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Mechanosensitive calcium flashes promote sustained
RhoA activation during tight junction remodeling
Saranyaraajan Varadarajan1, Shahana A. Chumki2, Rachel E. Stephenson1, Eileen R. Misterovich1, Jessica L. Wu1, Claire E. Dudley1, Ivan S. Erofeev3,
Andrew B. Goryachev3, and Ann L. Miller1,2

Epithelial cell–cell junctions remodel in response to mechanical stimuli to maintain barrier function. Previously, we found that
local leaks in tight junctions (TJs) are rapidly repaired by local, transient RhoA activation, termed “Rho flares,” but how Rho
flares are regulated is unknown. Here, we discovered that intracellular calcium flashes and junction elongation are early
events in the Rho flare pathway. Both laser-induced and naturally occurring TJ breaks lead to local calcium flashes at the site
of leaks. Additionally, junction elongation induced by optogenetics increases Rho flare frequency, suggesting that Rho flares are
mechanically triggered. Depletion of intracellular calcium or inhibition of mechanosensitive calcium channels (MSCs) reduces
the amplitude of calcium flashes and diminishes the sustained activation of Rho flares. MSC-dependent calcium influx is
necessary to maintain global barrier function by regulating reinforcement of local TJ proteins via junction contraction. In all, we
uncovered a novel role for MSC-dependent calcium flashes in TJ remodeling, allowing epithelial cells to repair local leaks
induced by mechanical stimuli.

Introduction
The ability of epithelial tissues to establish and maintain a se-
lective paracellular barrier is crucial for development of multi-
cellular organisms and proper function of vital organs (Ivanov
et al., 2010; Luissint et al., 2016; Marchiando et al., 2010;
Moriwaki et al., 2007). The dynamic nature of epithelial tissues
during development and organ homeostasis requires cells to
change shape and remodel their cell–cell junctions during cell-
and tissue-generated forces including cell division, cell extru-
sion, and intercalation (Gudipaty and Rosenblatt, 2016; Guillot
and Lecuit, 2013; Varadarajan et al., 2019). Remarkably, epithelia
are able to maintain barrier function despite these shape-change
events (Higashi et al., 2016; Rosenblatt et al., 2001; Stephenson
et al., 2019). However, the mechanisms by which epithelial cells
remodel their cell–cell junctions without compromising barrier
function are not fully understood.

In vertebrates, epithelial barrier function is regulated by the
apical junctional complex, including tight junctions (TJs) and
adherens junctions (AJs; Zihni et al., 2016). Claudins and Oc-
cludin, which are both transmembrane TJ proteins, interact with
their counterparts on neighboring cells and polymerize within
the membrane to form a network of TJ strands that selectively
regulate the passage of small ions and macromolecules between
the cells (Claude and Goodenough, 1973; Furuse et al., 1998;

Staehelin et al., 1969). TJ strands are connected to the underlying
actomyosin array by the zonula occludens (ZO) family of scaf-
folding proteins, thereby coupling barrier function to actomyosin-
mediated cell shape changes (Fanning et al., 1998; Furuse et al.,
1998; Itoh et al., 1999; Van Itallie et al., 2017). Although it is known
that mechanical stress leads to a global increase in permeability to
macromolecules (Cavanaugh et al., 2006; Cohen et al., 2008;
Samak et al., 2010), much less is known about how cells respond to
these leaks.

We recently reported the occurrence of short-lived leaks
associated with cell-generated mechanical forces in the devel-
oping Xenopus laevis epithelium (Stephenson et al., 2019). During
Xenopus gastrulation, the epithelial monolayer covering the an-
imal cap of the developing embryo undergoes frequent cell di-
visions and morphogenetic movements, requiring elongation of
cell–cell junctions to accommodate cell shape changes. Leaks
are associated with elongating junctions and happen at sites
where TJ proteins are locally reduced. Leaks are dynamically
repaired by localized, short-lived activations of the small
GTPase RhoA, which we termed “Rho flares” (Stephenson
et al., 2019). Rho flares are also associated with local mem-
brane protrusion at the site of leaks. Together, the correlation
of Rho flares with junction elongation and membrane
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curvature suggest that RhoA may be activated by a mecha-
nosensitive pathway.

Calcium signaling plays a key role in transducing mechanical
forces into biochemical signals during cell shape changes
(Christodoulou and Skourides, 2015; Sahu et al., 2017). Calcium
signaling varies from long-range calcium waves to subcellular
calcium transients, both of which are controlled precisely in
space and time to modulate cytoskeleton-mediated cell shape
changes. Calcium signaling is associated with local RhoA acti-
vation during mechanical events including wound healing
(Benink and Bement, 2005; Clark et al., 2009), cell migration
(Pardo-Pastor et al., 2018), and dendritic spine enlargement
(Murakoshi et al., 2011), suggesting the possibility of calcium-
mediated RhoA activation during TJ remodeling.

Elevation of intracellular calcium following a mechanical
stimulus can be mediated by influx of extracellular calcium
through mechanosensitive calcium channels (MSCs) in the
plasma membrane (PM) or calcium release from the ER (Shao
et al., 2015). PM localized MSCs, including the piezo and tran-
sient receptor potential (TRP) ion channel families, allow calci-
um influx in response to local and/or global changes in
membrane tension or curvature (Coste et al., 2010; Gudipaty
et al., 2017; Liu and Montell, 2015; Miyamoto et al., 2014;
Mochizuki et al., 2009; Shi et al., 2018). For example, during cell
migration, MSCs mediate transient calcium influx at lamelli-
podia and focal adhesions to guide the direction of migration
(Ellefsen et al., 2019; Wei et al., 2009). However, the role of
MSCs in force-dependent remodeling of TJs has not been
explored.

Here, we investigate the mechanism by which Rho flares are
activated during TJ remodeling using high-resolution live
imaging of the gastrula-stage Xenopus epithelium, optogenetics,
laser-induced TJ injury, and a microscopy-based barrier assay.
We discover that local intracellular calcium flashes are a con-
sequence of paracellular leaks that happen in response to junc-
tion elongation. Using optogenetics, we show that junction
elongation is a mechanical stimulus that induces Rho flares.
Further, we demonstrate that intracellular calcium flashes,
which are dependent on MSCs but not inositol 1,4,5-tri-
sphosphate receptors (IP3Rs), support the Rho flare–mediated TJ
repair pathway. Finally, we show that MSC-mediated calcium
flashes regulate local junction contraction through robust, sus-
tained Rho activation to maintain an intact barrier.

Results
Epithelial barrier leaks induce a local intracellular
calcium increase
Intracellular calcium signaling has been implicated in TJ bio-
genesis, establishment of barrier function, and actomyosin-
mediated cell shape changes (Christodoulou and Skourides,
2015; Gonzalez-Mariscal et al., 1990; Nigam et al., 1992; Suzuki
et al., 2017). Thus, we hypothesized that intracellular calcium
signaling might be involved in Rho flare–mediated TJ repair of
local barrier leaks. To test this idea, we performed zinc-based
ultrasensitive microscopic barrier assay (ZnUMBA; Stephenson
et al., 2019) in gastrula-stage (Nieuwkoop and Faber stage

10.5–12) Xenopus embryos expressing probes for intracellular
calcium (tagBFP-C2; modified from Yu and Bement [2007]) and
active Rho (mCherry-2xrGBD; Benink and Bement, 2005;
Davenport et al., 2016). The C2 domain of PKCβ, when bound to
calcium, is recruited from the cytoplasm to the PM and is ca-
pable of detecting both local and global calcium increases. High-
speed live imaging demonstrated that calcium increases locally
at leak sites (Fig. 1 A). FluoZin-3 intensity increased, indicating a
leak, before the local calcium increase at the site of the Rho flare
(Fig. 1 B), and FluoZin-3 intensity returned to baseline after the
increase in calcium and active Rho, indicating restoration of
barrier function (Fig. 1 B and Video 1).

To evaluate the spatial origin of the calcium increase at Rho
flares, we generated kymographs at the site of Rho flares. A
representative kymograph shows that the intracellular calcium
increase originates at the junctional PM and spreads asymmet-
rically into the adjacent cells (Fig. 1 C). Of note, the asymmetric
calcium increase is mirrored by a similar asymmetric increase in
active Rho intensity in each of the cells adjacent to the PM (Fig. 1,
C and D; and Video 2).

Because Rho flares precede TJ reinforcement (Stephenson
et al., 2019), we next examined whether the local calcium in-
crease precedes ZO-1 reinforcement. Indeed, time-lapse imaging
of the TJ protein ZO-1 with probes for calcium (mNeon-C2) and
active Rho (mCherry-2xrGBD), revealed that the local calcium
increase precedes ZO-1 reinforcement (Fig. 1 D). Together, these
results show that a local calcium increase originates at sites of TJ
leaks and is followed by ZO-1 reinforcement.

Intracellular calcium flashes precede Rho flares during local
ZO-1 reinforcement
To better characterize the temporal dynamics of the intracellular
calcium increase, we used GCaMP6m (Chen et al., 2013), a ge-
netically encoded calcium probe with faster kinetics but reduced
spatial sensitivity compared with the C2 calcium probe. We
detected a transient increase in calcium in cells adjacent to
junctions with Rho flares (Fig. 2 A) with a duration of 74.50 ±
9.901 s (Fig. 2 B), hereafter referred to as a “calcium flash.”
Calcium flashes associated with Rho flares differ from calcium
waves previously described during Xenopus gastrulation in that
calcium flashes are restricted to the cells adjacent to the junction
exhibiting a Rho flare (Fig. S1, A and B; and Video 3). In contrast,
calcium waves originate in two to four cells and propagate to
neighboring cells within minutes (Wallingford et al., 2001; Fig.
S1, C–C9; and Video 3).

When detected with GCaMP6m, calcium flashes occur after
the decrease in ZO-1, and the peak of the calcium flash precedes
the peak of Rho flares by ∼80 s (Fig. 2, C and D). Further, the
intensity of GCaMP6m decreases as reinstatement of ZO-1 ini-
tiates (Fig. 2 D and Video 4). As both Rho flares and calcium
flashes vary in amplitude from cell to cell, we hypothesized that
there is relationship between the intensity of calcium flashes
and Rho flares. Correlation analysis comparing the intensity of
active Rho with the intensity of calcium flashes for individual
Rho flares revealed a strong positive correlation between calci-
um intensity and active Rho intensity (Pearson’s correlation
coefficient, r = 0.7247; Fig. S1 F). Taken together, our results
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support a role for calcium flashes in promoting Rho flare–
mediated TJ reinforcement.

Next, we tested if we could recapitulate calcium flashes by
experimentally inducing barrier leaks. To test this, we used 405
nm light to locally injure the TJ in cells expressing probes for
F-actin (Lifeact-GFP) and cytosolic calcium (R-GECO1). We have
previously shown that laser injury of the TJ causes a leak in the
barrier that is repaired similarly to naturally occurring Rho
flares (Stephenson et al., 2019). A fluorescent probe that strongly

localizes to the junction is necessary to induce a laser injury.
Because F-actin and active RhoA increase nearly simultaneously
following TJ leaks (Stephenson et al., 2019), we used Lifeact-GFP
to facilitate efficient injury as well as monitor the Rho-mediated
repair dynamics.

