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Pulsed contractions of an actin–myosin network drive
apical constriction
Adam C. Martin1,2, Matthias Kaschube3,4 & Eric F. Wieschaus1,2

Apical constriction facilitates epithelial sheet bending and invag-
ination during morphogenesis1,2. Apical constriction is conven-
tionally thought to be driven by the continuous purse-string-like
contraction of a circumferential actin and non-muscle myosin-II
(myosin) belt underlying adherens junctions3–7. However, it is
unclear whether other force-generating mechanisms can drive this
process. Here we show, with the use of real-time imaging and
quantitative image analysis of Drosophila gastrulation, that the
apical constriction of ventral furrow cells is pulsed. Repeated con-
strictions, which are asynchronous between neighbouring cells,
are interrupted by pauses in which the constricted state of the cell
apex is maintained. In contrast to the purse-string model, con-
striction pulses are powered by actin–myosin network contrac-
tions that occur at the medial apical cortex and pull discrete
adherens junction sites inwards. The transcription factors Twist
and Snail differentially regulate pulsed constriction. Expression of
snail initiates actin–myosin network contractions, whereas
expression of twist stabilizes the constricted state of the cell apex.
Our results suggest a new model for apical constriction in which a
cortical actin–myosin cytoskeleton functions as a developmentally
controlled subcellular ratchet to reduce apical area incrementally.

During Drosophila gastrulation, apical constriction of ventral cells
facilitates the formation of a ventral furrow and the subsequent inter-
nalization of the presumptive mesoderm. Although myosin is known
to localize to the apical cortex of constricting ventral furrow cells8–11,
it is not known how myosin produces force to drive constriction.
Understanding this mechanism requires a quantitative analysis of cell
and cytoskeletal dynamics. We therefore developed methods to
reveal and quantify apical cell shape with Spider–GFP, a green fluor-
escent protein (GFP)-tagged membrane-associated protein that out-
lines individual cells (Fig. 1a, b, Supplementary Fig. 1 and
Supplementary Video 1)12. Ventral cells were constricted to about
50% of their initial apical area before the onset of invagination and
continued to constrict during invagination (Fig. 1c, e). Although the
average apical area steadily decreased at a rate of about 5 mm2 min21,
individual cells showed transient pulses of rapid constriction that
exceeded 10–15 mm2 min21 (Fig. 1d, f, g, and Supplementary Video
2). During the initial 2 min of constriction, weak constriction pulses
were often interrupted by periods of cell stretching. However, at
2 min, constriction pulses increased in magnitude and cell shape
seemed to be stabilized between pulses, leading to net constriction
(Fig. 1d). These two phases probably correspond to the ‘slow/apical
flattening’ and ‘fast/stochastic’ phases that have been described pre-
viously13,14. Overall, cells underwent an average of 3.2 6 1.2 constric-
tion pulses over 6 min, with an average interval of 82.8 6 48 s
between pulses (mean 6 s.d., n 5 40 cells, 126 pulses). Constriction
pulses were mostly asynchronous between adjacent cells (Fig. 1h
and Supplementary Video 3). As a consequence, cell apices between

constrictions seemed to be pulled by their constricting neighbours.
Thus, apical constriction occurs by means of pulses of rapid constric-
tion interrupted by pauses during which cells must stabilize their
constricted state before reinitiating constriction.

