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SUMMARY

Tight junctions contribute to epithelial barrier func-
tion by selectively regulating the quantity and type
of molecules that cross the paracellular barrier.
Experimental approaches to evaluate the effective-
ness of tight junctions are typically global, tissue-
scale measures. Here, we introduce Zinc-based
Ultrasensitive Microscopic Barrier Assay (ZnUMBA),
which we used in Xenopus laevis embryos to visu-
alize short-lived, local breaches in epithelial barrier
function. These breaches, or leaks, occur as cell
boundaries elongate, correspond to visible breaks
in the tight junction, and are followed by transient
localized Rho activation, or Rho flares. We discov-
ered that Rho flares restore barrier function by
driving concentration of tight junction proteins
through actin polymerization and ROCK-mediated
localized contraction of the cell boundary. We
conclude that Rho flares constitute a damage
control mechanism that reinstates barrier function
when tight junctions become locally compromised
because of normally occurring changes in cell shape
and tissue tension.

INTRODUCTION

Epithelial tissues generate specialized compartments within

multicellular organisms, and disruption in epithelial barrier func-

tion is associated with disease (Choi et al., 2017; Ivanov et al.,

2010). In vertebrates, tight junction protein complexes regulate

the degree to which selected molecules pass between cells in

an epithelium. There are at least two well-defined routes for mol-

ecules to cross the tight junction barrier: the pore pathway and

the leak pathway.

The pore pathway is a high-capacity, highly selective route for

small molecules such as water and ions to diffuse across the

junction (Shen et al., 2011). The selectivity of the pore pathway

is based on the expression of claudin family transmembrane

proteins, which oligomerize into strands and form size- and

charge-selective extracellular pores that restrict the paracellular
Developm
passage of molecules (Rosenthal et al., 2017; Van Itallie and

Anderson, 2014). Transepithelial electrical resistance (TER) is a

commonly used technique to measure changes in the pore

pathway at the tissue scale.

The leak pathway is a low-capacity route by which larger mol-

ecules, such as proteins and other macromolecules, can cross

the tight junction (Shen et al., 2011). There is clear evidence

that regulation of the leak pathway is distinct from the pore

pathway (Balda et al., 1996; Fanning et al., 2012; Turner et al.,

2014; Van Itallie et al., 2009), that is, epithelial tissues can change

their permeability to large molecules without affecting the flux of

ions and vice versa. One proposed mechanism for the leak

pathway is that the sequential breaking and annealing of claudin

strands non-specifically allows a small volume of material to

cross the junction as though it was passing through a series of

gates (Zihni et al., 2016). Claudins that are exogenously ex-

pressed in fibroblasts, which do not normally make tight junc-

tions, form strands that demonstrate this type of breaking and

annealing dynamics (Sasaki et al., 2003; Van Itallie et al., 2017).

The leak pathway is typically evaluated by adding traceable

macromolecules, such as fluorescent dextrans, to the apical

surface of an epithelium and measuring their passage to the

basal compartment over time, usually on the scale of hours.

A drawback of this approach is that it measures global barrier

function; it does not reveal where leaks occur, how many there

are, or how long they last. Recently developed ‘‘sandwich as-

says’’ employ avidin- and biotin-labeled molecules applied to

either side of the tissue to capture the macromolecules as

they cross the tight junction barrier. These studies have re-

vealed that barrier function to macromolecules is not uniform

across the cell and tissue level and that the leak pathway opens

and closes over time (Dubrovskyi et al., 2013; Ghim et al., 2017;

Richter et al., 2016).

Experimental evidence points to F-actin and myosin II as

important regulators of the leak pathway (Fanning et al., 2012;

Turner et al., 2014; Van Itallie et al., 2015), although the direct

mechanism is unknown. Actomyosin is a critical regulator of

cell-cell junctions (Arnold et al., 2017), and also facilitates cell

shape changes in epithelial tissues, such as cell division, extru-

sion, and wound healing. Therefore, we hypothesized that acto-

myosin dynamics associated with cell shape change could

trigger the leak pathway.

In a previous study, we examined epithelial barrier function

during cytokinesis by directly imaging fluorescein applied to
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Figure 1. Transient, Localized Leaks in the Tight Junction Barrier Are Followed by Flares of Active Rho and Restoration of Barrier Function

(A) Schematic of Zinc-based Ultrasensitive Microscopic Barrier Assay (ZnUMBA). Exchange of zinc and FluoZin-3 (FZ3) through disrupted tight junctions yields a

local increase in FZ3 fluorescence.

(B) Validation of ZnUMBA by laser injury of the junction (red bracket). FZ3 (green) increases in intensity (yellow arrowhead) following laser injury and persists for

roughly 75 s. Note that F-actin (Lifeact-RFP, magenta) accumulates at the site of injury, and the junction contracts (black bracket versus gray bracket).

(C) FIRE Lookup Table (LUT) applied to FZ3 in the unperturbed Xenopus laevis epithelium. Arrowheads indicate short-lived, localized barrier leaks.

