S5A and
Table S1), also indicating an elastic restoring force.
To examine spreading on tissues of different surface tensions,

we measured γm for several gastrula tissues using axisymmetric
drop shape analysis (Fig. 3I, Table 2, Fig. S6, and SI Text, Section
3). This method determines surface tension by analyzing the
flattened equilibrium shape of a cell aggregate under normal
gravity. To estimate γe, we first measured the interfacial tension
γem in epithelium-coated inner ectoderm aggregates using the
same method (Fig. 3 J and K and SI Text, Section 3). In short,
aggregates flattened until an equilibrium was reached (Fig. 3K).
Assuming that further flattening was prevented by interfacial
tension (enough epithelium was used that it coated the aggre-
gates without stretching), Laplacian profiles were fitted to the
boundaries between inner cells and epithelium (39) (Fig. 3J).
The measured average γem was 0.016 ± 0.005 mJ/m2 (n= 8), very
small compared with the average γm = 0.57 ± 0.26 mJ/m2 for
uncoated inner ectoderm (Table 2). Thus, from either Eq. 2 or
Eq. 3, γe ∼ γm = 0.57 mJ/m2.
From the knowledge of γe and the various other γms (Table 2),

we estimated other γems conventionally according to Eqs. 2 and 3
and used them to predict spreading from the condition γem < γm.
In experiments, spreading occurred on inner ectoderm, chorda-
mesoderm, and prechordal mesoderm, but not on leading-edge
mesendoderm or endoderm (Fig. 3 C–E, Table 2, and Table S2).
Thus, both rules correctly predicted spreading for the extremes
of surface tensions γm, but gave different results closer to the
critical value for spreading (Table 2).
We also used Eq. 1 to directly measure interfacial tensions for

those combinations where spreading occurred. Explanted epithelia
were placed on aggregates, and cross-sections analyzed when
spreading becamemaximal (Fig. 3 F–H). At this point, γem = γm+
k·Δh/h with h = 37.0 μm. Measurements of Δh, the change in
height, were made for substrates of inner ectoderm, chorda-
mesoderm, and prechordal mesoderm (Table 2). Using the known
γem ∼ 0 for the epithelium/inner ectoderm case, k was determined
as 1.2 mN/m. This value was then used to calculate γem for the two
other substrates (Table 2). Measured values were close to those
predicted by Eq. 3, which altogether performed better than the
alternative Eq. 2. However, it failed to predict epithelial retraction
on leading-edge mesendoderm (Table 2). Likewise, for chorda-
mesoderm, a negative value of γem wasmeasured. These anomalies
could indicate molecular induction of increased or decreased ad-
hesion in one or both interacting tissues, i.e., biological effects that
are not captured by relations of the form of Eqs. 2 and 3. This result
stresses the importance of directmeasurements of tissue interfacial
tensions. In fact, even with pure liquids, interfacial tensions are not
in general predictable from individual surface tensions (28).

Discussion
A striking finding of our study is the long-term pseudoelastic
behavior of the Xenopus ectodermal epithelium. It is usually
assumed that tissue elasticity observed during short deformations
eventually gives way to liquid-like behavior under long-lasting

Fig. 3. Spreading of epithelial patches. (A) Surface tensions and elastic force
during spreading. Gray, epithelium; yellow, mesenchyme. γe, epithelial; γm,
mesenchymal surface tension; γem, interfacial tension. (B) Mesenchymal sur-
face tension and epithelial spreading (Eq. 1), with interfacial tension esti-
mated according to Eq. 2 (blue) or Eq. 3 (red). (C) Regions of embryo: mesend,
leading edge mesendoderm; ect, ectoderm; prechord, prechordal mesoderm;
end, endoderm; chord, chordamesoderm; dbp, dorsal blastopore. (D and E)
Patches spread on inner ectoderm (D) or retract (E) (arrowhead) or detach
(arrow) on mesendoderm. (F–H) Epithelial patches (between red arrows;
yellow bar, thickness) on mesenchymal explants, fixed after 3 h, and trans-
ected. (I–K) Surface tension of coated explants. Transected inner ectoderm
explant after 5 h of flattening is shown without (I) or with (J) excess epithelial
(dark; epi) coating. Red, Laplacian contour fit to explant. (K) Time course of
flattening of epithelium-coated inner ectoderm, lateral view.
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strain (20). For epithelia, a transition from elastic deformation to
viscous flow at subsecond time scales has been demonstrated at
the cell level (4–8), but paradoxically, mechanical strain main-
tained for hours is not sufficient to cause permanent changes in
epithelial shape. Long-term elastic deformation has also been
observed in axolotl neurula ectoderm (10).
A clue to resolve this discrepancy lies in our finding that Xen-