To determine how myosin might generate force during pulsed
constrictions, we simultaneously imaged myosin and cell dynamics
by using myosin regulatory light chain (spaghetti squash, or squ)
fused to mCherry (Myosin–mCherry) and Spider–GFP. Discrete
myosin spots and fibres present on the apical cortex formed a net-
work that extended across the tissue (Fig. 2a and Supplementary Fig.
2a). These myosin structures were dynamic, with apical myosin spots
repeatedly increasing in intensity and moving together (at about
40 nm s21) to form larger and more intense myosin structures at
the medial apical cortex (Fig. 2c, Supplementary Fig. 2b, c, and
Supplementary Video 4). This process, which we refer to as myosin
coalescence, resulted in bursts of myosin accumulation that were
correlated with constriction pulses (Fig. 2b–e and Supplementary
Video 5). The peak rate of myosin coalescence preceded the peak
constriction rate by 5–10 s, suggesting that myosin coalescence causes
apical constriction (Fig. 2e). Between myosin coalescence events,
myosin structures, including fibres, remained present on the cortex,
possibly maintaining cortical tension between constriction pulses
(Fig. 2c). Contrary to the purse-string model, we did not observe
significant myosin accumulation at cell–cell junctions. To confirm
that constriction involved medial myosin coalescence and not con-
traction of a circumferential purse-string, we correlated constriction
rate with myosin intensity at either the medial or junctional regions
of the cell. Apical constriction was correlated more significantly with
medial myosin (Fig. 2f), suggesting that, in contrast to the purse-
string model, constriction is driven by contractions at the medial
apical cortex.

Myosin coalescence resembled contraction of a cortical actin–
myosin network15,16. Therefore, to determine whether apical constric-
tion is driven by pulsed contractions of the actin–myosin network, we
examined the organization of the cortical actin cytoskeleton. In fibro-
blasts and keratocytes, actin network contraction bundles actin fila-
ments into fibre-like structures16,17. Consistent with this expectation
was our identification of an actin filament meshwork underlying the
apical cortex in which prominent actin–myosin fibres spanning the
apical cortex appeared specifically in constricting cells (Fig. 3a and
Supplementary Fig. 3a). An actin–myosin network contraction model
would predict that myosin coalescence results from myosin spots
exerting traction on each other through the cortical actin network.
To test whether myosin coalescence requires an intact actin network,
we disrupted the actin network with cytochalasin D (CytoD).
Disruption of the actin network with CytoD resulted in apical myosin
spots that localized together with actin structures and appeared spe-
cifically in ventral cells (Supplementary Fig. 3b, c). Myosin spots in
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and cytoskeletal dynamics. We therefore developed methods to
reveal and quantify apical cell shape with Spider–GFP, a green fluor-
escent protein (GFP)-tagged membrane-associated protein that out-
lines individual cells (Fig. 1a, b, Supplementary Fig. 1 and
Supplementary Video 1)12. Ventral cells were constricted to about
50% of their initial apical area before the onset of invagination and
continued to constrict during invagination (Fig. 1c, e). Although the
average apical area steadily decreased at a rate of about 5 mm2 min21,
individual cells showed transient pulses of rapid constriction that
exceeded 10–15 mm2 min21 (Fig. 1d, f, g, and Supplementary Video
2). During the initial 2 min of constriction, weak constriction pulses
were often interrupted by periods of cell stretching. However, at
2 min, constriction pulses increased in magnitude and cell shape
seemed to be stabilized between pulses, leading to net constriction
(Fig. 1d). These two phases probably correspond to the ‘slow/apical
flattening’ and ‘fast/stochastic’ phases that have been described pre-
viously13,14. Overall, cells underwent an average of 3.2 6 1.2 constric-
tion pulses over 6 min, with an average interval of 82.8 6 48 s
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and Supplementary Video 3). As a consequence, cell apices between
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Thus, apical constriction occurs by means of pulses of rapid constric-
tion interrupted by pauses during which cells must stabilize their
constricted state before reinitiating constriction.