(D) Leaks (FZ3, white arrow) occur at sites of local ZO-1 loss (white arrowhead), and Rho flares (yellow arrowhead) follow at these sites. FZ3 intensity decreases

while ZO-1 intensity increases following Rho flares.

(E) Mean normalized intensity for active Rho (mCherry-2xrGBD), FZ3, and ZO-1 (BFP-ZO-1) at the site of the Rho flare over time quantified from (D) and additional

videos. Shading represents standard error of the mean (SEM). n = 17, 7, and 5 (flares, embryos, experiments, respectively).

See also Figure S1 and Videos S1, S2, and S3.
the apical surface of a Xenopus laevis embryo as a fluorescent

tracer (Higashi et al., 2016). We saw no penetrance of the tracer

beyond the tight junctions, even at the contractile ring, a site that

undergoes a major change in cell shape and represents a poten-

tial challenge to junction integrity (Hatte et al., 2018). However,

we reasoned that small volumes of the tracer might be difficult

to detect against the high background of apical fluorescein.

Therefore, we sought to develop a more sensitive barrier assay

with minimal background, in which a breach of tight junctions

results in strongly increased fluorescence. We achieved this by

using the small cell-impermeable dye FluoZin3 (FZ3), which in-

creases in fluorescence more than 50-fold when bound to zinc.

By applying FZ3 to the basal medium and adding media contain-

ing ZnCl2 to the apical side, localized breaches of the tight junc-

tion result in localized increases in FZ3 fluorescence, which can

be easily detected with conventional confocal microscopy. We

call this assay ZnUMBA (Zinc-based Ultrasensitive Microscopic

Barrier Assay) (Figure 1A). Applying ZnUMBA to the intact

epithelium of X. laevis embryos allowed us to visualize transient

leaks in the epithelium and correlate them with local loss of ZO-1
446 Developmental Cell 48, 445–459, February 25, 2019
and occludin. Leakswere followed by transient local activation of

RhoA, or Rho flares, which reinstated barrier function by locally

concentrating tight junction proteins through Rho kinase

(ROCK)-mediated contraction of the junction. Rho flares were

preceded by junction elongation, indicating that local expansion

and contraction of tight junctions is one mechanism that regu-

lates the leak pathway, potentially through local dilution and con-

centration of tight junction proteins, respectively.

RESULTS

ZnUMBA Detects Transient Leaks That Correspond to
Sites of Local Rho Activation
Gastrula-staged Xenopus laevis embryos possess a fully polar-

ized epithelium with apical tight junctions facing the external

environment, allowing tight junction dynamics to be easily

viewed with confocal microscopy while leaving the embryo

completely intact. To perform ZnUMBA in X. laevis, we micro-

injected FZ3 into the blastocoel of gastrula-stage embryos

and mounted the embryos in media containing ZnCl2



immediately before imaging. First, we tested the sensitivity of

the assay by globally and locally perturbing tight junctions. To

globally disrupt tight junctions, we incubated embryos in

EGTA (Figures S1A and S1B), which disrupts tight and adhe-

rens junctions (Pitelka et al., 1983; Rothen-Rutishauser et al.,

2002). FZ3 intensity began increasing globally within 2 min of

EGTA addition, indicating the high temporal sensitivity of the

assay. Next, we disrupted tight junctions locally through laser

injury (Figure 1B), which caused FZ3 intensity to rapidly in-

crease at the site of laser injury. Notably, FZ3 intensity returned

to baseline levels within minutes, demonstrating the ability of

the assay to detect transient leaks. Reinstatement of the barrier

was accompanied by an accumulation of F-actin and contrac-

tion of the cell boundary (i.e., shortening of the distance be-

tween the two vertices), revealing a potential mechanism of

barrier reinstatement.

We next applied ZnUMBA to the unperturbed epithelium of

gastrula-stage X. laevis embryos (Nieuwkoop and Faber stage

10.5–12; Nieuwkoop, 1994). At this stage of X. laevis develop-

ment, epithelial tissue faces challenges to barrier function from

cell division (Hatte et al., 2018; Higashi et al., 2016), pulses of

contraction induced by calcium transients (Wallingford et al.,

2001), and spreading of the epithelial tissue due to gastrulation

(Webb and Miller, 2006). We observed sporadic, short-lived

local increases in FZ3 signal at cell-cell junctions throughout

the animal cap epithelium of the embryo (Figure 1C; Video

S1), suggesting that the tight junction barrier is sporadically

breached then quickly repaired, consistent with the dynamic

strand hypothesis of the leak pathway. As with laser injury, res-

olution of leaks was frequently associated with junction

contraction (Figure S1C). Previous studies have identified that

excess paracellular flux of macromolecules is associated with

defects in junctional actin accumulation (Fanning et al., 2012;

Van Itallie et al., 2015). Therefore, we hypothesized that actin

accumulation and/or junction contraction is associated with

leak resolution.