Upon laser injury, calcium increased locally at the site of the
injury, followed by an F-actin increase at the site of the injury
(Fig. 2, E and F; and Video 5), and the peak of calcium preceded
the peak of F-actin by ∼52 s (Fig. 2 F), comparable to naturally

Figure 1. Epithelial paracellular leaks induce a local intracellular calcium increase. (A) Time-lapse images (Fire LUT) of FluoZin-3 dye, membrane calcium
probe (tagBFP-PKC β-C2), and active Rho (mCherry-2xrGBD). Calcium increase (white arrows) follows a paracellular leak indicated by increase in FluoZin-3
fluorescence (yellow arrows) at the site of Rho flare (yellow arrowheads). Time 0 s represents start of Rho flare. (B) Quantification of experiments shown in A.
Top: Schematic showing ROIs used to quantify Rho flares, calcium (C2), and FluoZin-3. Bottom: Graph of mean normalized intensity shows that the leak
(FluoZin-3) precedes the increases in local calcium and active Rho. Shaded region represents SEM; n = 18 flares, 10 embryos, 6 experiments. (C) Top: Cell view
of an embryo expressingmembrane calcium probe (mNeon-PKCβ-C2, green) and active Rho probe (mCherry-2xrGBD, magenta). The yellow arrow indicates the
5-pixel-wide region used to generate the kymograph. Bottom: Kymograph shows that calcium increase originates at the junction and then spreads. (D) Time-
lapse images (FIRE LUT) of BFP-ZO-1, membrane calcium probe (mNeon-PKC β-C2), and active Rho (mCherry-2xrGBD). Local calcium increase (white arrows) is
spatially localized to the site of ZO-1 decrease (yellow boxed region) and Rho flare (yellow arrowheads).
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Figure 2. Intracellular calcium flashes precede Rho flares during local ZO-1 reinforcement. (A) Time-lapse images of calcium (GCaMP6m, green) and
active Rho (mCherry-2xrGBD, magenta). Calcium flash occurs in cells adjacent to the junction with the Rho flare (yellow arrowheads). Time 0 s represents start
of Rho flare. (B) Dot plot of calcium flash duration (full duration at half-maximum, FDHM). Error bars represent mean ± SEM; n = 10 calcium flashes, 10
embryos, 9 experiments. (C) Montage of the junction indicated by the blue box in A (FIRE LUT). A calcium flash (GCaMP6m) follows a local loss of ZO-1 (BFP-
ZO-1, yellow boxed region, enlarged below) and precedes the Rho flare (mCherry-2xrGBD, yellow arrowheads). (D) Quantification of experiments shown in C.
Top: Schematic showing ROIs used to quantify Rho flares, calcium (GCaMP6m), and ZO-1. Bottom: Graph showing that calcium intensity increase follows a
decrease in ZO-1 and precedes an increase in active Rho. Bracket represents the time interval between the peak of calcium and active Rho. Shaded region
represents SEM; n = 19 flares, 14 embryos, 11 experiments. (E) Time-lapse images (FIRE LUT) of calcium probe (R-GECO1) and F-actin probe (Lifeact-GFP)
during laser-induced TJ injury. Local calcium increase (white dotted circle) precedes F-actin increase (white arrowhead) at the site of junctional laser injury
(yellow arrowhead). Time 0 s represents time of junctional injury. (F)Quantification of experiments shown in E. Graph of mean normalized intensity shows that
calcium increase follows the laser-induced junctional injury (vertical dotted line) and precedes an increase in F-actin at the site of junctional injury. Bracket
represents the time interval between the peak of calcium and F-actin. Shaded region represents SEM; n = 35 flares, 15 embryos, 3 experiments.
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occurring flares (Fig. 2 D). Moreover, when cells exhibited a
short calcium spike that was not sustained, F-actin did not ac-
cumulate, resulting in failure to repair the F-actin break induced
by laser injury (Fig. S1, F and G9). Together, these data show that
laser-induced TJ leaks result in local, sustained calcium flashes
that precede F-actin accumulation, similar to naturally occur-
ring barrier leaks.

Optogenetic activation of junctional RhoA is not sufficient for
local calcium increase
Our results demonstrate that the increases in calcium and active
RhoA during naturally occurring TJ remodeling are tightly
coupled in space and time, with the calcium flash preceding the
peak of Rho activation. A recent study showed that optogeneti-
cally controlled broad activation of RhoA leads to an increase in
intracellular calcium in epithelial cells (Inaba et al., 2021).
Therefore, we asked if local activation of RhoA at apical junc-
tions is sufficient to induce a local calcium increase. To test this,
we adopted the TULIP optogenetic system (Oakes et al., 2017;
Strickland et al., 2012) for use in Xenopus to activate RhoA with
high spatiotemporal resolution. The TULIP system consists of a
photosensitive LOVpep domain anchored to the membrane and
a photo-recruitable guanine nucleotide exchange factor (prGEF,
DH domain of the RhoGEF LARG fused to tandem PDZ domains)
that activates RhoA upon illumination with 405-nm light (Fig. 3
A; Wagner and Glotzer, 2016). In gastrula-stage Xenopus epi-
thelia, whole-field light stimulation rapidly recruits prGEF-
mCherry from the cytoplasm to the PM (Fig. S2, A and B; and
Video 6). Further, optogenetic recruitment of prGEF promotes
reversible activation of RhoA andwhole-field tissue contractility
(Fig. S2, C and D; and Video 6). Additionally, light stimulation of
a single cell–cell junction results in reversible, site-specific re-
cruitment of prGEF-mCherry (Fig. S2 E). These results demon-
strate that the TULIP optogenetic system can activate RhoA and
modulate contractility with high spatiotemporal specificity in
Xenopus embryos.

We next used this system to test if optogenetic activation of
RhoA at apical junctions can induce a local calcium flash. RhoA
was optogenetically activated in cells expressing a probe for
active RhoA (mCherry-2xrGBD) or a probe for membrane cal-
cium (Halo-tagged C2). Light stimulation of a single junction
from vertex to vertex resulted in RhoA activation at the junction
within ∼60 s following the start of stimulation (Fig. 3, B and C;
and Video 7). Notably, intracellular calcium did not increase
upon optogenetic activation of RhoA (Fig. 3, B and C9; and Video
7). Laser injury of the same junction, however, did result in a
local calcium increase (Fig. 3 D and Video 7), confirming that the
stimulated cells did indeed express a functional calcium probe.
Together, these data demonstrate that optogenetic junctional
activation of RhoA is not sufficient to induce a local calcium
increase.

Intracellular calcium flash is required for Rho flare activation
and ZO-1 reinforcement
Calcium is required for Rho activation during local cell shape
changes including epithelial wound healing, cell migration, and
dendritic spine enlargement (Clark et al., 2009;Murakoshi et al.,

2011; Pardo-Pastor et al., 2018). However, whether calcium is
required for local Rho activation and ZO-1 reinforcement at TJ
leaks remains unknown. To test this question, we chelated in-
tracellular calcium using 1,2-bis(2-aminophenoxy)ethane-
N,N,N9,N9-tetraacetic acid tetrakis(acetoxymethyl ester)
(BAPTA-AM), a cell-permeable calcium chelator that chelates
intracellular calcium without disrupting calcium-dependent
cadherin adhesion. Treatment with BAPTA-AM led to an in-
crease in the frequency of calcium waves (Fig. S3 A), which
disrupted our ability to observe calcium flashes. Calcium waves
are dependent on an ER-mediated calcium release (Wallingford
et al., 2001), so we blocked waves using the IP3R blocker 2-
aminoethoxydiphenyl borate (2-APB), in addition to chelating
intracellular calcium with BAPTA-AM (Fig. 4 A). Upon treat-
ment with BAPTA-AM + 2-APB (Fig. 4 A9), the intensity of
calcium flashes was reduced compared with vehicle (DMSO)
controls (Fig. 4, B–D and D9; and Video 8). We noted that the
frequency of Rho flares was not significantly changed in
BAPTA-AM + 2-APB–treated embryos (Fig. S3 B). However,
active Rho was significantly reduced at sites of ZO-1 loss when
intracellular calcium was chelated (Fig. 4, B, C, E, and E9; and
Video 8). Additionally, ZO-1 breaks were more severe, lasted
longer, and failed to be reinstated in intracellular calcium
chelated embryos compared with vehicle controls (Fig. 4, B, C,
F, and F9; and Video 8). Together, our results suggest that in-
tracellular calcium increase is required for robust activation of
Rho flares and efficient ZO-1 reinforcement.

Based on our results that the IP3R blocker, 2-APB, in con-
junction with calcium chelator, significantly decreases intra-
cellular calcium flashes associated with TJ remodeling (Fig. 4), as
well as evidence that ER-mediated calcium release is important
for TJ biogenesis (Denker and Nigam, 1998), we next asked if
IP3R-mediated calcium release is required for local TJ remodel-
ing. To test this, we used a highly-specific IP3R blocker, Xesto-
spongin C (XeC). First, we evaluated the efficiency of XeC in
blocking IP3R-mediated calcium release using an epithelial
wound healing assay. Laser wounding of the epithelial cell cor-
tex resulted in the rapid progression of a calcium wave. XeC
significantly decreased the amplitude and progression of the
calcium wave compared with vehicle (DMSO) controls (Fig. S3,
C–C0), as previously reported (Soto et al., 2013). We next tested
the effect of XeC on calcium dynamics during local TJ remod-
eling by performing junctional laser injury (see Fig. 2). Blocking
IP3R-mediated calcium release had no significant effect on the
calcium flash or F-actin accumulation at the site of laser-induced
TJ leaks (Fig. S3, D and E). Thus, IP3R-mediated calcium release
is not required for local TJ remodeling.

Mechanical stimuli induce Rho flares
We previously reported that naturally-occurring Rho flares are
correlated with elongation of cell–cell junctions prior to the flare
(Stephenson et al., 2019); however, it remains untested whether
junction elongation is a mechanical stimulus that can induce
calcium flashes and Rho flares. First, we measured changes in
junction length and intracellular calcium at junctions with nat-
urally occurring Rho flares and found that junction elongation
initiates ∼200 s before the start of the calcium flash, and a rapid
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Figure 3. Optogenetic activation of junctional RhoA is not sufficient for local calcium increase. (A) Schematic of TULIP-mediated optogenetic activation
of RhoA by the recruitment of a prGEF upon 405-nm laser stimulation. (B) Quantification of experiments in C. Mean normalized intensity of active Rho
(mCherry-2xrGBD) and calcium (Halo-PKC β-C2, Janelia Fluor 549 HaloTag) upon junction-specific 405-nm laser stimulation (gray box, 60–240 s). Shaded
region represents SEM. Active Rho: n = 10 junctions, 5 embryos, 3 experiments; calcium (Halo-C2): n = 12 junctions, 7 embryos, 3 experiments. (C) Left: Cell
view of an embryo expressing active Rho probe (mCherry-2xrGBD, FIRE LUT) with ROI for light stimulation indicated by white dashed box. Zoomed image of
prGEF (orange LUT) localization at ROI. Right: Time-lapse montage of active Rho probe within the ROI that is stimulated with a 405-nm laser (gray box indicates
duration of stimulation). (C9) Left: Cell view of an embryo expressing calcium probe (Halo-PKC β-C2, Janelia Fluor 549 HaloTag, FIRE LUT) with ROI for light
stimulation indicated by white dashed box. Zoomed image of prGEF (orange LUT) localization at ROI. Right: Time-lapse montage of calcium probe (Halo-C2)
within the ROI that is stimulated with a 405-nm laser (gray box indicates duration of stimulation). (D) Time-lapse montage of the junction highlighted in C9
expressing calcium probe (Halo-PKC β-C2, Janelia Fluor 549 HaloTag, FIRE LUT). Laser injury of the junction resulted in a local calcium increase at the site of the
injury. Dashed white circle represents the site of junction injury at time 70 s.
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contraction of the junction immediately follows the calcium
flash (Fig. 5 A). To test if artificially activated junction elongation
can induce Rho flares, we optogenetically induced regional
contraction to promote junction elongation in the neighboring
region. Embryos were injected to achieve mosaic expression of
the optogenetic constructs (Fig. 5, B and C). Cells expressing

prGEF were regionally stimulated with 405-nm blue light (Fig. 5
B, gray dotted box), and the frequency of Rho flares was ob-
served in the unstimulated neighboring region (Fig. 5 B, region of
observation). The frequency of Rho flares in the region of obser-
vation significantly increased post-stimulation compared with
prestimulation (Fig. 5, C9 and D). Furthermore, optogenetically

