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32. National Facility for Gene Function in Health and Disease

The facility is equipped to generate in-house transgenic/knock-out animals and also act as a
repository of such animal models as a national facility. The facility is established to make
animal models available to researchers that would facilitate research focused on a variety of
biologically important phenomena and diseases. Since 2019, this facility at IISER Pune is also
a member of the International Mouse Phenotyping Consortium (IMPC); this places IISER
Pune in the league of 20 of the major mouse genetics centres worldwide.

https://nfgfhd2020.wixsite.com/website | afic@iiserpune.ac.in
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33. Development of novel target validation technology
Dr Britto Sandanaraj | 
sandanaraj.britto@iiserpune.ac.in

The group has developed a powerful
method for target validation and high-
throughput screening. This method
offers unprecedented specificity and
hence aids in picking up true lead
molecules during drug discovery
campaigns. We have 2 US/Indian
Patents on this technology.

31. Developing 3D hydrogel assays to evaluate implant coatings
Dr Nagaraj Balasubramanian | nagaraj@iiserpune.ac.in

The development of a soft tissue seal between
the implant/abutment and the surrounding oral
tissues is crucial for the success and long-term
stability of dental implant restorations. This is
regulated by cells and the matrix
microenvironment of the tissue. Being able to
image and characterize cells and the matrix
microenvironment will be vital to the
understanding and evaluation of implant
coatings.  We have developed a 3D collagen
gel assay that allows us to test dental implant
and abutment coating and evaluate how cells
modify the matrix and are recruited to the
implant/abutment. 

They have helped reveal how such an assay can provide new insights on how implants
recruit cells using the matrix. This is being used as a tool to test implant coating in a cost-
effective assay before they are chosen for more expensive in-vivo assays.
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Morphogen gradients operate in the syncytial embryo
The mother sets up three systems in the egg

which define the body axes:

germ cells vs. somatic cells

head vs. rear
body segments

ectoderm vs. mesoderm vs. endoderm

terminal structures

activated MAPK

Dorsal

bicoid mRNA

the anteroposterior system the dorsoventral system the terminal system

Þ Þnanos mRNA



Morphogen gradients operate in the syncytial embryo
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Metazoan embryos as a model to study 
de novo polarity and packing of cells



(Adapted from  Nance, 2014; Miller and McClay,1997; Ohsugi et al.,1997, Krueger et al, 2018)
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Morphogenesis: change in form in the early embryo

Gastrulation

It is not birth, marriage, or death, but gastrulation 
which is truly the most important time in your life

Lewis Wolpert 



Germ layers in vertebrates and invertebrates



Are there different cellular properties that keep 
germ layers apart from each other?



https://books.google.co.in/books?id=WbO6BwAAQBAJ&pg=PA361&lpg=PA361&dq=Morpho
genesis:+change+in+form+in+the+early+embryo&source=bl&ots=9nKldrOONX&sig=hfWKur
liAC2cYS4swRyZNC0lWKU&hl=en&sa=X&ved=0ahUKEwjsmbbRwJrLAhWSCY4KHe_pDacQ6
AEIIDAB#v=onepage&q=Morphogenesis%3A%20change%20in%20form%20in%20the%20ea
rly%20embryo&f=true

Endoderm and Ectoderm separate because of 
different adhesive properties 
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Cell with increased adhesion are inside
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on the asymmetric distribution of clustered E-cadherin at junctions46. 
These coupled patterns of movement therefore indicate that E-cadherin 
adhesion and actomyosin are physically linked to one another, allowing 
actomyosin to transmit forces to the adhesion system.