The small GTPase RhoA is a master regulator of contractility,

stimulating actin polymerization through formins and ROCK-

mediated myosin II motor activity (Arnold et al., 2017; Thumkeo

et al., 2013). We have previously reported an increase in the

number of Rho flares in conditions where actomyosin associated

with cell-cell junctions is perturbed genetically (e.g., by anillin

knockdown or MgcRacGAP loss of function [Reyes et al.,

2014; Breznau et al., 2015]) or where junctions are perturbedme-

chanically (through cell wounding [Clark et al., 2009]). This, in

combination with the accumulation of F-actin and junction

contraction associated with the resolution of leaks, led us to hy-

pothesize that Rho flares serve to restore the tight junction bar-

rier. Indeed, when we observed FZ3 together with a probe for

active Rho (GFP-rGBD; Rhotekin GTPase Binding Domain [Be-

nink and Bement, 2005]), we found that the increase in FZ3 inten-

sity precedes the increase in active Rho signal and that FZ3 in-

tensity begins to decline as active Rho intensity increases

(Figures 1D and 1E; Videos S2 and S3). Moreover, ZO-1 signal

appears locally decreased prior to the flare and rises rapidly after

the onset of Rho activation (Figures 1D and 1E). Therefore, an

attractive possibility is that Rho flares serve as a rapid repair

mechanism that restores barrier function when tight junctions

become compromised.
Rho Flares Reinforce Tight Junction Proteins Following
Local Discontinuities
We next asked whether the local decrease in ZO-1 prior to the

flare was indicative of a breakdown of the tight junction protein

complex as a whole. We found that both ZO-1 and occludin,

but not claudin-6, locally decrease prior to Rho flares (Figures

2A–2D; Video S4). During Rho flares, ZO-1, occludin, and clau-

din-6 rise rapidly and remain increased, or reinforced, over base-

line levels (Figures 2A–2D). In contrast to ZO-1 and occludin, the

adherens junction proteins E-cadherin and a-catenin are not

visibly decreased prior to Rho flares (Figures 2E and 2F). Prior

to Rho flares, there is no sign of separation between the neigh-

boring cell membranes (Figures 3A and 3B), indicating that a

defect in cell-cell adhesion is not a primary cause of increased

permeability prior to Rho flares. However, both E-cadherin and

a-catenin increase in intensity at the site of the flare (Figures

2E and 2F), indicating that the adherens junction is affected by,

or perhaps participates in, the Rho flare-associated concentra-

tion of tight junction proteins. In contrast to the tight junction

and adherens junction proteins we quantified, the intensity of a

membrane probe measured at the junction remains stable over

the course of the flare (Figure 3A), indicating that the increases

in junction protein intensity are not a flare-induced artifact.

Multicellular vertices (places where three or more cells meet)

are sites of high tension in epithelial tissues (Higashi and Miller,

2017; Trichas et al., 2012); thus, we hypothesized that multicel-

lular vertices might be particularly prone to disruption and that

Rho flares might be more frequent at these sites. Indeed, we

found that Rho flares occurred with an average frequency of

0.81 ± 0.07 flares/min at bicellular junctions, versus 1.50 ± 0.21

flares/min at multicellular vertices. Despite this, there is no

apparent disruption of the tricellular tight junction- (tTJ-) specific

proteins, angulin-1 (LSR) or tricellulin, prior to Rho flares (Fig-

ure S2). However, defects in tTJs may be difficult to detect

with the limited resolution of standard confocal microscopy.

Interestingly, some remodeling of both angulin-1 and tricellulin

is apparent during Rho flares, with the tTJs appearing more

compact following Rho flares (Figure S2).

We observed that Rho flares are typically asymmetric with

respect to the junction, that is, the plasma membrane of one

cell protrudes apically over its neighbor (Figures 3A and 3B).

Dense, bright active Rho signal is associated with themembrane

protrusion, although there is often a lighter haze of active Rho

surrounding the dense signal. The protrusion grows as Rho ac-

tivity increases and retracts as Rho activity declines (Figure 3A).

F-actin emanates from the junction in the direction of the mem-

brane protrusion, while myosin II accumulates on the periphery

of the flare and flows toward the junction as the flare retracts

(Figures 3C–3E, Video S5). Although the mechanical origin of

the membrane protrusion remains a subject for further investiga-

tion, F-actin andmyosin II accumulate on either side of themem-

brane protrusion (Figure 3E), indicating that tight junction

reinforcement is a cooperative process involving adjacent cells.

Notably, many of the hallmarks of Rho flares described above,

includingmembrane protrusion, F-actin and active Rho accumu-

lation, and ZO-1 and occludin reinforcement, can be induced by

laser injury of the junction (Figure S3). Therefore, it seems that a

Rho-mediated contractile response, similar to those observed in

single- and multi-cell wound healing, could drive reinforcement
Developmental Cell 48, 445–459, February 25, 2019 447



A

B

C

D

E

F

Figure 2. Rho Flares Reinforce Tight Junction

Proteins Following Local Discontinuities

(A) Schematic depicting the regions of interest

(ROIs) used for calculating normalized intensity at

the junction.