Figure 4. Intracellular calcium flash is required for Rho flare activation and ZO-1 reinforcement. (A) Schematic of cytosolic calcium chelation using
BAPTA-AM and blocking IP3R-mediated calcium release from the ER using 2-APB. (A9) Schematic showing BAPTA-AM and 2-APB treatment after removal of
vitelline envelope. (B and C) Time-lapse images (FIRE LUT) of BFP-ZO-1, calcium (GCaMP6m), and active Rho (mCherry-2xrGBD). Embryos were treated with
0.5% DMSO (vehicle; B) or 20 µM BAPTA-AM and 100 µM 2-APB (calcium chelation; C). Calcium chelation resulted in more severe ZO-1 breaks (yellow boxes,
enlarged below) and decreased Rho activity (yellow arrowheads) at the site of ZO-1 loss. Time 0 s represents the start of ZO-1 decrease. (D–F) Graphs of mean
normalized intensity of calcium (GCaMP6m; D), active Rho (E), and ZO-1 (F) at the site of ZO-1 loss over time in vehicle (DMSO, solid lines) or calcium chelation
(BAPTA-AM + 2-APB, dashed lines) embryos. Shaded region represents SEM. DMSO: n = 10 flares, 7 embryos, 7 experiments; BAPTA-AM + 2-APB: n = 13 flares,
8 embryos, 8 experiments. (D9–F9) Area under the curve (AUC) for calcium (D9) and active Rho (E9) was calculated from D and E, respectively. Scatter plot of
change in ZO-1 intensity (F9) was calculated from F. I1 and I2 represent average intensity of ZO-1 from individual traces from times 0–50 s and 400–450 s,
respectively. Error bars represent mean ± SEM; significance calculated using Mann–Whitney U test.
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Figure 5. Junction elongation induces Rho flares. (A) Graph showing that calcium flash (GCaMP6m) follows junction elongation (verted-to-vertex length)
and precedes Rho-mediated junction contraction and stabilization of length. Time 0 s represents start of Rho flare. Shaded region represents SEM; n = 16 flares,
13 embryos, 10 experiments. (B) Schematic of mosaic injection and regional activation of Rho-mediated contractility using optogenetics. Top: Schematic
showing the mosaic injection of optogenetic constructs (prGEF and LOVpep) injected into one cell, while active Rho probe is injected in both cells at two-cell
stage. Bottom: Regional activation of RhoA using optogenetics in region of stimulation (shaded gray box) and quantification of junction length and frequency of
Rho flares in region of observation (dotted blue box). (C) Cell view of an embryo mosaically-expressing prGEF (2xPDZ-YFP-LARG(DH), yellow) and active Rho
probe (mCherry-2xrGBD, gray). (C9) Cell view of Rho probe in the embryo from C. Regional stimulation (white dashed box) induces Rho flares in areas
neighboring the region of stimulation (yellow arrowheads). (D)Quantification of Rho flares in the area outside the region of stimulation shown in C9. Frequency
of Rho flares occurring pre-stimulation (0–300 s) and post-stimulation (600–900 s) are matched for color and shape. Significance calculated using unpaired
two-tailed t test; n = 6 embryos, 4 experiments. (E) Time-lapse montage of a junction highlighted in C9 (yellow box) expressing active Rho probe (mCherry-
2xrGBD). Following optogenetic stimulation (indicated by gray shaded box), an increase in junction length precedes Rho flare activation (yellow arrowhead).
Junction length measured from vertex to vertex is indicated under each panel.
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induced Rho flares were also preceded by junction elongation
(Fig. 5 E). Taken together, our data suggest that junction elongation
is a mechanical stimulus that induces Rho flares.

MSC-dependent calcium influx is required for Rho-mediated
reinforcement of ZO-1
Rho flares are preceded by junction elongation (Fig. 5) and by
loss of ZO-1 (Fig. 2 D), a scaffolding protein that connects TJ
transmembrane proteins to the underlying actin cytoskeleton.
Additionally, Rho flares are accompanied by apical PM defor-
mation (Stephenson et al., 2019), suggestive of the membrane-
cortex detachment that precedes blebs in isolated cells. These
data, along with the observation that calcium increases originate
from the junctional PM (Fig. 1 C and S1 D), suggest that calcium
influx may be mediated by MSCs at the junctional PM.

To test this idea, we first evaluated the temporal association
of membrane protrusion (tagBFP-membrane) and Rho flares
(mCherry-2xrGBD). A kymograph at the site of a Rho flare il-
lustrates that membrane protrusion (blue, Fig. 6 A) expands
with a similar timing to the increase in Rho activation (Fig. 6 A,
magenta), supporting a mechanosensation-based mechanism.
To test if MSCs are responsible for the calcium flash preceding
Rho flares, we blocked MSCs using grammostola mechanotoxin
#4 (GsMTx4), a peptide from spider venom. GsMTx4 decreases
the sensitivity of MSCs to changes in membrane tension,
thereby blocking calcium influx mediated by Piezo1 and TRP
channels (Fig. 6 B; Bae et al., 2011; Bowman et al., 2007;
Gnanasambandam et al., 2017). MSC-mediated calcium tran-
sients are required for tissue homeostasis and proper develop-
ment (Hunter et al., 2014). Therefore, we used GsMTx4 at a low
concentration such that embryos successfully develop to gastrula
stage and the overall morphology of cell–cell junctions is not al-
tered. GsMTx4 treatment did not alter active RhoA accumulation
at the contractile ring in dividing cells (Fig. S4 A), baseline junc-
tional active RhoA (Fig. S4, B and B9), downstream targets of active
RhoA (Fig. S4, C–C0), or AJs (Fig. S4, D and D9). However, GsMTx4
treatment significantly decreased the calcium flash associated
with Rho flares (Fig. 6, C–E9), indicating that the calcium flashes
preceding Rho flares are mediated by MSCs. Further, GsMTx4
treatment decreased the amplitude and duration of Rho flares
compared with vehicle (water) controls (Fig. 6, C, D, F, and F9).
Although both vehicle- and GsMTx4-treated embryos showed an
initial increase in active Rho at the site of ZO-1 loss, Rho flares
were lower in intensity and shorter-lived in GsMTx4-treated
embryos (Fig. 6 F). In addition, the amount of ZO-1 loss before
Rho activation was comparable between vehicle- and GsMTx4-
treated embryos (Fig. 6 G, I1). However, treatment with GsMTx4
significantly reduced ZO-1 reinforcement compared with vehicle
controls (Fig. 6, C, D, G, and G9). Together, these findings dem-
onstrate that MSC-mediated calcium influx is required for robust
Rho flare activation and efficient reinforcement of ZO-1.

MSC-mediated calcium influx is critical for epithelial barrier
function and local junction contraction
Rho flare–mediated ZO-1 reinforcement is required to repair
local leaks and maintain paracellular barrier integrity. Our re-
sults show that a calcium increase follows local leaks (Figs. 1 B

and 2 E), and blocking MSCs leads to impaired Rho activation
and ZO-1 reinforcement (Fig. 6, F and G). Therefore, we hy-
pothesized that MSC-mediated calcium influx is required to
maintain an intact paracellular epithelial barrier. To detect
transient leaks in the barrier, we performed ZnUMBA in vehi-
cle- or GsMTx4-treated embryos. With GsMTx4 treatment, the
whole-field intensity of FluoZin-3 increased over time compared
with vehicle controls (Fig. 7, A and B), indicating a global barrier
disruption. This barrier disruption could be the result of failure
to repair local leaks associated with ZO-1 loss. As local barrier
leaks were followed by Rho flares in control embryos, we used
Rho flares as an indicator of sites of local leaks (Stephenson
et al., 2019) and analyzed the frequency of Rho flares in vehi-
cle- and GsMTx4-treated embryos. Notably, we found that the
frequency of Rho flares increased significantly in GsMTx4-treated
embryos compared with matched controls (Fig. 7 C and Video 9),
suggesting an increase in local leaks. To examine if local leaks
were contributing to global barrier disruption, we analyzed indi-
vidual junctions exhibiting local FluoZin-3 increases. With
GsMTx4 treatment, local FluoZin-3 increased repeatedly at the site
of ZO-1 loss (Fig. 7 E, single and double white arrows) compared
with vehicle controls, in which the local FluoZin-3 increase was
resolved after robust activation of Rho flares and ZO-1 reinforce-
ment (Fig. 7, D and E; and Video 10). Of note, in GsMTx4-treated
embryos, Rho flares often failed to be activated following an in-
crease in local FluoZin-3 (Fig. 7 E, yellow arrow). Collectively,
these findings suggest thatMSC-mediated robust activation of Rho
flares and ZO-1 reinforcement are required to resolve local leaks to
maintain the overall paracellular barrier integrity.

After TJ breaks, Myosin II activation through a Rho/ROCK-
mediated signaling pathway is required for efficient ZO-1 rein-
forcement via local junction contraction (Stephenson et al.,
2019). We next asked whether reduced ZO-1 reinforcement
observed in GsMTx4-treated embryos was a result of reduced
junction contraction. We found that the characteristic rapid con-
traction of the junction immediately following the Rho flare was
significantly reduced in GsMTx4-treated embryos compared with
vehicle controls (Fig. 7, F and F9). To track the local contractile re-
gions within individual junctions, we generated kymographs of
cell–cell junctions projected from vertex to vertex. In GsMTx4-
treated embryos, we observed a dramatic loss of junction contrac-
tion and lack of ZO-1 reinforcement following Rho flares (black
bracket, Fig. 7 G) compared with robust contraction and ZO-1 rein-
forcement in controls. Additionally, kymographs highlighted that in
GsMTx4-treated embryos, there are many short-lived Rho flares,
which often repeat at the same site and yet remain unable to rein-
force ZO-1 (orange arrows, Figs. 7 G and S5 A). Furthermore, we
observed reduced F-actin accumulation at the sites of short-lived
Rho flares in GsMTx4-treated embryos (Fig. S5, B and C). Taken
together, our results show that MSC-mediated calcium influx is re-
quired for local junction contraction and efficient TJ reinforcement
following barrier leaks through robust and sustained Rho activation.

Discussion
Epithelial tissues adapt to mechanical stimuli by remodeling
their cell–cell junctions and associated cytoskeleton to maintain
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Figure 6. MSC-dependent calcium influx is required for Rho-mediated reinforcement of ZO-1. (A) Left: Cell view of an embryo expressing membrane
probe (membrane-tagBFP, cyan) and active Rho probe (mCherry-2xrGBD, magenta). Yellow arrow indicates the 2-pixel-wide region used to generate the
kymograph. Right: Kymograph shows that membrane protrusion increases with Rho flare. Green arrow indicates the start of membrane protrusion and Rho
flare. (B) Schematic showing that GsMTx4 inhibits MSC-mediated calcium influx in response to changes in membrane tension induced by membrane stretch or
curvature. (C and D) Time-lapse images (FIRE LUT) of BFP-ZO-1, calcium (GCaMP6m), and active Rho (mCherry-2xrGBD). Embryos were treated with water
(vehicle; C) or 12.5 µM GsMTx4 (MSC inhibitor; D). MSC inhibition resulted in a decrease in calcium influx; short-duration, low-intensity Rho flares (yellow
arrowheads; D); and decreased ZO-1 reinforcement at the site of ZO-1 loss (yellow boxes, enlarged below; D). Time 0 s represents the start of Rho flares.
(E–G) Graphs of mean normalized intensity of calcium (GCaMP6m; E), active Rho (F), and ZO-1 (G) at the site of ZO-1 loss over time in vehicle- (water, solid
lines) or MSC-inhibited (GsMTx4, dashed lines) embryos. Shaded region represents SEM. Vehicle: n = 13 flares, 6 embryos, 6 experiments; GsMTx4: n = 17
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tissue homeostasis and barrier function. We previously showed
that physiological mechanical stimuli, such as the junction
elongation that happens in response to cell shape changes, cause
short-lived, local paracellular leaks (Stephenson et al., 2019).
However, it was unclear how cells sense local leaks. In this
study, we identified that mechanosensitive calcium signaling is a
key player initiating Rho flare–mediated repair of TJs (Fig. 7 H).

Calcium flashes are a consequence of local barrier leaks and
promote barrier repair
In epithelial cells, a range of spatiotemporal calcium transients
have been observed including waves, flashes, flickers, and puffs
(Balaji et al., 2017; Brodskiy and Zartman, 2018). Using geneti-
cally encoded calcium probes, we identified intracellular calci-
um flashes during TJ remodeling. Calcium flashes originated at
the junctional PM after a local loss of TJ proteins and a barrier
breach during both naturally occurring and experimentally in-
duced barrier leaks. Previous studies have shown that intra-
cellular calcium signaling is critical for formation of TJs and
establishment of barrier function during TJ biogenesis
(Gonzalez-Mariscal et al., 1990; Nigam et al., 1992). However,
the timescale of TJ formation following a calcium increase in
these studies is significantly slower (∼50 min) compared with
the rapid reinstatement of TJs following the calcium flashes
described here (∼1–2min). In contrast to the TJ biogenesis work
and our findings, whole-cell intracellular calcium increases in
mature epithelia can lead to barrier dysfunction (Elamin et al.,
2014). Our study reveals that local intracellular calcium flashes
are a consequence of paracellular leaks and contribute to TJ
repair rather than barrier dysfunction.