To determine how myosin might generate force during pulsed
constrictions, we simultaneously imaged myosin and cell dynamics
by using myosin regulatory light chain (spaghetti squash, or squ)
fused to mCherry (Myosin–mCherry) and Spider–GFP. Discrete
myosin spots and fibres present on the apical cortex formed a net-
work that extended across the tissue (Fig. 2a and Supplementary Fig.
2a). These myosin structures were dynamic, with apical myosin spots
repeatedly increasing in intensity and moving together (at about
40 nm s21) to form larger and more intense myosin structures at
the medial apical cortex (Fig. 2c, Supplementary Fig. 2b, c, and
Supplementary Video 4). This process, which we refer to as myosin
coalescence, resulted in bursts of myosin accumulation that were
correlated with constriction pulses (Fig. 2b–e and Supplementary
Video 5). The peak rate of myosin coalescence preceded the peak
constriction rate by 5–10 s, suggesting that myosin coalescence causes
apical constriction (Fig. 2e). Between myosin coalescence events,
myosin structures, including fibres, remained present on the cortex,
possibly maintaining cortical tension between constriction pulses
(Fig. 2c). Contrary to the purse-string model, we did not observe
significant myosin accumulation at cell–cell junctions. To confirm
that constriction involved medial myosin coalescence and not con-
traction of a circumferential purse-string, we correlated constriction
rate with myosin intensity at either the medial or junctional regions
of the cell. Apical constriction was correlated more significantly with
medial myosin (Fig. 2f), suggesting that, in contrast to the purse-
string model, constriction is driven by contractions at the medial
apical cortex.

Myosin coalescence resembled contraction of a cortical actin–
myosin network15,16. Therefore, to determine whether apical constric-
tion is driven by pulsed contractions of the actin–myosin network, we
examined the organization of the cortical actin cytoskeleton. In fibro-
blasts and keratocytes, actin network contraction bundles actin fila-
ments into fibre-like structures16,17. Consistent with this expectation
was our identification of an actin filament meshwork underlying the
apical cortex in which prominent actin–myosin fibres spanning the
apical cortex appeared specifically in constricting cells (Fig. 3a and
Supplementary Fig. 3a). An actin–myosin network contraction model
would predict that myosin coalescence results from myosin spots
exerting traction on each other through the cortical actin network.
To test whether myosin coalescence requires an intact actin network,
we disrupted the actin network with cytochalasin D (CytoD).
Disruption of the actin network with CytoD resulted in apical myosin
spots that localized together with actin structures and appeared spe-
cifically in ventral cells (Supplementary Fig. 3b, c). Myosin spots in
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CytoD-injected embryos showed more rapid movement than those in
control-injected embryos, suggesting that apical myosin spots in
untreated embryos are constrained by the cortical actin network
(Supplementary Fig. 3d). Although myosin movement was uninhi-
bited in CytoD-treated embryos, myosin spots failed to coalesce and
cells failed to constrict (Fig. 3b and Supplementary Fig. 3e). Because
myosin coalescence requires an intact actin network, we propose

that pulses of myosin coalescence represent contractions of the
actin–myosin network.

Because actin–myosin contractions occurred at the medial apical
cortex, it was unclear how the actin–myosin network was coupled to
adherens junctions. We therefore imaged E-Cadherin–GFP and
Myosin–mCherry to examine the relationship between myosin and
adherens junctions. Before apical constriction, adherens junctions
are present about 4mm below the apical cortex18. As apical constric-
tion initiated, these subapical adherens junctions gradually disap-
peared and adherens junctions simultaneously appeared apically at
the same level as myosin8,19. This apical redistribution of adherens
junctions occurred at specific sites along cell edges (midway between
vertices; Supplementary Fig. 3f). As apical constriction initiated,
these sites bent inwards. This bending depended on the presence of
an intact actin network, which is consistent with contraction of the
actin–myosin network generating force to pull junctions (Supple-
mentary Fig. 3f). Indeed, myosin spots undergoing coalescence were
observed to lead adherens junctions as they transiently bent inwards
(Fig. 3c). Thus, pulsed contraction of the actin–myosin network at
the medial cortex seems to pull the cell surface inwards at discrete
adherens junction sites, resulting in apical constriction.