opus gastrula epithelium returns to its target shape even after
transient relaxation due to a disruption of the cytoskeleton (Fig.
2F). This result is not compatible with a truly elastic recoil of
structural components that act as springs, but with a mechanism
that dynamically maintains a preset morphological shape by a cell
biological process, thus mimicking elastic behavior (24). Chen and
Brodland (29) and Derganc et al. (30) proposed models where an
equilibrium epithelial height results from the combined effects of
tensions on the apical, basal, and lateral surfaces of cells. These
models predict long-term elastic behavior, but they assume con-
stant cell proportions. Cell divisions without cell growth, as in the
ectodermal epithelium, would reduce epithelial height in these
models, but height is conserved in our experiments.
In fact, due to these cell divisions, the apical area of a cell and its

height/width ratio are not constant if height is conserved. This
condition would favor mechanisms based, for example, on
maintaining the density of stable factors in apical and basolateral
membranes: If “diluted” by stretching, contraction would be in-
duced until the target density of such a factor is restored. Iden-
tifying the actual molecular mechanism will be an interesting topic
for future study. We predict that the molecular process that
restores target cell shape after deformation will be slow enough to
reconcile viscous behavior at very short time scales (4–8) with
seemingly elastic behavior at times characteristic for tissue-level
morphogenetic processes (e.g., ref. 3 and this article).
We identified pseudoelastic behavior in the context of passive

epithelial deformations. An important question is whether mo-
lecular processes that drive active epithelial shape changes, such
as apical constriction (2), are superimposed on an independently
controlled pseudoelastic resistance. In gastrula epithelium, target
shape is eventually reset at the completion of epiboly, thus re-
laxing mechanical stress (Fig. 2K). It is conceivable that in other
systems, this resetting occurs more or less continuously, leading to
a plastic deformation that avoids building up mechanical stress
when epithelium is deformed by outside or endogenous forces. On
the other hand, resetting the target shape in a nondeformed epi-
thelium could itself be used to generate mechanical stress, driving,
for example, the transition from a flat to a columnar epithelium.
In Xenopus, epiboly has been well described at the cellular

level, but its driving forces are still unknown. The movement
comprises an interdigitation of inner ectoderm cells in the radial
direction, which expands this layer laterally, and a concomitant
thinning and spreading of the epithelial layer (15). Our results
show that the shape change of the epithelium is due to its passive
pseudoelastic stretching. Radial intercalation of the inner ecto-
derm is probably not an active process either (31), suggesting
that tissue movements in the lower part of the gastrula (Fig. 3C)
indirectly drive epiboly. To achieve this, forces generated by
active cell rearrangement in this region, e.g., during involution,
convergent extension, or vegetal rotation (31), would need to be
sufficient to produce the observed twofold stretching of the ep-

ithelium during epiboly. We found that, coincidentally, the epi-
thelium is also stretched twofold when spreading on a substrate
of inner ectoderm (Table 2). In this case, the driving force is the
surface tension of the inner ectoderm. Because forces generated
by active cell rearrangement in the mesoderm have similar
magnitude to those due to tissue surface tension (32), such cell
rearrangements should indeed be able to drive epiboly.
A second main finding of our study is the relevance of surface

tension in epithelial mechanics. We showed that this concept can
be used to quantitatively characterize the liquid-like behavior of
the basal surface of epithelia, where cells can attempt to move
over each other, or “zipper up,” to minimize exposed surface area.
As a consequence of surface tension being restricted to the basal
side (Fig. 1K), folding and wrinkling occur in isolated epithelia.
Normally, this is prevented in vivo by straining the epithelium or
by diminishing basal surface tension through attachment to a basal
lamina (33) or to mesenchymal tissue; but folding and wrinkling
occur in mutations affecting epithelial integrity in the Drosophila
embryo (34). Whether basal side surface tension is also construc-
tively used to supportmorphogenetic processes remains to be seen.
When attached tomesenchyme, basal side surface tension of the

epithelium is replaced by an interfacial tension. It is in principle
independent of the elastic tension in the epithelium, which has
interesting implications. For example, external forces could stretch
an epithelium sitting onmesenchyme beyond the limit that spread-
ing would attain. If wounded, the epithelium would show large-
scale retraction, and wound closure would require mechanisms
such as a contractile supracellular actomyosin ring in the epithelial
margin (3). By contrast, if elastic stress is below this limit, the ep-
ithelium would remain attached behind the wound margin, as in
gastrula ectoderm, and healing could occur by respreading.
From our data, we calculated basic properties of the gastrula

epithelium. We estimated an epithelial stiffness k = 1.2 mN/m,
which would correspond to an elastic modulus E = k/h = 32 Pa.
For axolotl embryonic epithelium, 20 Pa was reported (10), but
for blastula epithelium of sea urchins much higher values were
found, of <700 Pa (4) and 450 Pa (35). When multiplied by epi-
thelial height (37, 80, and 10 μm, for Xenopus, axolotl, and sea
urchin, respectively), stiffness values of 1.2, 1.6, 7.0, and 4.5 mN/m
are obtained, which are more consistent, implying that epithelial
elasticity is best modeled by a stiffness (N/m) rather than an elastic
modulus (N/m2); i.e., it is concentrated in two dimensions. A
reason for this might be that apical cytoskeleton–cell junction
complexes could bear most of the stress due to stretching. From τ,
the time constant for the recoil of spherules (Table 1), a viscosity
can be estimated as η = τk/h = 11 kPa·s, higher than typical cy-
toplasmic or single-cell viscosities (e.g., refs. 36 and 37), but
similar to that of sea urchin embryo epithelium (4). Altogether,
from the comparison of the few examples known, it appears that
embryonic epithelia from different sources are similar in their
long-term, large-scale mechanical properties. Basal side tissue
surface tension has not been determined for the other epithelia.
We found that it is similar to that of mesenchymal tissues, at
0.57 mJ/m2.
In summary, current models (e.g., refs. 24 and 25) assume