The physical connection between cadherin complexes and the con-
tractile apparatus is principally mediated by association with the F-actin 
component of actomyosin. Multiple mechanisms link E-cadherin to 
F-actin (Fig. 1b). A key role is played by α-catenin47,48, which can directly 
bind actin filaments49 and also supports less direct interactions through 
proteins such as vinculin48,50,51 and EPLIN (also known as LIMA1)52.
Other molecular mechanisms also participate, such as the unconven-
tional motor myosin VI, which can associate directly with E-cadherin53 
and is recruited to apical cadherin junctions (zonulae adherente) in 
polarized epithelia54. Although we do not yet understand why such a 
wide range of proteins are able to link cadherins to cortical F-actin, one 
interesting possibility is that they may be making distinct contributions 
to the mechanical properties of the junctions. For example, although 
myosin VI is a processive motor that moves towards the minus-ends 
of actin filaments, under resistive load — such as it might experience 
at adherens junctions — it can potentially convert to an actin-binding 
anchor55 that might serve to reinforce cadherin–actin associations under 
stress. Alternatively, they may reinforce mechanical coupling with forces 
that have different orientations to the junctions (for instance, perpen-
dicular (or normal) versus tangential to junctions)51. More generally, this 
emphasizes the notion that multiple actin pools exist which interact with, 
and organize, subsets of cadherins within the junctions56–58.

However, E-cadherin adhesions also contribute to the biogenesis of 
the junctional actomyosin cortex itself (Fig. 1c). E-cadherin adhesions 
are sites of Rho signalling59,60, which activates myosin II, and the cad-
herin–catenin complex participates in coordinating the balance of Rho 
activators (guanine nucleotide exchange factors (GEFs)) and inactivators 

(GTPase-activating proteins (GAPs)) at adherens junctions60. Rho sig-
nalling is mediated by the ROCK protein kinase, which also associ-
ates with E-cadherin at cell–cell junctions61,62. Other proteins that can 
interact with ROCK to promote its junctional accumulation, such as 
the actin-binding protein Shroom, also have important roles in control-
ling junctional tension and morphogenesis61,63. Additionally, E-cadherin 
adhesions promote actin assembly at the junctional cortex by recruiting 
actin regulators (for example, Arp2/3 (ref. 64), formins (ref. 65), CD2AP 
(ref. 66) and cortactin (ref. 67)) and the signalling pathways that activate 
them. These associations between signalling molecules and actin regu-
lators at E-cadherin-based junctions help generate the actin networks 
that are necessary for actomyosin contractility. Thus, the integration of 
adhesion and contractility that is seen at adherens junctions6 involves 
a contribution from E-cadherin to building the contractile apparatus 
itself, an effect that is most evident for junctional actomyosin. Although 
it is not known whether cadherin-based actin assembly also affects the 
medial–apical networks, it can extend outwards from junctions68.

This capacity for cadherin adhesion actively to build, as well as pas-
sively bind to, actomyosin complicates the analysis of junctional mechan-
ics. In parsing this problem, it is important to appreciate that the timescale 
of analysis influences the apparent mechanical properties of cell–cell 
interactions. The total mechanical stresses (force/surface area) in the 
plane of the junctions between cells consist of elastic, viscous and active 
stresses69–71. Elastic stresses depend on the extent of deformations, whereas 
viscous stresses depend on the rate of deformations and active stresses 
depend on myosin II motor activity, actin dynamics and crosslinking. 
On short timescales (seconds), elastic behaviour dominates and allows 
long-range propagation of tension within and between cells in a tissue72. 
The junctional73–75 and medial–apical actomyosin networks12,37,76 make 
contributions to such elastic stresses, as do passive connections between 
the actin network and E-cadherin complexes38,57. On longer timescales 
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Figure 1 Actomyosin at epithelial junctions. (a) Schematic of actomyosin 
organization in simple epithelial cells. Cells in a monolayer are depicted as 
hexagons when viewed in the apical plane. Myosin minifilaments interact with 
F-actin networks both at the cortices of cell–cell junctions and in the medial–
apical pole of the cells. (b) Mechanisms for the E-cadherin molecular complex 
to associate with F-actin of the actomyosin apparatus. Actin filaments may 