The transcription factors Twist and Snail regulate the apical con-
striction of ventral furrow cells20–23. Snail is a transcriptional repres-
sor whose target or targets are currently unknown, whereas Twist
enhances snail expression and activates the expression of fog and t48,
which are thought to activate the Rho1 GTPase and promote myosin
contractility8,10,19,21,24. To examine the mechanism of pulsed apical
constriction further, we tested how Twist and Snail regulate myosin
dynamics. In contrast to wild-type ventral cells, in which myosin was
concentrated on the apical cortex (Fig. 2a), twist and snail mutants
accumulated myosin predominantly at cell junctions, similarly to
lateral cells (Fig. 4a). These ventral cells failed to constrict produc-
tively, which supported our cortical actin–myosin network contrac-
tion model, rather than the purse-string model, for apical
constriction. twist and snail mutants differentially affected the coales-
cence of the minimal myosin that did localize to the apical cortex.
Although myosin coalescence was inhibited in snail mutants, it still
occurred in twist mutants, as did pulsed constrictions (Fig. 4a and
Supplementary Video 6). This difference was also observed when
Snail or Twist activity was knocked down by RNA-mediated inter-
ference (referred to as snailRNAi or twistRNAi) (Supplementary Fig.
4a and Supplementary Video 7). However, the magnitude of con-
striction pulses in twistRNAi embryos was greater than that of twist
mutant embryos, suggesting that the low level of Twist activity pre-
sent in twistRNAi embryos enhances contraction efficiency by activ-
ating the expression of snail or other transcriptional targets. Myosin
coalescence was inhibited in snail twist double mutants, demonstrat-
ing that the pulsed constrictions in twist mutants required snail
expression (Fig. 4a and Supplementary Video 6). Thus, the express-
ion of snail, not twist, initiates the actin–myosin network contrac-
tions that power constriction pulses.

Net apical constriction was inhibited in both snailRNAi and
twistRNAi embryos (Supplementary Fig. 4b). We therefore wondered
why the pulsed contractions that we observed in twistRNAi embryos
failed to constrict cells. Using Spider–GFP to visualize cell outlines, we
found that although constriction pulses were inhibited in snailRNAi
embryos, constriction pulses still occurred in twistRNAi embryos
(Fig. 4b, c, Supplementary Fig. 4c and Supplementary Video 8).
However, the constricted state of cells in twistRNAi embryos was
not stabilized between pulses, resulting in fluctuations in apical area
with little net constriction (Fig. 4b, c). This stabilization defect was not
due to lower snail activity, because these fluctuations continued when
snail expression was driven independently of twist by using the P[sna]
transgene (Fig. 4b)20. Although the frequency and magnitude of con-
striction pulses in such embryos were similar to those in control
embryos, stretching events were significantly higher in twistRNAi;
P[sna] embryos, suggesting a defect in maintaining cortical tension
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Figure 1 | Apical constriction of ventral furrow cells is pulsed. a, Diagram
of the imaging approach used to show apical constriction of the ventral
furrow cells. We selected tangential Z-slices 2 mm below the apical surface
(red slices) to show cell outlines. b, Z-slices (top) and YZ cross-sections
(bottom) of cell membranes revealed with Spider–GFP. Scale bar, 10 mm.
c, d, Apical areas (c) and constriction rates (d) for individual cells of a
representative embryo. Each row represents data (see colour bars) for an
individual cell. e, Mean apical area (red) and furrow depth (black). Dotted
line indicates when tissue invagination initiates. Error bars indicate s.d.
(n 5 41 cells). f, g, Quantification (f) and time-lapse images (g) of the
constriction of an individual cell. The red arrows (c, d) and red dots (g) mark
the cell that is quantified in f. C, contraction. S, stabilization. Scale bar, 4mm.
(h) Pulsed constriction is asynchronous in neighbouring cells. Constriction
rate is colour-coded (see colour bar) and mapped onto the corresponding
cells in images at different time points.
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control-injected embryos, suggesting that apical myosin spots in
untreated embryos are constrained by the cortical actin network
(Supplementary Fig. 3d). Although myosin movement was uninhi-
bited in CytoD-treated embryos, myosin spots failed to coalesce and
cells failed to constrict (Fig. 3b and Supplementary Fig. 3e). Because
myosin coalescence requires an intact actin network, we propose
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cortex, it was unclear how the actin–myosin network was coupled to
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tion initiated, these subapical adherens junctions gradually disap-
peared and adherens junctions simultaneously appeared apically at
the same level as myosin8,19. This apical redistribution of adherens
junctions occurred at specific sites along cell edges (midway between
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these sites bent inwards. This bending depended on the presence of
an intact actin network, which is consistent with contraction of the
actin–myosin network generating force to pull junctions (Supple-
mentary Fig. 3f). Indeed, myosin spots undergoing coalescence were
observed to lead adherens junctions as they transiently bent inwards
(Fig. 3c). Thus, pulsed contraction of the actin–myosin network at
the medial cortex seems to pull the cell surface inwards at discrete
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striction of ventral furrow cells20–23. Snail is a transcriptional repres-
sor whose target or targets are currently unknown, whereas Twist
enhances snail expression and activates the expression of fog and t48,
which are thought to activate the Rho1 GTPase and promote myosin
contractility8,10,19,21,24. To examine the mechanism of pulsed apical
constriction further, we tested how Twist and Snail regulate myosin
dynamics. In contrast to wild-type ventral cells, in which myosin was
concentrated on the apical cortex (Fig. 2a), twist and snail mutants
accumulated myosin predominantly at cell junctions, similarly to
lateral cells (Fig. 4a). These ventral cells failed to constrict produc-
tively, which supported our cortical actin–myosin network contrac-
tion model, rather than the purse-string model, for apical
constriction. twist and snail mutants differentially affected the coales-
cence of the minimal myosin that did localize to the apical cortex.
Although myosin coalescence was inhibited in snail mutants, it still
occurred in twist mutants, as did pulsed constrictions (Fig. 4a and
Supplementary Video 6). This difference was also observed when
Snail or Twist activity was knocked down by RNA-mediated inter-
ference (referred to as snailRNAi or twistRNAi) (Supplementary Fig.
4a and Supplementary Video 7). However, the magnitude of con-
striction pulses in twistRNAi embryos was greater than that of twist
mutant embryos, suggesting that the low level of Twist activity pre-
sent in twistRNAi embryos enhances contraction efficiency by activ-
ating the expression of snail or other transcriptional targets. Myosin
coalescence was inhibited in snail twist double mutants, demonstrat-
ing that the pulsed constrictions in twist mutants required snail
expression (Fig. 4a and Supplementary Video 6). Thus, the express-
ion of snail, not twist, initiates the actin–myosin network contrac-
tions that power constriction pulses.