Intracellular calcium transients exhibit a wide range of spa-
tiotemporal dynamics based on the source of calcium increase
and scale of remodeling events (Balaji et al., 2017; Clark et al.,
2009; Soto et al., 2013). The long- and short-range calcium
waves observed in epithelial cells are primarily mediated by IP3-
dependent release of calcium from the ER (Balaji et al., 2017;
Jaffe, 2008; Soto et al., 2013; Wallingford et al., 2001; Webb and
Miller, 2006). In contrast, localized calcium transients are gen-
erally mediated by PM-localized calcium channels, thereby
creating a local calcium increase near the opening of the chan-
nel, called a “calcium microdomain” (Berridge, 2006; Tsai et al.,
2015; Wei et al., 2009). In our study, local calcium flashes as-
sociated with TJ remodeling originate close to the junctional PM,
consistent with forming a calcium microdomain near the PM,
suggesting a role for PM-localized calcium channels. An alter-
nate explanation for these local calcium flashes would be a local
membrane rupture; however, previous work from our lab sug-
gests that the PM is indeed intact at the site of leak (Stephenson
et al., 2019). Additionally, multiple pieces of evidence suggest
that calcium flashes are independent of IP3R-mediated calcium
release from the ER. First, the duration of calcium flashes during
TJ remodeling is longer (∼65–85 s) than calcium flashes

mediated by intracellular calcium stores during apical con-
striction in Xenopus (∼26–40 s; Christodoulou and Skourides,
2015; Suzuki et al., 2017). Second, blocking IP3R-mediated cal-
cium release from the ER had no effect on the dynamics of cal-
cium flashes or the repair of the barrier leaks. Finally, we noted
that when cells exhibited calcium transients generally associated
with calcium release from the ER (higher amplitude that is not
sustained or a uniform increase throughout the cell), TJ leaks
failed to be repaired. It remains possible, however, that calcium
flashes could induce calcium release from ER independently of
IP3R. In contrast to our findings, it has been reported that in
mature epithelia, intracellular calcium increase mediated by
IP3R can lead to barrier dysfunction (Elamin et al., 2014), indi-
cating that intracellular calcium can have opposing effects on
barrier function based on the spatial and temporal dynamics of
the calcium signal, thus highlighting the importance of identi-
fying the role of calcium signaling in diverse physiological
contexts.

Crosstalk between calcium and RhoA
Both calcium transients and RhoA activation are modulated lo-
cally and globally in response to mechanical stimuli (Acharya
et al., 2018; Benink and Bement, 2005; Clark et al., 2009; Pardo-
Pastor et al., 2018). Our results demonstrate that the intensity of
intracellular calcium flashes and Rho flares are positively cor-
related, and calcium reaches peak intensity before Rho. Further,
we observed that perturbation of intracellular calcium using
either a cytoplasmic calcium chelator in conjunction with an
IP3R blocker (BAPTA-AM + 2-APB), or a MSC blocker (GsMTx4)
significantly reduced the intensity and duration of RhoA flares
at sites of ZO-1 loss. Interestingly, treatment with BAPTA-AM +
2-APB showed a stronger effect compared with GsMTx4. The
differences could potentially be due to altered tissue tension
resulting from physical removal of the vitelline for BAPTA-AM +
2-APB but not GsMTx4 experiments, a calcium-independent
effect of BAPTA-AM on the actin cytoskeleton (Saoudi et al.,
2004), or off-target inhibition of TRP channel–mediated calci-
um influx by 2-APB (Takeuchi et al., 2020; Zhang et al., 2017).
We also demonstrate that optogenetic local activation of RhoA at
TJs is not sufficient to induce a local calcium increase, sup-
porting the notion that calcium is acting upstream of Rho in this
case. Together, our evidence demonstrates that intracellular
calcium flashes positively regulate the activity of RhoA during TJ
remodeling.

The mechanism by which calcium regulates RhoA activity
remains unknown. Our results show that despite the spreading
of calcium throughout the cell, Rho flares are spatially confined
to the site of paracellular leaks. This suggests that calcium may
regulate RhoA activity by modulating the activity of a specific
Rho GEF or Rho GAP, rather than direct regulation of RhoA.
Potential mechanisms by which intracellular calcium increase
could activate RhoA include PKCα-mediated activation of a Rho

flares, 7 embryos, 6 experiments. (E9–G9) AUCs for calcium (E9) and active Rho (F9) were calculated from E and F, respectively. (G9) Scatter plot of change in
ZO-1 intensity (G9) was calculated from G. I1 and I2 represent average intensity of ZO-1 from individual traces at times −25 to 25 s and 400–450 s, respectively.
Error bars represent mean ± SEM; significance calculated using Mann–Whitney U test.
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Figure 7. MSC-mediated calcium influx is critical for epithelial barrier function and local junction contraction. (A) Time-lapse images (orange hot LUT)
of epithelial permeability tested using ZnUMBA (FluoZin-3). Embryos were treated with water (vehicle, top) or 12.5 µM GsMTx4 (MSC inhibitor, bottom). Time
0 s represents the start of the time-lapse movie. (B) Graph of mean normalized intensity of whole-field FluoZin-3 for vehicle (water) or GsMTx4-treated
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GEF (Holinstat et al., 2003) or CaMKII-mediated crosstalk be-
tween active Cdc42 and RhoA (Benink and Bement, 2005;
Murakoshi et al., 2011). Alternatively, an intracellular calcium
increase could sustain RhoA activation by increasing the resi-
dence time of RhoA at the PM in an Anillin-dependent manner
(Budnar et al., 2019). In agreement with this idea, we previously
showed that knockdown of Anillin leads to short-lived Rho flares
(Reyes et al., 2014), similar to GsMTx4-treated cells observed in
this study. These findings suggest that calcium might increase
the residence time of junctional active RhoA in an anillin-
dependent manner by enriching PIP2 at the PM (Wang and
Richards, 2012) or binding C2 domain of Anillin (Cho and
Stahelin, 2006; Sun et al., 2015). Finally, it is possible that the
initial activation of Rho flares is independent of calcium influx;
however, the sustained activation of Rho flares is dependent on
MSC-mediated local calcium increase (Fig. S5 D).

In addition to regulating RhoA activity, MSC-mediated local
calcium increase is important for reinforcement of ZO-1, as both
intracellular calcium chelation and blocking MSCs inhibited
reinforcement of ZO-1. We show that this lack of ZO-1 rein-
forcement is due to reduced RhoA-mediated junction contrac-
tion, presumably due to reduced ROCK/Myosin II activation at
the site of leaks (Stephenson et al., 2019). Additionally, bio-
chemical studies have demonstrated that intracellular calcium
increase (Stuart et al., 1994) and active RhoA (Nusrat et al., 1995)
are required for the association of ZO-1 with the actin cyto-
skeleton. Notably, our work is the first to demonstrate that in-
tracellular calcium promotes recruitment and reinforcement of
ZO-1 at TJs via regulating RhoA activation. Further, given that
myosin light chain kinase (MLCK) is activated by calcium/cal-
modulin (Heissler and Sellers, 2014), and active MLCK stabilizes
ZO-1 at TJs (Yu et al., 2010), it is also possible that calcium
regulates ZO-1 reinforcement at TJs via MLCK activation in
parallel to RhoA activation.

Mechanical stimuli activate MSCs at local sites
Using a broad MSC-blocker (GsMTx4), we demonstrated that
calcium flashes are mediated by MSCs during TJ remodeling. In
addition to being activated by externally applied mechanical
stimuli, MSCs can be activated from inside the cell by
cytoskeleton-generated tension and/or changes in cortical ten-
sion (Heisenberg, 2017; Nourse and Pathak, 2017; Shi et al., 2018;

Welf et al., 2020). Given that calcium flashes follow junction
elongation, and junction elongation is a mechanical stimulus
that induces Rho flares (Fig. 5), it seems likely that MSCs are
activated by changes in membrane tension as junctions elongate
(Liu and Montell, 2015; Orr et al., 2006; Shi et al., 2018). How-
ever, the location and timing of calcium flashes supports the idea
that MSCs are not activated along the entire length of the
elongating junction, but instead at local sites.

It remains unknown which MSC is responsible for the cal-
cium flashes associated with TJ remodeling. Several MSCs be-
longing to the Piezo and TRP families, including Piezo1, TRPC1,
TRPC5, TRPC6, TRPV2, and TRPV4, are known to be expressed
in epithelial tissues (Akazawa et al., 2013; Coste et al., 2010;
Miyamoto et al., 2014; Tiruppathi et al., 2006; Weber and
Muller, 2017). GsMTx4 blocks calcium influx mediated by
Piezo1 and members of the TRP family, specifically TRPC6 and
TRPV4 (Bae et al., 2011; Bowman et al., 2007; Spassova et al.,
2006), and 2-APB can block TRPC6 and TRPV4 (Takeuchi et al.,
2020; Zhang et al., 2017). Thus, it will be of high interest to
define the roles of Piezo1 and TRP channels in TJ remodeling.

Rho flares follow TJ leaks and are associated with apical
membrane protrusions (Fig. 6), displaying a change in mem-
brane curvature (Stephenson et al., 2019) and likely a change in
membrane tension. However, it is not clear if the membrane
protrusions observed during Rho flares are bleb-like or
lamellipodia-like protrusions. Bleb-like protrusions occur
where the connection of the PM to the underlying actin cortex
is weakened or lost (Charras, 2008), whereas lamellipodia-like
protrusions occur when Arp2/3-mediated branched actin
pushes the membrane outward (Taha et al., 2014). While the
growth phase of typical blebs is devoid of cytoskeletal elements
in the protrusion and is pushed out due to intracellular pressure,
the membrane protrusion observed during Rho flares has a ho-
mogeneous distribution of active Rho and F-actin (Figs. 6 and
S5 B). We speculate that Rho flares might follow a combination
model, in which the initiation phase follows a bleb-like pattern
due to local uncoupling of the membrane from the underlying
actin cortex upon loss of ZO-1, followed by a formin- and Arp2/3-
mediated actin-based protrusionmodel during the growth phase.
In agreement with our idea, a recent study showed that initial
detachment of the actin cortex from the membrane is required
for initiation of both bleb-like and F-actin–mediated protrusions

embryos. Blocking MSCs increased global FluoZin-3 intensity over time compared with vehicle. Shaded region represents SEM. Vehicle: n = 6 embryos, 4
experiments; GsMTx4: n = 6 embryos, 4 experiments. (C) Frequency of Rho flares in vehicle- (water) and GsMTx4-treated embryos. Frequencies from paired
experiments are color matched. Error bars represent mean ± SEM; significance calculated using paired two-tailed t test; n = 5 embryos, 4 experiments. (D and
E)Montage of representative junctions from A (FIRE LUT). Blocking MSCs with GsMTx4 causes repeated increases in local FluoZin-3 (white arrows), reduced
ZO-1 (BFP-ZO-1) reinforcement (yellow boxes, enlarged below), and reduced duration of Rho flares (mCherry-2xrGBD, yellow arrowheads) at sites of ZO-1 loss.
Repeated FluoZin-3 increase is indicated by double white arrows, and failure to activate Rho flare after FluoZin-3 increase is indicated by yellow arrow. (F and
F9) Graph of change in junction length for junctions with Rho flares in vehicle- (water) and GsMTx4-treated embryos. Shaded region represents SEM.
(F9) Scatter plot of change in junction length was calculated from F. L1 and L2 represent average length of junction from individual traces from times −20 to 20 s
and 200–240 s, respectively. Error bars represent mean ± SEM; significance calculated using Mann–Whitney U test. Vehicle: n = 10 flares, 6 embryos, 6
experiments; GsMTx4: n = 16 flares, 7 embryos, 6 experiments. (G) Kymographs of BFP-ZO-1 (magenta) and active Rho (mChe-2xrGBD, green) from repre-
sentative junctions projected vertex to vertex over time for vehicle- (water) and GsMTx4-treated embryos. Kymographs highlight the repeating, short-duration
Rho flares, loss of local junction contraction, and reduced ZO-1 reinforcement upon GsMTx4 treatment. (H) Model showing mechanism by which mecha-
nosensitive calcium signaling regulates epithelial barrier function. Top: 3D view of epithelial cells. Bottom: En face view of the junction highlighted showing our
model of the local calcium and RhoA signaling following mechanical stimuli. Dotted arrow indicates a possible positive feedbackmechanismwhere active RhoA-
mediated membrane protrusion regulates MSC-dependent calcium influx at the site of ZO-1 repair, thus helping to sustain local Rho activation.
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(Welf et al., 2020). Given that membrane protrusions are re-
ported to be sites of increased membrane tension (Shi et al.,
2018), and that the growth phase of membrane protrusions is
dependent on cytoskeletal-mediated cortical tension (Tinevez
et al., 2009), future studies should investigate the roles that lo-
cal membrane tension and cortical actin attachment and un-
coupling play in the initiation and repair of barrier leaks.