(B–F) Left: mean of normalized intensity of a ROI

centered on the junction at the site of the flare over

time, calculated as depicted in (A). Shading repre-

sents SEM. Right: co-imaging of Rho flares with

junction proteins. Active Rho is shown in grayscale,

all others shown with FIRE LUT. Yellow arrowheads

indicate Rho flares, white arrowheads indicate local

protein decrease, and white arrows indicate local

protein increase. (B) Local decrease in ZO-1 pre-

cedes the onset of Rho flares. Following Rho flares,

ZO-1 intensity is elevated over baseline. n = 26, 9,

and 4 (flares, embryos, experiments, respectively);

mRFP-ZO-1, GFP-rGBD. (C) Occludin declines

sharply prior to the onset of Rho flares. Following

Rho flares, occludin is locally reinforced. n = 28, 7,

and 3; mCherry-occludin, GFP-rGBD. (D) Claudin-6

rises during Rho flares and remains reinforced

following flares. n = 24, 8, and 3; mCherry-claudin-6,

GFP-rGBD. (E) E-cadherin rises during the Rho

flares, but returns to baseline levels following flares.

n = 22, 7, and 3; E-cadherin-3xmCherry, GFP-rGBD.

(F) a-catenin rises during Rho flares and remains

reinforced following flares. n = 24, 6, and 3;

mCherry-a-catenin, GFP-rGBD.

See also Figure S2 and Video S4.
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Figure 3. Rho Flares Are Associated with Apical Plasma Membrane Deformations and Accumulation of F-actin and Myosin II

(A, C, D) Left: mean of normalized intensity at the site of the flare over time, as calculated in Figure 2A. Shading represents SEM. Right: co-imaging of Rho flares

with membrane, F-actin, or myosin II. Active Rho is shown in grayscale; all others are shown with FIRE LUT. Yellow arrowheads indicate Rho flares, white ar-

rowheads indicate local protein decrease, and white arrows indicate local protein increase. (A) The junctional intensity of the membrane signal stays constant

throughout the flare; however, plasma membrane deformations (white asterisks) are associated with Rho flares. n = 25, 9, and 5; mCherry-farnesyl, GFP-rGBD.

(B) mCherry-farnesyl (membrane) was expressed mosaically (in cell to the right of the yellow dotted line, which indicates membrane protrusion), while BFP-ZO-1

and GFP-rGBD (active Rho probe) were expressed globally. xz view (made along horizontal white dotted line) shows that the plasma membrane protrudes

apically, but not basally. Note that accumulation of active Rho is also apical. (C) F-actin expands in the direction of Rho flares as flares expand and retracts as

flares retract. n = 19, 7, and 4; Lifeact-RFP, GFP-rGBD. (D) Junctional myosin II locally decreases at the start of the flare and accumulates on the cortex as Rho

flares expand and coalesces toward the junction as flares retract. n = 23, 7, and 3; SF9-mNeon, mCherry-2xrGBD. BFP-ZO-1 (not shown) was used to track the

position of the junction.

(E) Top: triple labeling of F-actin (Lifeact-RFP), myosin II (SF9-mNeon), and active Rho (BFP-2xrGBD). Bottom: kymograph generated from the 2-pixel wide yellow

line shown in at the top (arrow indicates orientation). Note that F-actin accumulation closely follows the timing and orientation of active Rho, whereas myosin II

accumulates at the periphery of the flare and moves toward the junction as the flare retracts. The yellow dotted lines trace the dense accumulation of active Rho,

which corresponds to the boundary of themembrane protrusion. Note that both F-actin andmyosin II can be seen beyond this boundary, indicating that they also

accumulate in the cell neighboring the membrane protrusion.

See also Figure S3 and Video S5.
of tight junction proteins (Benink and Bement, 2005; Clark

et al., 2009).

Actin Polymerization Contributes to Tight Junction
Reinforcement
Next, we sought to determine how Rho flares contribute to rein-

forcement of tight junction proteins. Seminal fluorescence re-

covery after photobleaching (FRAP) studies demonstrated that

while claudins are relatively immobile within tight junctions,

ZO-1 and occludin are quite dynamic and have different modes
of exchange within the junction (Shen et al., 2008). Whereas oc-

cludin exchanges by diffusion within the membrane, ZO-1 ex-

changeswith a cytoplasmic pool in amanner dependent on actin

polymerization (Shen et al., 2008; Yu et al., 2010). Thus, we hy-

pothesized that actin polymerization and/or junction contraction

downstream of Rho flares could contribute to tight junction rein-

forcement. To distinguish between these possibilities, we first

examined ZO-1, an actin-binding protein (Itoh et al., 1997) whose

recruitment and stabilization at tight junctions is dependent on

actin polymerization (Yu et al., 2010). Co-imaging of active
Developmental Cell 48, 445–459, February 25, 2019 449
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Figure 4. Actin Polymerization and Myosin II-Mediated Contraction Contribute to ZO-1 Reinforcement

(A) Top: mean normalized intensity of active Rho, F-actin, and ZO-1. Shading represents SEM. n = 22, 10, 8 (flares, embryos, and experiments, respectively). Time

0 represents the start of the flare. Bottom: ZO-1 reinforcement closely follows active Rho and F-actin accumulation in space and time. BFP-ZO-1 co-localizes with

the actin structures (Lifeact-RFP) emanating from the junction at the site of Rho flares (GFP-rGBD) (white arrowheads).