surface/cortical tensions on all sides of single cells, which usually
differ apically, basally, and laterally and balance each other in
equilibrium to provide a flat or gently curved epithelial sheet. In

Table 2. Spreading of epithelium on mesenchymal substrates

γm γm/γe γem2 γem3 Observation, % spread γemmeas

Ectoderm 0.57 ± 0.26 1 0 (S) 0 (S) 100 —

Chordamesoderm 0.20 ± 0.12 0.35 0.37 (R) 0.09 (S) 90 −0.11
Prechordal mesoderm 0.15 ± 0.07 0.26 0.42 (R) 0.14 (S) 81 0.10
Leading edge mesendoderm 0.22 ± 0.12 0.39 0.35 (R) 0.08 (S) 0 —

Endoderm 0.044 ± 0.022 0.08 0.53 (R) 0.31 (R) 0 —

Δh, the change in epithelial height, was measured for inner ectoderm (–17.8 ± 4.0 μm, n = 9), chordamesoderm (–9.8 ± 7.7 μm, n =
10), and prechordal mesoderm (–1.7 ± 2.4 μm, n = 7). Averages and SDs (n = 8–11) of surface tensions are shown, in mJ/m2. Differences
between mesoderm regions are not significant. γem2 is according to Eq. 2; γem3 is according to Eq. 3; γemmeas, measured value; S,
prediction of spreading; R, prediction of retraction. Detailed observations on spreading are in Table S2.
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contrast, we observed that sufficiently large epithelial patches
round up until all basal surface is buried within the explant; but
when this basal surface minimization is neutralized, the apical
surface adopts a preset target size and does not continue to shrink
beyond it. Thus, we ascribe to the basal side of the epithelium
a tissue-level surface tension, which at the cell level includes
contributions from adhesion and cortical contractility (21);
stretching will peel off cells from each other. To the apical side we
attribute an elastic stiffness and a negligible tissue-level surface
tension; here, stretching will lead to the pseudoelastic expansion
of the surface (Fig. 1K). The simultaneous presence of solid- and
liquid-like behavior in the same single-layered tissue is an essen-
tial property and can be rationalized from the polarized epithelial
structure. Whereas in a cell level description, a large number of
parameters have to be accounted for, such as adhesiveness at
basal and lateral membranes or cortex contractility, empirical
observation suggests that at the tissue level, on the basis of dif-
ferences between apical and basal cell interactions, a stiffness k
and a surface tension γ are sufficient to describe large-scale and
long-term static behavior. These tissue-level parameters allow for
a simplified description of morphogenetic processes and help to
guide the analysis of their mechanical design.

Materials and Methods
Embryos and Microsurgical Operations. Operation techniques and modified
Barth’s solution (MBS) have been described (38). Epithelial patches were
peeled off the animal region of the ectoderm at stage 10+ and allowed to
round up or placed on mesenchyme explanted 10–20 min earlier. Explants
were observed in MBS or fixed in 4% formaldehyde in MBS and observed
whole or after bisecting with a blade.

Scanning Electron Microscopy. Embryos/explants were fixed in 2.5% formal-
dehyde and 2.5% glutaraldehyde in MBS, postfixed in 2% OsO4, dehydrated
in ethanol and hexamethyldisilazane, dried, mounted on stubs, and sputter
coated with gold-palladium.

Time-Lapse Recordings. Time-lapse movies were made at 1 frame/min (Zeiss
AxioVision software). For lateral views, explants were viewed in a mirror
inclined at 45°.

Immunohistology. Explants were fixed; sectioned; stained with antibodies
against actin (Cedarlane; CLT9001), aPKC (Santa Cruz Biotech; SC-216),
α-tubulin (Sigma; T9026), C-cadherin (Developmental Studies Hybridoma
Bank; 6B6), and integrinβ1 (ref. 22; 8C8); and visualized by fluorescence or
confocal microscopy as described (32).

Measurement of Surface Tension. Axisymmetric drop shape analysis (ADSA)
was used as described (39), except that we did not centrifuge explants as we
had noted that centrifugation caused an artificial increase in apparent sur-
face tension. Details are in SI Text, Section 3.

Measurement of Explant Dimensions. Explant images were processed by an
edge detector (Canny) in Matlab, and equivalent radii were calculated and
least-squares fitted to dying exponentials in time. Details are in SI Text,
Section 3.
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