bind directly to α-catenin, interact with α-catenin-associated proteins, such as 
vinculin or EPLIN, or bind to proteins such as myosin VI, which can associate 
with E-cadherin independently of α-catenin. (c) Cadherin adhesions support 
biogenesis of the junctional actomyosin apparatus by promoting actin assembly 
(for example, through nucleation by engaging Arp2/3, formins and associated 
proteins such as cortactin) and Rho-dependent activation of myosin II.
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Fig. 3.
Known Inputs into the Fog Signaling Pathway. The core Fog signaling pathway components
are shown in the central gray oval. Transcription factors are in red ovals. Accessory proteins
are in aqua circles. Yellow bars denote physical changes. Physical forces act on Twist,
myosin, and actin to change their abundance and localization, though the mechanisms of
these functions and whether they are direct are not entirely clear. Dorsal–ventral patterning
sets up Twist and Snail expression. Twist induces transcription of fog and T48 in VF cells.
Similarly, Snail is necessary for mist transcription in the VF. Apical–basal patterning
organizes Fog and Mist subcellular organization. T48, a single pass transmembrane protein,
helps to localize RhoGEF2 apically in the VF. Gβ13f, Gγ1, and Ric8 are all required for Cta
protein stability and function. Abl helps organize actin apically in contracting cells. All of
these inputs, and likely more, help organize and activate Fog signaling in developmental
time and space.
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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

1Howard Hughes Medical Institute, 2Department of Molecular Biology, 3Lewis-Sigler Institute for Integrative Genomics, and 4Joseph Henry Laboratories of Physics, Princeton
University, Princeton, New Jersey 08544, USA.
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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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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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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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Figure 2 | Constriction pulses are correlated with myosin coalescence.
a, Merged images of Myosin–mCherry (Z-projection, 5 mm depth, green)
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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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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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Figure 3 | Pulsed myosin coalescence and 
adherens junction bending require an actin–

myosin network.

Myosin II coalescence and adherens junction bending



Fig. 3.
Known Inputs into the Fog Signaling Pathway. The core Fog signaling pathway components
are shown in the central gray oval. Transcription factors are in red ovals. Accessory proteins
are in aqua circles. Yellow bars denote physical changes. Physical forces act on Twist,
myosin, and actin to change their abundance and localization, though the mechanisms of
these functions and whether they are direct are not entirely clear. Dorsal–ventral patterning
sets up Twist and Snail expression. Twist induces transcription of fog and T48 in VF cells.
Similarly, Snail is necessary for mist transcription in the VF. Apical–basal patterning
organizes Fog and Mist subcellular organization. T48, a single pass transmembrane protein,
helps to localize RhoGEF2 apically in the VF. Gβ13f, Gγ1, and Ric8 are all required for Cta
protein stability and function. Abl helps organize actin apically in contracting cells. All of
these inputs, and likely more, help organize and activate Fog signaling in developmental
time and space.
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Snail and Twist function in distinct phases of apical constriction



(Supplementary Fig. 4d). This defect might result from a failure to
establish a dense actin meshwork, because both twist mutants and
twistRNAi embryos had a more loosely arranged apical meshwork
of actin spots and fibres than constricting wild-type cells did
(Supplementary Fig. 4e). twist expression therefore stabilizes the con-
stricted state of cells between pulsed contractions.

Thus, we propose a ‘ratchet’ model for apical constriction, in
which phases of actin–myosin network contraction and stabilization
are repeated to constrict the cell apex incrementally (Fig. 4d). In
contrast to the purse-string model, we find that apical constriction
is correlated with pulses of actin–myosin network contraction that
occur on the apical cortex. Pulsed cortical contractions could allow
dynamic rearrangements of the actin network to optimize force gen-
eration as cells change shape. Because contractions are asynchronous,
cells must resist pulling forces from adjacent cells between contrac-
tions. A cortical actin–myosin meshwork seems to provide the cor-
tical tension necessary to stabilize apical cell shape and promote net
constriction. The transcription factors Snail and Twist are critical for
the contraction and stabilization phases of constriction, respectively.
Thus, Snail and Twist activities are temporally coordinated to drive
productive apical constriction. Despite the dynamic nature of the
contractions in individual cells, the behaviour of the system at the
tissue level is continuous, in a similar manner to convergent exten-
sion in Xenopus25. Pulsed contraction may therefore represent a con-
served cellular mechanism that drives precise tissue-level behaviour.