MSC-mediated regulation of the TJ barrier
Expression and activity of MSCs, including Piezo1 and TRPV4,
have been shown to enhance global barrier function (Akazawa
et al., 2013; Sokabe et al., 2010; Zhong et al., 2020). Consistent
with this finding, using live imaging and a highly sensitive
barrier assay, we showed that MSC-mediated calcium influx is
required to maintain global barrier function. Interestingly, the
increased global paracellular permeability observed with the
MSC blocker GsMTx4 appears to be a cumulative effect of failure
to fix local leaks. When MSCs were blocked, Rho flares often
failed to be activated immediately following the leak, and when
Rho flares were weakly activated, they tended to repeat at the
site of the leaks in failed attempts to reinforce ZO-1.

In conclusion, this study demonstrates that mechanically-
triggered calcium influx is an important feature of the mecha-
nism by which epithelial cells sense and respond to transient
leaks in barrier function (Fig. 7 H). Calcium flashes mediated by
MSCs are required for local junction contraction through robust
and sustained Rho activation, and this is necessary for efficient
TJ reinforcement. When MSCs are blocked, local leaks fail to be
repaired by low intensity, short duration Rho flares, and global
barrier function is disrupted. Thus, MSC-mediated local calcium
influx may serve as a mechanotransduction mechanism to relay
biochemical signals specifically to sites of local paracellular leaks
without affecting overall TJ structure and function, thereby al-
lowing epithelial cells to undergo dynamic cell shape changes yet
maintain barrier function.

Materials and methods
DNA constructs
GCaMP6m was generated by PCR amplifying the GCaMP6m
sequence from pGP-CMV-GCaMP6m (Addgene plasmid #40754;
Chen et al., 2013) and ligating it into the BamH1 and EcoR1 sites
in pCS2+. BFP-PKC-β-C2 and mNeon-PKC-β-C2 were generated
by PCR amplifying the C2 domain of Xenopus PKC-β from pCS2+/
eGFP-PKC-β-C2 (Yu and Bement, 2007) and ligating into the
XhoI and EcoR1 sites in pCS2+/N-tagBFP2.0 and pCS2+/
N-mNeon. Halo-PKC-β-C2 was generated by PCR amplifying the
C2 domain of Xenopus PKC-β from mNeon-PKC-β-C2 and ligat-
ing into the XbaI and EcoR1 sites of pCS2+/N-Halo (see below).
Stargazin-GFPsilent-LOVpep (referred to as LOVpep) was a gift
from Dr. Patrick Oakes and was cloned into the ClaI site in
pCS2+. 2xPDZ-YFP-LARG(DH) (referred to as prGEF) was gen-
erated by PCR amplifying the 2XPDZ-YFP-LARG(DH) sequence
from pEGFP-N1-PR_GEF-YFP (Addgene plasmid #80408;
Wagner and Glotzer, 2016) and ligating into the ClaI and StuI
sites in pCS2+. Stargazin-GFP-LOVpep (referred to as GFP-
LOVpep) was generated by PCR amplifying the Stargazin-GFP-

LOVpep sequence (Addgene plasmid #80406; Wagner and
Glotzer, 2016) and ligating into the ClaI site in pCS2+. 2xPDZ-
mCherry-LARG(DH) (referred to as prGEF-mCherry) was
generated by PCR amplifying the 2XPDZ-mCherry-LARG(DH)
sequence from pEGFP-N1-PR_GEF-mCherry (Addgene plasmid
#80407; Wagner and Glotzer, 2016) and ligating into the ClaI
and XbaI sites of pCS2+. The mCherry sequence was then codon
optimized for use in Xenopus by modifying the arginine 377
codon (CGG to AGA) using the QuikChange XL Site-Directed
Mutagenesis Kit (Agilent #200517). All constructs were veri-
fied by sequencing. pCS2+/mCherry-2xrGBD (probe for active
Rho; Davenport et al., 2016), pCS2+/BFP-ZO-1 (human ZO-1;
Stephenson et al., 2019), pCS2+/R-GECO1 (probe for calcium;
Suzuki et al., 2017), pCS2+/Lifeact-GFP (probe for F-actin;
Higashi et al., 2016), and pCS2+/BFP-membrane (probe for
membrane; Higashi et al., 2016) were previously reported.

Primer sequences used to clone the above constructs into
pCS2+ were as follows: pCS2+/GCaMP6m (forward: 59-AATGGA
TCCGCCACCATGGGTTCTCATCATCATCATCATCATGG-39, re-
verse: 59-ATATGAATTCACTTCGCTGTCATCATTTGTACAAAC
TCTTCG-39); pCS2+/N-tagBFP2.0-PKC-β-C2 (forward: 59-ATC
TCGAGCAATGGGCACTGACCACACCGAGCGCAG-39, reverse: 59-
ATGAATTCACACAGGAACGTTAAAGTATTCTCCCTCCTCCTG-
39); pCS2+/mNeon-PKC-β-C2 (forward: 59-ATCTCGAGCAAT
GGGCACTGACCACACCGAGCGCAG-39, reverse: 59-ATGAATTCA
CACAGGAACGTTAAAGTATTCTCCCTCCTCCTG-39); pCS2+/
Halo-PKC-β-C2 (forward: 59-GCTCCGGACTCAGATCTCGAGCTC
AAGCTTCtGAATTCATGGGCACTGACCACACC-39, reverse: 59-
TGGATCTACGTAATACGACTCACTAATAGTTCTAGATTACAC
AGGAACGTTAAAGTATTCTCC-39); pCS2+/Stargazin-GFP-LOV-
pep (forward: 59-AAAAATCGATACCATGGGGCTGTTTGATCG
AG-39, reverse: 59-TTTTATCGATTTACACCCAGGTATCCACCG-
39); pCS2+/2xPDZ-mCherry-LARG(DH) (forward: 59-CAAGCT
ACTTGTTCTTTTTGCAGGATCCCATCGATACCGTCGACAATG
GCAAAACAAGAGATTCG-39, reverse: 59-GATCTACGTAATACG
ACTCACTATAGTTCTAGATTAGCGCTGCTTGTTTTCTGC-39);
pCS2+/2xPDZ-YFP-LARG(DH) (forward: 59-CAAGCTACTTGT
TCTTTTTGCAGGATCCCATCGATACCGTCGACAATGGCAAAA
CAAGAGATTCG-39, reverse: 59-CGACTCACTATAGTTCTAGAG
GCTCGAGAGGCCTTTAGCGCTGCTTGTTTTCTGC-39); and pCS2+/
Stargazin-GFPsilent-LOVpep (forward: 59-AAAAATCGATACCAT
GGGGCTGTTTGATCGAG-39, reverse: 59-TTTTATCGATTTACA
CCCAGGTATCCACCG-39).

The Halo-tag was codon optimized for use in Xenopus using a
gBlock from Integrated DNA Technologies and cloned into the
BamH1 and Xho1 sites in pCS2+ using the following primers
(forward: 59-GATTTAGGTGACACTATAGAATACAAGCTACTT
GTTCTTTTTGCAGG-39, reverse: 59-GAGCTCAAGCTTCGAATT
CTGCAGTCTAGAACTATAGTGAGTC-39). gBlock sequence for
codon optimized Halo-tag is as follows (codons optimized for
Xenopus are in lowercase bold): 59-ATAGAATACAAGCTACTT
GTTCTTTTTGCAGGATCCAAACCATGGCAGAAATCGGTACTG
GCTTTCCATTCGACCCCCATTATGTGGAAGTCCTGGGCGAGC
GCATGCACTACGTCGATGTTGGTccaCGCGATGGCACCCCTGTG
CTGTTCCTGCACGGTAACccaACCTCCTCCTACGTGTGGCGCAAC
ATCATCccaCATGTTGCAccaACCCATCGCTGCATTGCTCCAGAC
CTGATCGGTATGGGCAAATCCGACAAACCAGACCTGGGTTAT
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TTCTTCGACGACCACGTCCGCTTCATGGATGCCTTCATCGAA
GCCCTGGGTCTGGAAGAGGTCGTCCTGGTCATTCACGACTGG
GGCTCCGCTCTGGGTTTCCACTGGGCCAAGCGCAATCCAGAG
CGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCT
ATCccaACCTGGGACGAATGGCCAGAATTTGCCCGCGAGACC
TTCCAGGCCTTCCGCACCACCGACGTCGGCCGCAAGCTGATC
ATCGATCAGAACGTTTTTATCGAGGGTacaCTGccaATGGGTGT
CGTCCGCccaCTGACTGAAGTCGAGATGGACCATTACCGC
GAGccaTTCCTGAATCCTGTTGACCGCGAGCCACTGTGGCGC
TTCCCAAACGAGCTGCCAATCGCCGGTGAGCCAgctAACATCG
TCgctCTGGTCGAAGAATACATGGACTGGCTGCACCAGTCC
CCTGTCccaAAGCTGCTGTTCTGGGGCACCCCAGGCGTTCTG
ATCCCAccaGCCGAAGCCGCTCGCCTGGCCAAAAGCCTGCCT
AACTGCAAGGCTGTGGACATCGGCccaGGTCTGAATCTGCTG
CAAGAAGACAACccaGACCTGATCGGCAGCGAGATCgctCGC
TGGCTGagcacaCTCGAGATTTCCGGCTCCGGACTCAGATCT
CGAGCTCAAGCTTCGAATTCTGCAG-39.

mRNA preparation
All plasmid DNAs were linearized with NotI, except BFP-ZO-1,
which was linearized using KpnI. mRNA was in vitro transcribed
from linearized pCS2+ plasmids using the mMessage mMachine
SP6 Transcription kit (Ambion) and purified using the RNeasyMini
kit (Qiagen). Transcript size was verified on 1% agarose gel con-
taining 0.05% bleach and Millennium RNA markers (Invitrogen).

Xenopus embryos and microinjection
All studies conducted using Xenopus embryos strictly adhered to
the compliance standards of the U.S. Department of Health and
Human Services Guide for the Care and Use of Laboratory An-
imals and were approved by the University of Michigan Insti-
tutional Animal Care and Use Committee. Eggs from Xenopus
were collected, in vitro fertilized, and dejellied (Miller and
Bement, 2009; Woolner et al., 2009). Dejellied embryos were
stored at 15°C in 0.1× Mark’s modified Ringer’s solution (MMR)
containing 10 mM NaCl, 0.2 mM KCl, 0.2 mM CaCl2, 0.1 mM
MgCl2, and 0.5 mM Hepes, pH 7.4. Embryos were microinjected
in the animal hemisphere withmRNA either twice per cell at the
two-cell stage or once per cell at the four-cell stage. For opto-
genetic mosaic injections, embryos were injected with active
RhoA probe mRNA once per cell at the four-cell stage, followed
by single injections of LOVpep/prGEF mRNAs in two cells at the
four-cell stage. Injected embryos were allowed to develop to
gastrula stage (Nieuwkoop and Faber stage 10.5–12) at 15°C or
17°C (in the dark for optogenetic mRNA injections). The amount
of mRNA per 5 nl of microinjection volume was as follows: BFP-
PKC-β-C2, 100 pg; mNeon-PKC-β-C2, 100 pg; GCaMP6m, 500
pg; R-GECO1, 520 pg; Halo-PKC-β-C2, 180 pg with with 20 µM
Janelia Fluor 549 HaloTag ligand (#GA1110; Promega); LOVpep, 5
pg; prGEF, 2 pg; GFP-LOVpep, 80 pg; prGEF-mCherry, 4 pg;
mCherry-2xrGBD, 50 pg; BFP-ZO-1, 50 pg; BFP-membrane, 12.5
pg; and Lifeact-GFP, 10 pg.