Net apical constriction was inhibited in both snailRNAi and
twistRNAi embryos (Supplementary Fig. 4b). We therefore wondered
why the pulsed contractions that we observed in twistRNAi embryos
failed to constrict cells. Using Spider–GFP to visualize cell outlines, we
found that although constriction pulses were inhibited in snailRNAi
embryos, constriction pulses still occurred in twistRNAi embryos
(Fig. 4b, c, Supplementary Fig. 4c and Supplementary Video 8).
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with little net constriction (Fig. 4b, c). This stabilization defect was not
due to lower snail activity, because these fluctuations continued when
snail expression was driven independently of twist by using the P[sna]
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Figure 1 | Apical constriction of ventral furrow cells is pulsed. a, Diagram
of the imaging approach used to show apical constriction of the ventral
furrow cells. We selected tangential Z-slices 2 mm below the apical surface
(red slices) to show cell outlines. b, Z-slices (top) and YZ cross-sections
(bottom) of cell membranes revealed with Spider–GFP. Scale bar, 10 mm.
c, d, Apical areas (c) and constriction rates (d) for individual cells of a
representative embryo. Each row represents data (see colour bars) for an
individual cell. e, Mean apical area (red) and furrow depth (black). Dotted
line indicates when tissue invagination initiates. Error bars indicate s.d.
(n 5 41 cells). f, g, Quantification (f) and time-lapse images (g) of the
constriction of an individual cell. The red arrows (c, d) and red dots (g) mark
the cell that is quantified in f. C, contraction. S, stabilization. Scale bar, 4mm.
(h) Pulsed constriction is asynchronous in neighbouring cells. Constriction
rate is colour-coded (see colour bar) and mapped onto the corresponding
cells in images at different time points.
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Figure 2 | Constriction pulses are correlated with myosin coalescence.
a, Merged images of Myosin–mCherry (Z-projection, 5 mm depth, green)
and Spider–GFP (individual Z-slice 2 mm below the apical cortex, red). YZ
cross-sections at lower magnification to illustrate furrow progression are
shown at the bottom. b, Mean apical area and myosin intensity (left) and
myosin intensity for individual cells (right) for a representative embryo.
Error bars indicate s.d. (n 5 37 cells). c, Single channel and merged time-
lapse images of Myosin–mCherry (green) and Spider–GFP (red). Red arrows
indicate spots that will coalesce. Blue arrow indicates myosin fibre that
appears between contractions. d, Plots of apical area and myosin intensity
against time (top) and constriction rate and rate of change of myosin
intensity against time (bottom) for an individual cell. e, Plot of correlation
between constriction rate and myosin intensity rate of change for individual