(B) Incubation with 8–10 mM LatB results in large breaks in junctional F-actin and ZO-1 (white arrowheads). Rho flares (yellow arrowheads) appear at these sites,

but no actin polymerization, ZO-1 recruitment, or junction contraction follows, resulting in repeating Rho flares.

(C) The tight junction barrier is not restored in severe LatB conditions. FluoZin3 signal continues to intensify as the discontinuity in ZO-1 (white arrowheads)

expands.

(D) Mild (1–5 mM) LatB treatment does not cause disintegration of junctional F-actin, and a subset of junctions rapidly shorten while others rapidly elongate. Rho

flares (yellow arrowheads) at these shortening junctions result in ZO-1 reinforcement (white arrows) despite impaired actin polymerization.

(legend continued on next page)

450 Developmental Cell 48, 445–459, February 25, 2019



Rho, F-actin, and ZO-1 revealed that ZO-1 accumulation closely

follows F-actin accumulation in space and time (Figure 4A), indi-

cating that actin polymerization could feasibly recruit ZO-1 to

tight junctions during Rho flares.

To test how actin polymerization affects ZO-1 reinforcement,

we treated embryos with Latrunculin B (LatB), which prevents

actin polymerization by sequestering G-actin monomers. At

8 mM LatB and higher, we observed a severe effect, which

caused large breaks in F-actin and ZO-1 to form, as reported

previously (Shen and Turner, 2005) (Figure 4B; Videos S6

and S7). Notably, these breaks were sites of repeated Rho flares,

mimicking endogenous Rho flares that appear at sites of

decreased ZO-1. Under these circumstances, ZO-1 was not re-

inforced, and the barrier could not be restored (Figures 4B, 4C,

and 4E–4H). Despite the lack of new actin polymerization at

Rho flares, existing cortical actin becomes fragmented and

forms puncta that are pulled toward the junction where they

merge with one another; in rare cases, these junctional accumu-

lations of actin were sufficient to recruit ZO-1 (Video S7). How-

ever, junctions elongated during severe LatB treatment (Fig-

ure 4H), likely due to the severe disruption of the junctional

actin network, so we were not able to distinguish between the

contribution of contraction and F-actin polymerization on ZO-1

reinforcement under these conditions.

To avoid completely disrupting junctional F-actin, we reduced

the dose of LatB (%5 mM). Mild LatB treatment results in disrup-

tion of tissue integrity, allowing a subset of junctions to rapidly

shorten as others elongate to compensate (Video S8). During

Rho flares on rapidly shortening junctions, F-actin accumulation

is strongly reduced compared to controls (Figures 4D and 4F),

and ZO-1 reinforcement is slightly delayed (Figure 4G) but not

abolished (Videos S8 and S9). This indicates that junction short-

ening can compensate for reduced actin accumulation to

reinforce ZO-1 (Figures 4E–4H). Furthermore, deletion of the

actin-binding region of ZO-1 (Fanning et al., 2002) delayed, but

did not abolish, ZO-1 reinforcement (Figure 4I). Taken together,

we conclude that actin polymerization contributes to, but is not

required for, ZO-1 reinforcement.

ROCK-Mediated Junction Contraction Contributes to
Tight Junction Reinforcement
We hypothesized that myosin II-mediated contraction reinforces

tight junctions by concentrating proteins within the junction. To

test this hypothesis, we generated kymographs of the junction

from vertex-to-vertex before, during, and after Rho flares. Kymo-

graphs highlighted a variety of Rho flare events, from simple to

complex, including isolated Rho flares, repeating flares at a sin-

gle location, and multiple flares along the same junction (Fig-

ure S4A). To simplify the interpretation of length analysis, we

initially considered isolated flares. Quantification of these kymo-

graphs revealed that the total length of the junction is reduced

during Rho flares, and the timing corresponds with the local in-

crease in ZO-1 and occludin (Figures 5A, 5B, S4B, and S4C).
(E–H) Quantification of active Rho (GFP-rGBD) (E), F-actin (Lifeact-RFP) (F), ZO-

Controls (untreated embryos): n = 22, 10, and 8; Severe LatB: n = 13, 4, and 2; M

normalized to 1 (E–G) or 0 (H) at time 0. (I) A mutant of ZO-1 that lacks the C-termi

length ZO-1 (mRFP-ZO-1).

See also Videos S6, S7, S8, and S9.
Natural variation in junction protein intensity along the junction

generates vertical lines in the kymographs that can serve as fidu-

cial position markers. By tracing these lines, we observed that

only regions of the junction associated with Rho flares contract,

while other regions remain a stable length or elongate (Figures

5A and S4B). This builds on previous work demonstrating that

junctions on a given cell can expand and contract independently

of one another (Choi et al., 2016) by revealing that subunitswithin

a junction can independently expand and contract, and thus

force is not equally distributed along a junction. Notably, the

analysis of junction length also revealed substantial elongation

of the junction prior to flares, suggesting that junction elongation

could trigger breaches in the tight junction barrier (Figures 5B

and S4C).