Microscope image acquisition
Live imaging of gastrula stage Xenopus embryos was performed
on an inverted Olympus Fluoview 1000 Laser Scanning Confocal
Microscope equipped with a 60× supercorrected Plan Apo N

60XOSC objective (NA = 1.4, working distance = 0.12 mm) using
mFV10-ASW software. Embryos were imaged in a custom
chamber made of a 0.8-mm-thick metal slide with a 5-mm hole
in the center and coverslips attached on both sides of the hole
with a thin layer of vacuum grease, lightly compressing the
embryo between the coverslips. Embryos were mounted in 0.1×
MMR, and the imaging chamber was inverted to image the ep-
ithelial cells in the animal hemisphere at RT using the Olympus
Fluoview 1000.

Live imaging of calcium and Rho flares was generally cap-
tured by scanning the top three apical Z-planes (step size of 0.5
µm) and acquired sequentially by line scanning to avoid bleed-
through between channels. Global calcium (GCaMP6m), Rho
flares, and ZO-1 were acquired at a 2-µs/pixel scanning speed, 5-s
time interval, and 1.5–2× zoom. Local calcium (mNeon-PKC-β-C2),
Rho flares, and membrane or ZO-1 were acquired at a 4-µs/pixel
scanning speed, 10-s time interval, and 2× zoom. For ZnUMBA,
eight apical Z-planes were acquired at an 8-µs/pixel scanning
speed, 21-s time interval, and 1.5× zoom. For laser injury, three to
four apical Z-planes were acquired at a 4–8-µs/pixel scanning
speed with a 6-s time interval and 3× zoom.

Optogenetic stimulation and image acquisition
Whole-field stimulation
Simultaneous live imaging and optogenetic experiments were
performed on the Olympus Fluoview 1000microscope described
above, using the Time Controller in the mFV10-ASW software.
Time-lapsemovies of prGEF-mCherry or active RhoA (mCherry-
2xrGBD) were acquired with a 559-nm laser, scanning the three
apical Z-planes (step size of 0.5 µm) at 8-µs/pixel scanning
speed, 9-s time interval, and a 1× zoom for a total of 900 s. Si-
multaneous whole-field optogenetic stimulation was performed
during live imaging by creating a 512 × 512–pixel region of in-
terest (ROI) using 3% 405-nm laser power and the simultaneous
(SIM) scanner to stimulate the ROI for a duration of 1 s with a
20-s interval between stimulations, for a total of 300 s. For Fig.
S2 E, where we tested site-specific recruitment of prGEF-
mCherry, a rectangle ROI encompassing the vertex-to-vertex
length of a junction was stimulated as described for the whole-
field ROI above, and time-lapse videos were acquired as
described above.

Regional stimulation
Live imaging of active Rho (mCherry-2xrGBD) in embryos mo-
saically injected with the optogenetic constructs was acquired
with a 559-nm laser using the Time Controller device and
scanning the three apical Z-planes (step size of 0.5 µm) at 8-µs/
pixel scanning speed, 9-s time interval, and 1× zoom. Regional
optogenetic stimulation of active RhoA was performed for 300 s
by creating a rectangular ROI that encompassed one quarter of
the field of view. A 3% 405-nm laser and the SIM scanner were
used to stimulate the ROI for a duration of 1 s with a 20-s interval
between stimulations, for a total of 900 s.

Site-specific stimulation
Live imaging of active Rho (mCherry-2xrGBD) or Halo-PKC-
β-C2 (with Janelia Fluor 549 HaloTag Ligand) was acquired using
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a 559-nm laser, scanning the three apical Z-planes (step size of
0.5 µm) at 8-µs/pixel scanning speed, 9-s time interval, and 3×
zoom. Site-specific optogenetic stimulation was performed by
drawing a rectangular ROI encompassing the vertex-to-vertex
length of individual cell–cell junctions. A 5% 405-nm laser and
the SIM scanner were used to stimulate the ROI for a duration of
1 s with a 10-s interval between stimulations, for a total of 180 s.

Laser injury of junctions
Laser injury was performed on the Olympus FV1000microscope
described above using a 405-nm laser and SIM scanner with the
clip tornado function. A minimum of 10 frames were acquired
before injury to establish a baseline. A small circular ROI cor-
responding to the width of the junction (0.4–0.6 µm in diame-
ter) was placed roughly midway between two vertices. Injury
was initiated manually by the user and was stopped by the
software after 5 s of 100% laser power. For the majority of
embryos, these conditions elicited local F-actin accumulation
and junction contraction, as reported previously. In some cases
(6 of 43 control embryos), laser injury resulted in a calcium
spike that rapidly returned to baseline and was accompanied by
global F-actin accumulation. In other cases (4 of 43 control
embryos), repair was not initiated, and the break in the junction
widened over the course of the video. These embryos were ex-
cluded from the analysis shown in Fig. 2 F.

Laser wounding of cell cortex
Laser wounding was performed on pigmented embryos using
the Olympus FV1000 405-nm laser and SIM scanner with the
clip tornado function. A minimum of 10 frames were acquired
before wounding to establish a baseline. A circular ROI en-
compassing the junction and part of the cytoplasm (8.3 µm in
diameter) was placed roughly midway between two vertices on
the junction. Wounding was initiated manually by the user and
was stopped by the software after 1.4 s of 40% laser power.

Drug treatments
The intracellular calcium chelator BAPTA-AM (15551; Cayman)
and the IP3R blocker 2-APB (D9754; Sigma-Aldrich) were re-
suspended in DMSO as a 20- or 25-mM stock, respectively, ali-
quoted, and stored at −20°C. Before treatment, the translucent
vitelline envelope of gastrula-stage embryos was manually re-
moved using sharp forceps on a dish coated with 1% low-melt-
ing-point agarose. The vitelline was grabbed with forceps and
gently peeled starting from the vegetal pole of the embryo to
avoid damage to the animal cap epithelium (Sive et al., 2007).
Naked embryos were allowed to recover in 0.1×MMR for 30min
at 15°C. Following recovery, embryos were incubated for 1 h at
15°C before imaging in either 0.5% DMSO (vehicle) or a mixture
of 20 µM BAPTA-AM and 100 µM 2-APB in 0.1× MMR.

The IP3R blocker XeC (1280; Tocris) was resuspended in
DMSO as a 1-mM stock, aliquoted, and stored at −20°C. Before
treatment, XeC was diluted to a concentration of 125 µM in
water, and a total of 10 nl was microinjected into the blastocoel
of intact gastrula-stage embryos and incubated in the dark for
1 h at 15°C before imaging. For vehicle control, 10 nl of 1.25%
DMSO was microinjected into the blastocoel of intact gastrula-

stage embryos and incubated in the dark for 1 h at 15°C before
imaging.

The MSC blocker GsMTx4 (08GSM001; Smartox) was re-
suspended in water as a 500-µM stock, aliquoted, and stored
at −20°C. Before use, GsMTx4 was diluted to a concentration
of 25 µM in water and mixed with mRNA, and a total of 2 ng
was microinjected into each embryo at the two- to four-
cell stage.

Live imaging barrier assay
ZnUMBA was performed as previously reported (Stephenson
et al., 2019). Briefly, gastrula-stage albino embryos expressing
mCherry-2xrGBD and BFP-ZO-1 or BFP-PKC-β-C2 were micro-
injected into the blastocoel with 10 nl of 1 mM FluoZin-3 con-
taining 100 µM CaCl2 and 100 µM EDTA. FluoZin-3–injected
embryos were allowed to recover from microinjection for
5 min in 0.1× MMR. After recovery, embryos were mounted in
0.1× MMR containing 1 mM ZnCl2 and imaged immediately
using confocal microscopy.

Immunofluorescence staining
Albino embryos injected with vehicle (water) or 12.5 µM
GsMTx4were fixed and immunostained for pMLC and F-actin as
previously reported (Arnold et al., 2019). Briefly, gastrula-stage
embryos were fixed overnight at RT with a mixture of 1.5% PFA,
0.25% glutaraldehyde, 0.2% Triton X-100, Alexa Fluor 647
phalloidin (1:1,000; #A22287; Thermo Fisher Scientific) in 0.88×
MT buffer (80 mM K-Pipes, 5 mM EGTA, and 1 mM MgCl2, pH
6.8 with KOH). Fixed embryos were quenched for 1 h at RT with
100 mM sodium borohydride in 1× PBS and blocked overnight in
10% FBS, 5% DMSO, and 0.1% NP-40 in 1× Tris-buffered Saline.
Animal caps of the bisected embryos were incubated overnight
at 4°C in rabbit anti-P-MLC (1:100; #3671; Cell Signaling Tech-
nologies) in blocking solution, washed three times with blocking
solution, and incubated overnight at 4°C in goat anti-rabbit
Alexa Fluor 488 IgG (1:200; #A11008; Thermo Fisher Scien-
tific) and Alexa Fluor 647 phalloidin (1:1,000). Embryos were
washed and mounted in VECTASHIELD (#101098-042; VWR)
before imaging.

For E-cadherin staining, gastrula-stage embryos were fixed
and immunostained using TCA fixative as reported previously
(Reyes et al., 2014). Briefly, embryos were fixed for 1.5 h at RT in
2% TCA. Fixed embryos were washed three times with 1× PBS
and bisected with a sharp scalpel to remove the vegetal hemi-
sphere. Animal caps of the bisected embryos were permeabilized
for 20 min at RT in a mix of 1% Triton X-100 in 1× PBS, followed
by 20-min incubation in 1× PBST (0.1% Triton X-100 in 1× PBS).
Permeabilized embryos were blocked overnight at 4°C in
blocking solution (5% FBS in 1× PBST). After blocking, animal
caps were incubated overnight at 4°C in mouse anti-E-Cadherin
(1:1,000; #5D3-C; DSHB) in blocking solution, washed overnight
in blocking solution, and incubated for 6 h at 4°C in goat anti-
mouse Alexa Fluor 488 IgG (1:200; #A11001; Thermo Fisher
Scientific) in blocking solution. Animal caps were stained for
DNA using 10 µg/ml DAPI (#D1306; Invitrogen) for 30min at RT,
washed, and mounted in VECTASHIELD (#101098-042; VWR)
before imaging.
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Image processing and quantification
Image processing and analysis were performed using ImageJ
(Fiji). Sum intensity projections of the Z-series were used for all
quantification, and confocal images of time-lapse videos repre-
sented in all figures are sum projections of three apical Z-planes
(1.5 µm), with the exception of FluoZin-3 (eight apical Z-planes,
4 µm) and laser injury (three to four apical Z-planes, 1.8–2.4
µm). Sum intensity Z-projections of Fig. S4, C and D, were
performed using QuickFigures, a plugin in ImageJ.

Quantification of calcium dynamics during Rho flares
Calcium dynamics at Rho flares were measured using a circular
ROI of 2.5-µm diameter drawn at the site of flares, spanning the
membrane and cytoplasm adjacent to the membrane, manually
tracked over every frame to account for in-plane drifting in live
tissue, and normalized to a baseline of 1. Cytosolic calcium
(GCaMP6m) was calculated for each frame using the formula
Fnormalized = (F/Fbaseline), where Fbaseline represents the average
calcium intensity of the first 150 s. Local calcium (PKC-C2) was
calculated for each frame using the formula F = (Fflare − Fbackground)
and normalized to a baseline of 1, where Fbaseline represents the
average calcium intensity of the first 100 s, and Fbackground rep-
resents the cytoplasmic C2 intensitymeasured using an ROI of same
size. An average of three independent measurements of calcium
dynamics at each Rho flare was considered one data point (n = 1).

For accurate measurement of calcium flash dynamics using
the cytoplasmic soluble calcium probe (GCaMP6m), Rho flares
were selected from cells that exhibited an isolated Rho flare that
was not interrupted by a multicellular traveling calcium wave
for 500 s before and after the initiation of Rho flares.