cells (top) and averaged (n 5 37 cells, bottom) against time offset.
Correlation coefficients were calculated for various time offsets by
temporally shifting the data sets relative to each other. Dotted lines indicate
zero offset. Note that the maximum correlation occurs when myosin rate is
shifted 5–10 s later in time; myosin coalescence therefore slightly precedes
constriction rate. f, Constriction rate is more highly correlated with medial
myosin than with junctional myosin. The diagram (left) illustrates the
purse-string model for contraction in which we expect actin and myosin to
become concentrated in the junctional region on constriction. Data points
(right) represent correlation coefficients for individual cells, and the black
bar indicates the mean (n 5 37 cells). Asterisk, the difference between the
means is statistically significant (P , 0.0001). Scale bars, 4mm.
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Figure 3 | Pulsed myosin coalescence and adherens junction bending
require an actin–myosin network. a, Cortical myosin (green), cortical
F-actin (red), and F-actin 2 mm below the apical cortex (white, to illustrate
cell shape) were revealed in fixed embryos. b, Time-lapse images of
Myosin–GFP in control-injected (DMSO) and CytoD-injected embryos.

Arrows indicate individual myosin spots. Note that myosin spots move, but
do not coalesce, in CytoD-treated embryos. c, Single-channel and merged
time-lapse images of Myosin–mCherry (green) and E-Cadherin–GFP (red).
Red arrows indicate myosin coalescence. Blue arrows indicate the site where
adherens junctions bend inwards beneath a myosin spot. Scale bars, 4 mm.
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cross-sections at lower magnification to illustrate furrow progression are
shown at the bottom. b, Mean apical area and myosin intensity (left) and
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Error bars indicate s.d. (n 5 37 cells). c, Single channel and merged time-
lapse images of Myosin–mCherry (green) and Spider–GFP (red). Red arrows
indicate spots that will coalesce. Blue arrow indicates myosin fibre that
appears between contractions. d, Plots of apical area and myosin intensity
against time (top) and constriction rate and rate of change of myosin
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between constriction rate and myosin intensity rate of change for individual

cells (top) and averaged (n 5 37 cells, bottom) against time offset.
Correlation coefficients were calculated for various time offsets by
temporally shifting the data sets relative to each other. Dotted lines indicate
zero offset. Note that the maximum correlation occurs when myosin rate is
shifted 5–10 s later in time; myosin coalescence therefore slightly precedes
constriction rate. f, Constriction rate is more highly correlated with medial
myosin than with junctional myosin. The diagram (left) illustrates the
purse-string model for contraction in which we expect actin and myosin to
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bar indicates the mean (n 5 37 cells). Asterisk, the difference between the
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Figure 3 | Pulsed myosin coalescence and adherens junction bending
require an actin–myosin network. a, Cortical myosin (green), cortical
F-actin (red), and F-actin 2 mm below the apical cortex (white, to illustrate
cell shape) were revealed in fixed embryos. b, Time-lapse images of
Myosin–GFP in control-injected (DMSO) and CytoD-injected embryos.