To further test whether junction contraction reinforces

ZO-1, we inhibited ROCK-mediated myosin II activation with

Y-27632, a ROCK inhibitor. Successful cytokinesis and normal

junction architecture depend on ROCK; therefore, we used a

moderate dose of Y-27632 such that myosin II accumulation at

Rho flares was reduced (Figure 5C) without completely disrupt-

ing epithelial organization. Y-27632 treatment did not affect

F-actin accumulation (Figure 5D). In embryos expressing ZO-1,

Y-27632 partially inhibited junction contraction at isolated flares,

and ZO-1 reinforcement was reduced (Figures 5E and 5F). In

contrast, when embryos expressing occludin were treated with

Y-27632, we did not detect a significant decrease in junction

contraction or occludin reinforcement at isolated flares (Figures

S4D–F). We hypothesized that repeating flares might be a result

of a single flare being insufficient to reinforce the barrier, and thus

selecting isolated flares may bias the results toward control

levels of contraction and reinforcement. When we included

more complex flares in the analysis (isolated, repeating, andmul-

tiple flares), we observed a significant decline in both junction

contraction and occludin reinforcement in Y-27632-treated em-

bryos (Figure S4F). Finally, Y-27632 impaired the efficient resto-

ration of barrier function following Rho flares (Figures 5G

and 5H).

Active Rho stimulates actin polymerization through formins

and myosin II activation through ROCK. Therefore, we wanted

to determine the effect of simultaneously inhibiting formins and

ROCK. In order to do this, we employed SMIFH2, a small mole-

cule inhibitor of formins (Rizvi et al., 2009). We validated SMIFH2

for use in X. laevis embryos by overexpressing 3xGFP-Dia3, a

formin whose ectopic expression induces actin-rich filopodia-

like structures in gastrula-stage X. laevis embryos (Higashi

et al., 2019). SMIFH2, but not DMSO, reduced the size and dy-

namics of these Dia3-mediated protrusions (Figures S5A and

S5B). However, the same concentration of SMIFH2 was not suf-

ficient to consistently diminish actin polymerization at Rho flares

(Figures S5C and S5D; data not shown), suggesting either

incomplete inhibition of formins or a role for other actin nucle-

ation factors or polymerization enhancers, such as the Arp2/3

complex or Ena/VASP proteins. In concert with SMIFH2, we
1 (BFP-ZO-1) (G), and junction length (H) in the experiments described above.

ild LatB: n = 12, 5, and 3. Time 0 represents the start of the Rho flare; data are

nal actin-binding region (mRFP-ZO-1 DABR) is reinforced more slowly than full
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employed H-1152, a more potent and specific ROCK inhibitor

than Y-27632. Acute treatment with H-1152 dramatically

reduced Rho-flare-associated myosin II accumulation at the

junction, though not the accumulation of myosin II at the periph-

ery of the flare (Figures S5E–H).

Finally, we tested the effect of SMIFH2 and H-1152 on barrier

function and ZO-1 reinforcement (Figure 6). Similar to Y-27632,

H-1152 reduced ZO-1 reinforcement relative to control and pro-

duced repeating Rho flares (Figures 6A, 6C, and 6D). SMIFH2

modestly decreased ZO-1 reinforcement relative to control (Fig-

ures 6A, 6E, and 6F); however, SMIFH2 caused an increase in

global FZ3, indicating that formins may be more important for

promoting global, sustained barrier function rather than local

repair (Figure 6B). Together, SMIFH2 and H-1152 synergistically

disrupted global barrier function, although no change in ZO-1

reinforcement relative to H-1152 alone was apparent (Figures

6A, 6B, and 6G). Taken together, these results suggest that for-

mins play an important role in epithelial barrier function, although

formin-mediated actin polymerization may be dispensable for

Rho flare-mediated tight junction repair. Overall, these findings

support a model in which Rho flares promote myosin

II-mediated contraction of a subunit within the junction, thereby

concentrating junction proteins locally within that region to repair

the barrier.

DISCUSSION

In this study, we developed a highly sensitive assay for detecting

localized breaches in tight junctions with live confocal micro-

scopy (Figure 1). ZnUMBA employs a commercially available

fluorescent dye, FZ3, making it a convenient assay that can be

applied to a wide range of model systems. We demonstrated

the efficacy of this assay in X. laevis embryos by globally disrupt-

ing tight junctions with EGTA and locally disrupting them with

laser injury (Figures 1B, S1A, and S1B). When we applied

ZnUMBA to the unperturbed embryo, we observed transient,

localized breaches of the tight junction barrier that correspond

to local decreases in the tight junction proteins ZO-1 and occlu-

din (Figures 1D, 1E, 2B, and 2C). Flares of active Rho occur at the

leak sites, reinforcing ZO-1 and occludin and restoring tight junc-

tion barrier function (Figure 7).
Figure 5. Junction Contraction Concentrates ZO-1 within the Junction

(A) Left: montage of the junction that is shown as a kymograph on the right. Colore

kymograph, which trace fiducial marks. Right: kymograph of active Rho (GFP-rG

junction contracts locally.