Intensity and duration of Rho flares and ZO-1 were measured
at the site of Rho flares using a small circular ROI (GCaMP6m, 0.8
µm; PKC-C2, 2.5 µm; and FluoZin-3, 2.2 µm) and normalized to a
nearby reference junction without Rho flares using ROIs of the
same size to account for photobleaching and drifting in the Z-plane.
With the exception of Fig. 4, the frame before the rapid increase in
Rho activity was assigned as the start of the Rho flare and aligned to
time 0 s in the graphs. The rapid increase in Rho activity was de-
fined as a 5% increase in normalized active Rho intensity for at least
three of four consecutive frames (Stephenson et al., 2019). For Fig. 4,
as calcium chelation (BAPTA-AM+2-APB) significantly reduced the
intensity of Rho flares, we adopted an alternative method to align
time 0 s in the graph to the frame before the rapid decrease in ZO-1;
the decrease in ZO-1 was defined as a 5% decrease in normalized
ZO-1 intensity for at least three of four consecutive frames.

Optogenetic whole-field stimulation quantification
Multiple 0.7-µm circular ROIs were placed on randomly selected
junctions and were moved manually to compensate for lateral
drift of the embryos. Measurements of LOVpep, prGEF, and
active Rho were taken three times for each junction and aver-
aged. Each time point was normalized by dividing by the average
of the first 300 s to set a baseline of 1.

Optogenetic regional stimulation quantification
Rho flare frequency was measured manually by counting the
number of flare occurrences at cell–cell junctions only in the

“region of observation” (not the region that was optogenetically
stimulated). Rho flares included in the analysis were only those
that initiated during 0–300 s (pre-stimulation) or 600–900 s
(post-stimulation).

Optogenetic site-specific stimulation quantification
A 0.7-µm circular ROI was placed on stimulated junctions for both
active Rho and Halo-PKC-β-C2 experiments and was moved man-
ually to compensate for lateral drift. Measurements were taken in
triplicate and then averaged. Each data point was normalized by
dividing by the average of the first 60 s to set a baseline of 1.

Quantification of laser injury
An ROI 6 µm in diameter was used to measure the intensity of
Lifeact-GFP and R-GECO1 at the site of the injury and a reference
junction. ROIs were moved manually to correct for lateral
movement of the tissue. Because R-GECO1 intensity increases
throughout the cell after injury, reference junctions were chosen
such that they did not belong to either of the injured cells. Note:
during injury, R-GECO1 increases in intensity throughout the
whole field of view, but the change is sustained only in injured
cells. To calculate the normalized intensity, the mean intensity of
the injury ROI was divided by the mean intensity of the reference
ROI. Measurements were aligned by the frame at which injury
occurred, and the baseline was normalized to 1 by dividing each
time point by the average of the 10 time points before injury.

Propagation of calcium wave during laser wounding
Intensity and propagation of calcium wave were measured by
dividing the field of view (212 × 132 µm) into three regions, with
region 1 being the region encompassing the cells subjected to
laser wounding. Intensity of calcium was measured in all three
regions over time and normalized to calcium intensity 30 s be-
fore wounding in the respective regions.

Duration of calcium flash
Duration of the calcium flash was quantified by measuring the
full duration at half-maximum (FDHM) of the individual nor-
malized calcium flashes at sites of Rho flares. FDHM (seconds)
was measured manually by calculating the duration at 50% of
the maximum amplitude above the baseline of 1 on the ascent
and descent of the calcium transient. Experiments in which
calcium increased less than twofold over the baseline were
eliminated from the analysis. FDHMwas plotted in a scatter plot.

Area under the curve (AUC)
AUC for active Rho flares and calcium flashes was quantified
using GraphPad Prism 9.0 by applying AUC analysis of the in-
dividual traces. AUC analysis was applied to all points in the
peaks above the baseline of 1, and peaks <10% of the increase
from the baseline to the maximum Y-value were ignored. In-
dividual AUC values for each Rho flare or calcium flash were
plotted in a scatter plot.

Correlation coefficient
Intensity of active Rho and calcium for individual flares was
measured manually using the polygon area selection tool in
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ImageJ. The area of an individual Rho flare was measured to find
the maximum size of the flare. At the maximum size of the Rho
flare, intensity of calcium and intensity of active RhoA were
measured at the protrusion for a total of 25 s (2 frames before the
maximum size, at its maximum size, and 2 frames after the
maximum size). The average intensity of active RhoA was
plotted against the intensity of calcium for individual flares on a
correlation plot and fitted with a line of best fit, and the Pearson
correlation coefficient was calculated using GraphPad Prism.

Frequency of Rho flares
Rho flare frequency was measured manually using ImageJ, by
counting the number of Rho flare occurrences at cell–cell junc-
tions in the whole field of imaging from the start of the time-
lapse movie. Rho flares in which the local active RhoA intensity
increased and was sustained at the junctions for a span of
∼80–100 s were included in the analysis.

Global barrier function
Global barrier function was quantified by measuring the whole
field intensity of FluoZin-3 signal, including junctional and cy-
toplasmic, over time using an ROI of 141.12 × 141.12 µm. Time 0 s
represents the start of image acquisition, which began imme-
diately followingmounting of the embryo injected with FluoZin-
3 in 0.1× MMR containing 1 mM ZnCl2. Each timepoint was
measured, and baseline was normalized to 1 by dividing the
individual value by the average of the first 84 s.

Junction length
The length of the cell–cell junction was quantified using ZO-1 as
junctional marker. Using ImageJ, a 0.3-µm-wide segmented line
was drawn on junctions with Rho flares to trace the junction
from vertex to vertex. The length of the line was measured for
every other frame by manually advancing and adjusting the line
to accommodate cell shape changes through the time-lapse
video. Each junction was measured in triplicate, and change in
length was calculated by subtracting the individual values from
the average of the first 60 s.

Construction of kymographs
Kymographs from vertex-to-vertex of a cell–cell junction were
constructed by digitizing cell–cell junctions using ZO-1 as junc-
tional marker. Each horizontal line in the kymograph was gen-
erated by measuring the intensity of ZO-1 and active Rho using
0.75-µm circular ROIs positioned at points along the length of
the cell–cell junction. Kymographs were constructed by stacking
and center aligning the horizontal lines from successive time
frames (Stephenson et al., 2019).

Apical cell perimeter
The apical perimeter of the cell was quantified using ZO-1 to
identify cell boundaries. Using ImageJ, a segmented line was
drawn to trace the boundary of the cells with a calcium flash and
neighboring cells without a calcium flash over time. The pe-
rimeter of the cell was measured for every time point by man-
ually adjusting the line to accommodate cell shape changes.
Change in apical perimeter was calculated by subtracting the

current perimeter from the initial perimeter (average perimeter
over the first three time points).

Intensity of F-actin and P-MLC
Junctional and cytoplasmic intensity of F-actin and P-MLC were
quantified in ImageJ. Junctional intensity was measured using a
2.07-µm-wide segmented line to trace a bicellular junction
(excluding vertices), and the matched cytoplasmic intensity was
measured using a 10.4-µm circular ROI. Ratio of junctional/cy-
toplasmic F-actin or P-MLC was calculated by dividing the in-
tensity at the junction by the intensity in the cytoplasm for
each cell.

Intensity of E-cadherin
Junctional and cytoplasmic intensity of E-cadherin was quanti-
fied in ImageJ. Intensity was measured using a 1.03-µm-wide
segmented line to trace a bicellular junction (excluding vertices),
and background cytoplasmic intensity was measured using the
same 1.03-µm-wide segmented line. Ratio of junctional/cyto-
plasmic E-Cadherin was calculated by dividing the intensity at
the junction by the intensity in the cytoplasm for each junction.

Statistical analysis
Statistical analysis and SEM were calculated in GraphPad Prism
9.0. Data distribution was assumed to be normal but was not
formally tested. Statistical analysis between two groups was
measured using a two-tailed, unpaired Mann–Whitney U test,
with the exception of flare frequency and intensity of actomy-
osin. The statistical significance of frequency of Rho flares was
measured using a two-tailed, paired Student’s t test. Statistical
significance of F-actin and P-MLC intensity at the junctions and
the junction/cytoplasm ratio was measured using a one-way
ANOVA.