Arrows indicate individual myosin spots. Note that myosin spots move, but
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Red arrows indicate myosin coalescence. Blue arrows indicate the site where
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description captures the main features of cell shape
oscillations during Drosophila dorsal closure and consti-
tutes a general framework for understanding periodic shape
changes in developmental contexts.
Minimal contractile unit.—We consider a system con-

sisting of (1) a spatially homogeneous contractile element
whose constituents are turning over, (2) an elastic element,
and (3) a viscous damper, i.e., a dissipative element
[Fig. 2(a)]. The contractile element exchanges force-
producing molecules (e.g., myosins) of concentration c
with a reservoir, such that c follows the dynamic equation

dc
dt

¼ −
1

τ
ðc − c0Þ −

c
l
dl
dt

; ð1Þ

where l is the length of the contractile element. Here, the
dynamics of c arises from two effects: (i) exchange of
force-producing molecules with the reservoir occurring
with binding rate kon ¼ c0=τ and unbinding rate
koffc ¼ c=τ, and (ii) matter conservation, imposing that
in the absence of turnover the product lc is constant, giving
rise to the second term on the right-hand side of Eq. (1).
To verify whether Eq. (1) can account for the dynamics

of the actomyosin cytoskeleton density in a tissue, we have
measured the myosin intensity and cell surface area A in
cells of the amnioserosa during Drosophila dorsal closure

[Figs. 1(b), 1(c), and Supplemental Material Fig. S2 [23]].
Amnioserosa cells have been shown to exhibit oscillations
of their apical surface with a period of ∼230 s [4]. As
predicted by Eq. (1) with l substituted by A, during
oscillations of the apical surface area of the amnioserosa
cell the rate ð1=AÞ½dðcAÞ=dt% is proportional to the myosin
concentration c [see Fig. 1(d) and Supplemental Material
Fig. S2 [23]].
The mechanics of the contractile unit is described by a

dynamic equation for its length l,

μ
dl
dt

¼ Te − TðcÞ − KðlÞ; ð2Þ

where the tension generated by the contractile unit TðcÞ is a
function of the concentration of force-producing molecules
[24,25], while KðlÞ is the elastic restoring force of the
spring element. Both TðcÞ and KðlÞ are assumed to be
monotonic functions of their arguments; μ is a damping
coefficient, and Te is an external tension opposing defor-
mation of the unit [Fig. 2(a)]. At steady state, the external
tension balances the internal tension such that
Te ¼ Tðc0Þ þ Kðl0Þ. Expanding around the steady state,
we write TðcÞ ¼ Tðc0Þ þ t1ðc − c0Þ and KðlÞ ¼ Kðl0Þþ
k1ðl − l0Þ þ k3ðl − l0Þ3. For simplicity, we have assumed
here a symmetric spring response k2 ¼ 0, leaving three
nondimensional parameters determining the dynamics of
the system: ðt1c0Þ=ðk1l0Þ, μ=ðk1τÞ, and k3=ðk1l2

0Þ
(Supplemental Material [23]). A linear stability analysis
shows that the system undergoes a Hopf bifurcation
[26–28] for ðt1c0Þ=ðk1l0Þ ¼ 1þ μ=ðk1τÞ (Supplemental
Material [23]). The instability occurs as contraction of
the material leads to an increase of its density, leading to an
even larger contractile force [29–31]. Turnover balances
out this effect by attempting to restore the reference
concentration c0. Above the bifurcation, a limit cycle
appears and the system undergoes spontaneous oscillations.
We find that the period at bifurcation is τ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
τμ=k1

p
, and

the transition is supercritical for large enough non-
linear elasticity, 3½ðk3l20Þ=k1%½μ=ðk1τÞ þ 1% > 2½μ=ðk1τÞ%2þ
6½μ=ðk1τÞ% þ 4.
Further away from the bifurcation, we turn to numerical

simulations to investigate the dynamics of the contractile
unit. k3 is chosen large enough to ensure that the transition
is supercritical. The complete phase diagram is plotted
in Fig. 2(b) as a function of the reduced parameters
ðt1c0Þ=ðk1l0Þ and μ=ðk1τÞ. On an increase of the tension
t1 away from the Hopf bifurcation, a region appears where
the system collapses to l ¼ 0 within a finite time [see
Figs. 2(c) and 2(d), green lines]. The exact position of the
transition separating stable oscillations from collapse
depends on the nonlinearities in the functions TðcÞ and
KðlÞ and is numerically evaluated for k3l20=k1 ¼ 15 in
Fig. 2(b). This collapsing behavior could possibly be
related to the delamination of cells whose apical area
vanishes [32,33].