(B) Quantification of junction length and protein intensity from multiple kymograp

Decrease in junction length after the Rho flare aligns with increased local ZO-1

embryos, experiments, respectively).

(C) Quantification of junctional myosin II accumulation at flares in embryos treated

2; Y-27: n = 18, 7, and 2. SF9-mNeon, mCherry-2xrGBD.

(D) Quantification of junctional F-actin accumulation at flares in embryos treated

RFP, GFP-rGBD.

(E) Junction length versus mRFP-ZO-1 reinforcement in embryos injected with

reinforcement is reduced. Vehicle: n = 21, 9, and 3; ROCK inhibitor: n = 32, 7, an

(F) Change in length and intensity were calculated from (E). Significance calculat

(G and H) Restoration of the barrier is less efficient in embryos treated with Y-27

2xrGBD) frequently repeat at the same site—arrows in (H) indicate multiple peak

line). n = 19, 6, and 3 (G) and 18, 4, and 3 (H).

(H0) shows an individual example of a junction with repeated flares.

See also Figure S4.
There are two well-defined routes for molecules to cross tight

junctions: the pore pathway and the leak pathway. When we

perform ZnUMBA in gastrula-stage X. laevis embryos, our exper-

imental evidence is not consistent with the conclusion that Zn2+

ions pass through the pore pathway. Expression of specific clau-

din family proteins determines the selectivity of the pore

pathway. In the case of gastrula-stage embryos, the most highly

expressed claudins are claudin-6, claudin-7, and, claudin-4

(Session et al., 2016), none of which are known cation pores

(G€unzel and Yu, 2013). Additionally, overexpression of claudin-2,

a cation pore-forming claudin, did not increase FZ3 fluorescence

in X. laevis embryos (data not shown), suggesting that Zn2+ does

not pass through claudin pores. When we perform ZnUMBA,

embryos are exposed to Zn2+ acutely for less than one h, but it

should be noted that over long time courses (6–48 h), different

studies have found that Zn2+ can both enhance and diminish

epithelial barrier function (Shao et al., 2017; Wang et al., 2013;

Xiao et al., 2018). Thus, when applying the ZnUMBA technique

to other model systems, we suggest exposing epithelial cells

to Zn2+ for the shortest time and lowest dose possible.

Imaging the Leak Pathway: ZnUMBA Allows for Live
Imaging of Local Barrier Breaches
Of the two routes for molecules to cross tight junctions, the mo-

lecular mechanism of the leak pathway remains elusive. It has

been hypothesized that claudin strands break and anneal, form-

ing a series of gates that openandclose to allowmacromolecules

past the tight junction while maintaining a seal of the paracellular

space (Zihni et al., 2016). The dynamic breaking and annealing of

claudin strands has been visualized in fibroblasts that do not nor-

mally form tight junctions (Sasaki et al., 2003; Van Itallie et al.,

2017), and perturbing coupling of claudin-2 strands to F-actin

through ZO-1 altered strand stability (Van Itallie et al., 2017).

However, the dynamic strand hypothesis has not been verified

in epithelial tissue because resolving individual claudin strands

within the tight junction with light microscopy is difficult due to

their tight packing, and, until now, a sensitive assay for visualizing

lapses in barrier function did not exist.

Many have speculated that tissue integrity and epithelial

barrier function are challenged by naturally occurring changes

in tensile force, whether due to cytokinesis, development, or
and Is Required for Efficient Reinforcement of the Barrier

d dots on themontage correspond to the relative position of dashed lines on the

BD, green) and mRFP-ZO-1 (magenta) shows ZO-1 signal increasing as the

hs. Shading represents SEM. Time 0 corresponds to the start of the Rho flare.

intensity, while total ZO-1 intensity does not increase. n = 19, 6, and 3 (flares,

with vehicle (DMSO) or ROCK inhibitor (Y-27632 [Y-27]). DMSO: n = 21, 10, and

with DMSO or Y-27632. DMSO: n = 8, 3, and 2; Y-27: n = 20, 7, and 2. Lifeact-

DMSO or Y-27632. Y-27632 partially inhibits junction contraction, and ZO-1

d 4.

ed using Mann-Whitney U test. Bars indicate median and interquartile range.

632 (H) versus DMSO (G). In Y-27632-treated embryos, Rho flares (mCherry-

s of active Rho—and FZ3 takes longer to return to baseline (dotted horizontal

Developmental Cell 48, 445–459, February 25, 2019 453



A B

C

D

E

F

G

Figure 6. Formins and ROCK Have Distinct Roles in Promoting Barrier Function

Embryos were acutely treated with the ROCK inhibitor H-1152, the formin inhibitor SMIFH2, their respective vehicles (water or DMSO), or both H-1152 and

SMIFH2 prior to live imaging.