Online supplemental material
Five supplemental figures and 10 videos are included illustrating
the dynamics of calcium, active Rho, and ZO-1 during TJ re-
modeling. Fig. S1 shows different calcium dynamics in the
gastrula-stage Xenopus epithelium. Fig. S2 showswhole-field and
site-specific stimulation of active RhoA using optogenetics. Fig.
S3 shows the effect of blocking IP3R-mediated calcium release
from the ER on calcium dynamics and F-actin accumulation. Fig.
S4 shows the effect of GsMTx4 on cell–cell junctions and base-
line active RhoA. Fig. S5 shows the effect of GsMTx4 on dy-
namics of Rho flares and junction contraction. Videos 1 and
2 show local calcium increase at sites of leaks and Rho flares.
Video 3 shows naturally occurring calcium flashes and calcium
waves. Video 4 shows a calcium flash at the site of ZO-1 loss and
Rho flares. Video 5 shows a calcium flash and F-actin accumula-
tion at the site of laser-induced TJ loss. Video 6 shows whole-field
recruitment of prGEF and activation of RhoA using optogenetics.
Video 7 shows the effect of junction-specific activation of RhoA on
calcium flashes. Video 8 shows ZO-1 breaks and Rho flares in in-
tracellular calcium chelated cells. Video 9 shows the frequency of
Rho flares in vehicle- and GsMTx4-treated embryos. Video 10
shows repeating local FluoZin-3 increase and Rho flares in
GsMTx4-treated embryos vs. vehicle-treated embryos.
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Figure S1. Dynamics of calcium flashes and calcium waves in gastrula-stage Xenopus epithelia. (A) Live imaging of calcium (GCaMP6m, green) and ZO-1
(BFP-ZO-1, magenta) in the animal cap epithelium of gastrula-stage Xenopus embryo. Calcium flash is short-lived and restricted to cell 1 and cell 2 (orange
numbers). Time 0 s represents the start of the calcium flash. (B) Graphs showing change in cellular apical perimeter and calcium intensity in four different cells
shown in A over time. Cells experiencing calcium flash (cells 1 and 2) decrease in apical perimeter compared with control cells (cells 3 and 4). (C) Live imaging of
calcium (GCaMP6m, green) and ZO-1 (BFP-ZO-1, magenta) in the animal cap epithelium of gastrula-stage Xenopus embryos. Traveling calcium wave starts at
time 0 s in region 1, propagates through regions 2 and 3, and subsides in ∼120 s. (C9) Graph showing the increase in calcium intensity over time in regions
marked in the first frame of C. (D) Live imaging of calcium (GCaMP6m, green) and ZO-1 (BFP-ZO-1, magenta) showing a local calcium increase (white arrows) in
cells expressing a reduced amount of GCaMP6m. Time 0 s represents the start of the calcium increase. (E) Left: Cell view of embryo expressing calcium probe
(GCaMP6m, green) and active Rho probe (mCherry-2xrGBD, magenta). 5-pixel-wide yellow arrow indicates the region used to generate the kymograph. Right:
Kymograph shows that cytosolic calcium increases locally at the site of the Rho flare. Individual images are shown using FIRE LUT. (F) Correlation plot between
intensity of calcium and intensity of active RhoA at the maximum size of Rho flares shows a significant positive correlation, with a Pearson’s correlation
coefficient of r = 0.7247. Solid line represents the best-fit line, and the dotted lines represent the 95% confidence bands of the best-fit line. Significance
calculated using two-tailed t test. n = 19 flares, 14 embryos, 11 experiments. (G and G9) Time-lapse images (FIRE LUT) of calcium probe (R-GECO1) and F-actin
probe (Lifeact-GFP) with sustained calcium increase (G) or a calcium spike (G9) following laser-induced TJ injury. Yellow arrowhead indicates the site of
junctional laser injury at time 0 s. (G)Montage and graph of normalized intensity shows successful activation of F-actin accumulation (magenta) and repair of
laser-induced F-actin break following a local sustained calcium increase (green). (G9) Montage and graph of normalized intensity shows failure to activate
F-actin accumulation and lack of repair following a calcium spike that is not sustained over time. White arrows indicate the site of failed repair.
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Figure S2. Optogenetic stimulation of active RhoA induces whole-field tissue contraction. (A)Whole-field 405-nm laser light stimulation (white dashed
box) of an embryo expressing prGEF-mCherry (2xPDZ-mCherry-LARG(DH), gray) and GFP-LOVpep induces whole-field recruitment of prGEF-mCherry
to junctions. (B) Quantification of experiments in A. Mean normalized intensity of prGEF-mCherry (2xPDZ-mCherry-LARG(DH)) and GFP-LOVpep upon
whole-field 405-nm laser stimulation (gray shaded box, 300–600 s). Shaded regions represent SEM; GFP-LOVpep: n = 9 junctions, 3 embryos, 3 experiments;
prGEF-mCherry: n = 12 junctions, 3 embryos, 3 experiments. (C) Time projection images of an embryo expressing active Rho probe (mCherry-2xrGBD, gray).
Whole-field light stimulation (white dashed box) leads to increased active Rho at junctions and induces tissue contraction. Zoomed images of cells are indicated
by yellow dashed boxes. (D) Quantification of experiments in C. Mean normalized intensity of active Rho probe (mCherry-2xrGBD) upon whole-field 405-nm
laser stimulation (gray shaded box). Shaded regions represent SEM; n = 30 junction, 3 embryos, 3 experiments. (E) Site-specific light stimulation of a junction
(white dashed box) expressing prGEF-mCherry (2xPDZ-mCherry-LARG(DH), gray) and GFP-LOVpep induces site-specific recruitment of prGEF-mCherry to the
junction.
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Figure S3. IP3R-mediated calcium release is not required for calcium flashes and F-actin accumulation at TJ breaches. (A) Live imaging of calcium
(GCaMP6m, green) and active Rho probe (mCherry-2xrGBD, magenta) in the animal cap epithelium of gastrula-stage Xenopus embryos treated with 20 µM
BAPTA-AM after vitelline removal. Montage shows recurring calcium waves within a span of ∼500 s. The first calcium wave starts at time 0 s, and the second
calcium wave starts at ∼200 s. (B) Frequency of Rho flares in vehicle (DMSO) and calcium-chelated (BAPTA-AM + 2-APB) embryos. Frequencies from paired
experiments are color matched. Error bars represent mean ± SEM; significance calculated using paired two-tailed t test; n = 5 embryos, 5 experiments.
(C–C0) Time-lapse images (FIRE LUT) of calcium probe (GCaMP6m) during laser wounding in embryos treated with vehicle (1% DMSO) or 10 µM XeC (IP3R
blocker) for 1 h before imaging. (C) Montage shows that blocking IP3R (XeC) reduces the intensity and spread of calcium from the site of laser-induced
wounding to the neighboring cells compared with vehicle control. White dotted circle represents the site of laser wounding. Time 0 s represents the time of
laser wounding. (C9) Schematic shows the regions quantified over time in C0. (C0) Graphs show that the normalized intensity of calcium after laser wounding
was reduced in XeC-treated embryos compared with vehicle controls in all three regions shown in C9. Error bars represent mean ± SEM. Vehicle: n = 4 embryos,
2 experiments; XeC: n = 6 embryos, 2 experiments. (D) Time-lapse images (FIRE LUT) of calcium probe (R-GECO1) and F-actin probe (Lifeact-GFP) during laser-
induced TJ injury in embryos treated with vehicle (1% DMSO) or 10 µM XeC (IP3R blocker) for 1 h before imaging. Local calcium increase (white dotted circles)
precedes F-actin increase (white arrowheads) at the site of junctional laser injury (yellow arrowheads). Montage shows that the local calcium increase and
F-actin accumulation at the site of TJ damage were comparable between vehicle- and XeC-treated embryos. Time 0 s represents time of junctional injury.
(E) Quantification of experiments shown in D. Graph of mean normalized intensity shows that both intensity and time of calcium increase and F-actin ac-
cumulation following the laser injury in XeC (dotted lines) treatment were comparable to vehicle controls (solid lines). Shaded region represents SEM. Bracket
represents the time interval between the peaks of calcium and F-actin. Vehicle: n = 31 flares, 14 embryos, 3 experiments; XeC: n = 27 flares, 12 embryos,
3 experiments.
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Figure S4. Inhibition of MSCs does not significantly alter the overall morphology of cell–cell junctions. (A) Live imaging of active Rho (mCherry-
2xrGBD, magenta) in embryos treated with vehicle (water) or 12.5 µM GsMTx4 (MSC inhibitor). Montage shows that MSC inhibition does not affect Rho activity
at the contractile ring, and cells complete cytokinesis successfully. Blue asterisk indicates dividing cells. Time 0 s represents the start of contractile ring
formation. (B and B9) Live imaging of active Rho (mCherry-2xrGBD, magenta) and ZO-1 (BFP-ZO-1, blue) in embryos treated with vehicle (water) or 12.5 µM
GsMTx4. (B)Quantification shows that MSC inhibition does not significantly affect baseline junctional active RhoA or ZO-1 intensity at apical cell–cell junctions
compared with vehicle controls. Junctional intensity of active Rho and ZO-1 from paired experiments are color matched. Error bars represent mean ± SEM;
significance calculated using Wilcoxon matched-pairs test; n = 30 junctions, 6 experiments. (C–C0) Sum projection of fixed staining for P-MLC (anti-phospho-
myosin light chain2, magenta) and F-actin (Alexa Fluor 647 phalloidin, green) in embryos treated with vehicle (water) or 12.5 µM GsMTx4. (C9) Quantification
shows that MSC inhibition does not significantly affect the junctional intensity of P-MLC and F-actin at cell–cell junctions compared with vehicle controls.
(C0) MSC inhibition reduces the junction/cytoplasm ratio of P-MLC compared with vehicle but does not affect the junction/cytoplasm ratio for F-actin. Data
points from paired experiments are color matched. Error bars represent mean ± SEM; significance calculated using one-way ANOVA test; n = 45 junctions, 3
experiments. (D) Sum projection of fixed staining for adherens junctions (anti-E-Cadherin, green) and DNA (DAPI, cyan hot) in embryos treated with vehicle
(water) or 12.5 µM GsMTx4. (D9) Graph of the normalized intensity of E-Cadherin shows that MSC inhibition does not significantly affect the intensity of
E-Cadherin at cell–cell junctions compared with vehicle controls. Data points from paired experiments are color matched. Error bars represent mean ± SEM;
significance calculated using Mann–Whitney U test; n = 60 junctions, 12 embryos, 3 experiments.
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Video 1. Time-lapse confocal imaging of gastrula-stage Xenopus embryo showing that local calcium (BFP-C2, green) and active Rho (mCherry-
2xrGBD,magenta) increase at the site of leaks (FluoZin-3, FIRE LUT). Video illustrates that the FluoZin-3 increase precedes the local calcium increase. Time
interval, 21 s; video frame rate, 5 fps. Related to Fig. 1, A and B.

Video 2. Time-lapse confocal imaging of gastrula-stage Xenopus embryo shows the calcium (mNeon-C2, green) increases locally at sites of Rho
flares (mCherry-2xrGBD, magenta) during cell shape changes. Time interval, 10 s; video frame rate, 20 fps. Related to Fig. 1, C and D.

Figure S5. Sustained Rho flares are required for robust F-actin accumulation and successful reinforcement of ZO-1. (A) Montage of a representative
junction used to construct kymograph in Fig. 7 G (FIRE LUT). Blocking MSCs with 12.5 µM GsMTx4 causes repeated increases in active Rho at the site of
reduced ZO-1 at time 231 s (first flare, white arrows) and 1,260 s (second flare, yellow arrows). Note that ZO-1 is partially reinforced following the first flare but
breaks at the same site before activation of second flare. Time 0 s represents the start of kymograph in Fig. 7 G. (B and C) Time-lapse images (FIRE LUT) of ZO-
1 (BFP-ZO-1), F-actin (Lifeact-GFP), and active Rho (mCherry-2xrGBD) in embryos treated with vehicle (water) or 12.5 µM GsMTx4. Blocking MSCs with 12.5
µM GsMTx4 causes reduced F-actin accumulation (C, white arrows) at the site of Rho flares (C, yellow arrowheads) compared with vehicle control in B. Note
the robust F-actin accumulation scales (C, white arrowhead) with a higher-intensity repeating Rho flare (C, yellow arrow). Time 0 s represents the start of Rho
flare. (D) Schematic of proposed positive feedback mechanism where initial activation of RhoA mediates membrane protrusion to promote MSC-dependent
calcium influx, which in turn sustains the RhoA activation for robust actomyosin-mediated junction contraction at the site of ZO-1 repair.
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Video 3. Time-lapse confocal imaging of gastrula-stage Xenopus embryo shows a naturally occurring calcium flash and calcium wave in a gastrula-
stage Xenopus embryo expressing BFP-ZO-1 (magenta) and GCaMP6m (green). Video shows that the calcium flash is restricted to two to three cells,
whereas the calcium wave travels across the tissue. Time intervals, 18 s for calcium flash and 12 s for calcium wave; video frame rate, 2 fps. Related to Fig. S1,
A–D.

Video 4. Time-lapse confocal imaging shows the dynamic activation of Rho flares (mCherry-2xrGBD, magenta) at the site of ZO-1 loss (BFP-ZO-1,
cyan) and calcium flashes (GCaMP6m, green). Time interval, 5 s; video frame rate, 20 fps. Related to Fig. 2, C and D.

Video 5. Time-lapse confocal imaging of gastrula-stage Xenopus embryo shows local and sustained increase in calcium (R-GECO1, green) and F-actin
accumulation (Lifeact-GFP, magenta) at the site of a laser-induced TJ breach. Note that the R-GECO1 intensity increases throughout the field of view only
when 405-nm laser is turned on to induce laser injury. Time interval, 6.5 s; video frame rate, 10 fps. Related to Fig. 2 E and Fig. S1 G.

Video 6. Time-lapse confocal imaging of gastrula-stage Xenopus embryo showing whole-field optogenetic stimulation leading to prGEF-mCherry
(2xPDZ-mCherry-LARG(DH), gray) recruitment and activation of Rho (mCherry-2xrGBD, gray). First video illustrates whole-field recruitment of prGEF
upon light stimulation, and second video illustrates whole-field activation of active Rho upon light stimulation. Time interval, 9 s; video frame rate, 20 fps.
Related to Fig. S2, A–D.

Video 7. Time-lapse confocal imaging of gastrula-stage Xenopus embryo showing site-specific 405-nm laser light stimulation of junctions ex-
pressing optogenetic constructs along with active Rho probe (mCherry-2xrGBD, FIRE LUT) or calcium probe (Halo-C2, FIRE LUT). First video shows
increase of active Rho after site-specific light stimulation. Second video shows that local Rho activation is not sufficient to elicit a local calcium increase. Third
video shows that upon laser injury of the same junction, there is an increase in local calcium at the site of the wound. White box indicates the region of
stimulation. Time interval, 9 s; video frame rate, 10 fps. Related for Fig. 3, C and D.

Video 8. Time-lapse confocal imaging of gastrula-stage Xenopus embryo treated with 20 µM BAPTA-AM + 100 µM 2-APB for 1 h. Video shows severe,
long-lasting ZO-1 breaks (white arrows) and reduced activation of Rho flares (yellow arrowheads) in the absence of calcium flashes (GCaMP6m). All channels
shown in FIRE LUT. Time interval, 5 s; video frame rate, 50 fps. Related to Fig. 4 C.

Video 9. Time-lapse confocal imaging of gastrula-stage Xenopus embryo illustrates the increased frequency of Rho flares (mCherry-2xrGBD,
grayscale) in embryos treated with 12.5 µM GsMTx4 (green arrowheads) compared with vehicle control (yellow arrows). Dividing cells are marked by
cyan asterisks. Time interval, 21 s; video frame rate, 20 fps. Related to Fig. 7 C.

Video 10. Time-lapse confocal imaging of gastrula-stage Xenopus embryo showing leaks (FluoZin-3, orange LUT) in embryos expressing BFP-ZO-
1 (FIRE LUT) and active Rho probe (mCherry-2xrGBD, FIRE LUT). First video shows the local increase of FluoZin-3 (white arrow) preceding the Rho flare
(yellow arrowhead) at the site of ZO-1 decrease (white arrowhead) in vehicle (water) treated embryos. Second video shows repeated local increases of
FluoZin-3 (green and white arrows) followed by short-duration Rho flare (yellow arrowhead) in embryos treated with 12.5 µM GsMTx4. Time interval, 21 s;
video frame rate, 5 fps. Related to Fig. 7, D–E.
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