METHODS SUMMARY
Image acquisition and analysis. Two-colour imaging was performed at 22–
25 uC with a Leica SP5 confocal microscope, a 633/1.3 numerical aperture
glycerine-immersion objective, an argon ion laser and a 561-nm diode laser.
Spider–GFP images represent confocal slices 2 mm below the apical cortex,
whereas myosin images represent maximum-intensity Z-projections of an apical
section 5mm in depth. Image stacks for Spider–GFP movies were acquired every
6 s, and image stacks for two-colour movies were acquired every 5 s. Using
MATLAB (MathWorks) we developed methods to track cells and measure apical
area and myosin intensity. Data points were smoothed with a Gaussian smooth-
ing filter with s 5 15–18 s (three time points). Myosin intensity was measured
from maximum-intensity Z-projections as the sum intensity of all pixels in a cell.
Mean myosin intensity was calculated for junctional and medial pools of myosin
by creating masks that selected regions less than 0.3mm or more than 0.3mm
from the cell boundary, respectively.
Embryo fixation and staining. Heat fixation and staining with anti-myosin
heavy chain (MHC) antibody did not preserve the normal organization of apical
myosin observed in live squ–GFP26, squ–mCherry (Myosin–mCherry), and GFP-
zipper (GFP–MHC)27 embryos. We therefore used endogenous GFP fluorescence
to reveal myosin. squ–GFP embryos were fixed with 10% paraformaldehyde/
heptane for 20 min, devitellinized manually, stained with Alexa-568 phalloidin
(Invitrogen) to reveal actin, and mounted in AquaPolymount (Poysciences,
Inc.).
Drug/RNAi injection. CytoD was injected laterally at mid–late cellularization
with 0.5 mg ml21 CytoD in 10% dimethylsulphoxide (DMSO; Calbiochem).
Double-stranded RNAs against snail and twist (2 mg ml21) were injected lat-
erally into freshly laid eggs that were incubated 2.5–3.0 h before gastrulation was
imaged.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Snail and Twist function at distinct phases of pulsed
constriction. a, Time-lapse images of Myosin–GFP Z-projections. Blue
arrows indicate myosin spots that do not efficiently coalesce in snail
mutants. Red arrows indicate myosin coalescence in twist mutants that
seems to pull cell junctions. At least one coalescence event that pulled cell
junctions occurred over a 6-min period for 53% of cells in the twist mutant,
in contrast with 4% of cells in snail and snail twist mutants (n 5 60 cells,
three embryos per mutant). Scale bar, 4 mm. b, Time-lapse images of
Spider–GFP in snailRNAi or twistRNAi embryos. P[sna] indicates twist-
independent snail expression. Scale bar, 4mm. c, Quantification of apical
area (red) and constriction rate (blue) for individual cells in snailRNAi (left)
and twistRNAi (right) embryos. d, Ratchet model of apical constriction.
Myosin (green) contracts an apical actin network (red) that is coupled to
adherens junctions (blue) driving constriction. Contractions are pulsed,
interrupted by a phase in which the constricted state of the cell is stabilized.

LETTERS NATURE | Vol 457 | 22 January 2009

498
 Macmillan Publishers Limited. All rights reserved©2009

Snail and Twist function in distinct phases of apical constriction



Integration of contractile forces during tissue 
invagination

Adam C. Martin, Michael Gelbart, Rodrigo Fernandez-Gonzalez, Matthias Kaschube, 
and Eric F. Wieschaus

JCB
Volume 188(5):735-749

March 8, 2010

© 2010 Martin et al.



Polarized apical constriction possibly reflects 
tissue mechanics. 

Adam C. Martin et al. J Cell Biol 2010;188:735-749

© 2010 Martin et al.



AJs integrate global epithelial tension. 

Adam C. Martin et al. J Cell Biol 2010;188:735-749

© 2010 Martin et al.



Epithelial tension is highest along the length of 
the furrow. 

Adam C. Martin et al. J Cell Biol 2010;188:735-749

© 2010 Martin et al.



Anisotropic apical constriction results 
from a-p epithelial tension. 

Adam C. Martin et al. J Cell Biol 2010;188:735-749

© 2010 Martin et al.



Spot AJs integrate actomyosin fibers to form a 
supracellular meshwork. 
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Snail and Twist are required for epithelial tearing. 
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Twist is required for myosin II stabilization and 
supracellular meshwork formation. 
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Causes and consequences of contractile force 
integration. 
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