(a)

(c)

(b)

(d)

FIG. 2 (color online). (a) Schematic of a minimal model of a
mechanochemical oscillator. A spring and a dashpot are in
parallel with a contractile element whose force-producing mol-
ecules are turning over. The contractile material exerts a tension
TðcÞ, depending on the concentration c. (b) Phase diagram for the
behavior of the unit shown in (a), for k3l20=k1 ¼ 15. The white
line corresponds to a Hopf bifurcation to spontaneous oscilla-
tions. Above the dashed upper line, the unit collapses (l → 0).
The color code corresponds to the variance of the length lðtÞ=l0

in the oscillatory steady state, i.e., to hlðtÞ2=l2
0i − hlðtÞ=l0i2,

where h…i denotes a time average after transients have decayed.
[(c), (d)] Example trajectories of the unit in the three regions of
the phase diagram, in a phase plot (c) and in a time series (d).
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The ability of cells and tissues to dynamically adjust
their shapes and morphological organization on time scales
ranging from a few minutes to several hours is crucial for
the proper formation of organs during development [1,2]. A
striking example of such deformations in morphogenesis is
cell area oscillations with periods of several minutes
observed during Drosophila, C. elegans, and Xenopus
development [3–7]. A key player in determining cell shape
is the actomyosin cortex, a thin layer of cross-linked actin
filaments located beneath the plasma membrane of cells
and concentrated on the apical side of tissues [8,9]. Within
the cortex, myosin molecular motors generate stresses,
which can result in flows and deformations occurring at the
cellular and tissue level [8,10,11]. However, while it has
been recognized that periodic shape changes in cells and
tissues are, indeed, accompanied by nearly antiphasic
cycles of cortical actomyosin density [see Figs. 1(b) and
1(c)] [3,4,12–14], the biophysical mechanism underlying
the observed oscillatory instabilities is still elusive.
Although also involving actomyosin dynamics, these
oscillations are much slower than oscillations of sarcomeric
units (of the order of 1–10 s) for which physical descrip-
tions based on the collective dynamics of molecular motors
have been proposed [15–18].
A fundamental property of the actomyosin cortex is the

continuous renewal of its constituents on the time scale of
minutes [Fig. 1(a)]. A recent study highlighted the impor-
tance of this time scale inherent to cortical dynamics for
shape oscillations observed during cytokinesis of individ-
ual cells [12]. Here, we study a minimal, generic descrip-
tion of cell shape changes driven by a continuously
renewing actomyosin cortex, predicting spontaneous oscil-
lations, different patterns of collective oscillations, and

wave propagation. Oscillations arise from the inherent
coupling between the mechanical and chemical degrees
of freedom and do not rely on the presence of a chemical
network [19]. Note that pulsatory patterns can arise in a
fluid when the active stress is regulated by two species [20].
The oscillatory mechanism proposed here is linked to the
elastic properties of the material. We argue that this

(a)

(c)

(b)

(d)

FIG. 1 (color online). (a) Schematic of the apical cortex of an
epithelial cell. Myosin molecular motors accumulate when the
network contracts and exchange with a reservoir with rates kon
and koff . (b) Snapshots of an oscillating amnioserosa cell during
dorsal closure in the Drosophila embryo expressing Tomato E
cadherin (red) [21] and myosin, GFP-sqh (green) [22]. Scale bar,
10 μm. (c) Time series of the normalized area and average
myosin concentration c at the cell apical surface, for a repre-
sentative cell in the amnioserosa. (d) Plot of the rate
ð1=Ac0Þ½dðcAÞ=dt$ vs normalized concentration c=c0 for the
data shown in (c). The points align on a line, in accordance with
Eq. (1). The slope of the line is related to the turnover time scale τ.
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