(legend continued on next page)
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normal organ function (Arnold et al., 2017; Charras and Yap,

2018;Hatte et al., 2018). However, direct evidence that barrier

function suffers because of these activities has been lacking. Us-

ing ZnUMBA to visualize leaks in real time, wewere able to reveal

new insights about the impact that cell-shape change and local

remodeling of the cytoskeleton have on causing and resolving

leaks. The localized, short-lived breaches in tight junctions we

detected with ZnUMBA were preceded by elongation of the

junction and were resolved when flares of active Rho caused

localized accumulation of F-actin and myosin II, along with

contraction of the junction (Figure 7). Our study revealed that

barrier breaches were associated with localized decreases in

ZO-1 and occludin, proteins that, along with F-actin and myosin

II, are associated with restricting paracellular flux of macromole-

cules (Balda et al., 1996; Fanning et al., 2012; Turner et al., 2014;

Van Itallie et al., 2009). Notably, claudin-6 signal remains unaf-

fected prior to Rho flares, leaving us to speculate whether the

barrier to ions is compromised prior to Rho flares. If not, this

could explain the seemingly paradoxical findings that paracellu-

lar flux of macromolecules can be affected without affecting ion

flux (Choi et al., 2016; Fanning et al., 2012; Turner et al., 2014;

Van Itallie et al., 2015). Indeed, changes in the intermolecular as-

sociations between claudins, ZO-1, occludin, and the actin cyto-

skeleton are linked to leak pathway regulation and increased

strand dynamics (Van Itallie et al., 2017; Yu et al., 2010); there-

fore, localized decline in ZO-1 and occludin may indicate a mo-

lecular basis for the increase in permeability to FZ3. We suggest

that our study uncovers one mechanism through which the leak

pathway is locally regulated in epithelial cells.

Perturbations That Increase the Tight Junction Leak
Pathway Globally or Locally
Global perturbations that increase the leak pathway have been

reported. In a study using MDCK II cells, double knockdown

(dKD) of ZO-1 and ZO-2 increases flux of larger molecules while

preserving TER (Choi et al., 2016; Fanning et al., 2012). This is

associated with decreased occludin, increased junctional actin

and myosin II accumulation through Shroom3-mediated ROCK

recruitment, expansion of the apical domain, and more linear

junctions. In a second study, knockout (KO) of TOCA-1, a ZO-

1-binding protein and regulator of actin polymerization, shared

many phenotypes with ZO-1/2 dKD, including increased macro-

molecular flux, while preserving TER, aswell as decreasedmem-

brane contact dynamics (Van Itallie et al., 2015). Although the

precise role of the membrane protrusions we observe at Rho

flares is unclear, it is notable that actin-dependent membrane
(A) Mean normalized intensity of ZO-1 during Rho flares (active Rho lines omitted f

embryos, experiments, respectively); H-1152: n = 22, 8, and 4; SMIFH2 vehicle (D

and 3. Shading represents SEM.

(B) Mean normalized intensity of whole-field FZ3 with the indicated treatments. FZ

the start of image acquisition. H-1152 vehicle: n = 11 and 4 (embryos and experim

n = 6 and 3; SMIFH2+H-1152: n = 9 and 3.

(C–G) Left: co-imaging of active Rho (grayscale), ZO-1, and FZ3 (both shown with

white arrows indicate local ZO-1 increase. Right: whole-field FZ3 signal over time

forcement and restoration of barrier function following Rho flares. (D) Embryos tre

ZO-1 reinforcement. (E) Embryos treatedwith SMIFH2 vehicle (DMSO) exhibit norm

(F) Embryos treatedwith SMIFH2 exhibit local ZO-1 reinforcement following Rho fla

SMIFH2 and H-1152 exhibit both repeating Rho flares, reduced ZO-1 reinforceme

See also Figure S5.
dynamics at cell-cell contacts are important for limiting paracel-

lular flux in MDCK II cells (Van Itallie et al., 2015). Thus, we pro-

pose that one function of themembrane protrusions at Rho flares

may be to temporarily seal the paracellular space while the tight

junction is reinforced via the Rho flare. A third study demon-

strated that tumor necrosis factor alpha (TNF-a)-induced barrier

dysfunction in the intestinal epithelium results in myosin light

chain kinase (MLCK)-dependent myosin II activation, contrac-

tion of the apical actomyosin array, and occludin endocytosis,

which predominantly affects the leak but not the pore pathway

(Turner et al., 2014). That global, sustained changes in ZO pro-

teins and occludin result in sustained and presumably global in-

creases in macromolecular flux indicates that local transient loss

of these proteins could be involved in local transient increases in

macromolecular flux. Indeed, our study suggests that junction

elongation, which may be caused by cell-shape changes such

as cell division, extrusion, wound healing, or developmental

morphogenesis, triggers local breaches in tight junction barrier.

Currently, our understanding of how perturbations such as ZO

dKD, TOCA-1 KO, or TNF-a treatment affect the leak pathway is

limited. For example, macromolecular flux could increase

because of an increase in the number of leak sites, defective res-

olution of leaks, or a combination of the two. Thus, assays such

as ZnUMBA, which allow us to visualize and quantify leaks in

space and time, will aid in our understanding of the leak pathway

regulation. Interestingly, both ZO-1/2 dKD and TNF-a treatment

increase contractility, which could cause strand reorganization

or breakage, as seen in freeze-fracture studies (Hull and Staehe-

lin, 1976; Pitelka and Taggart, 1983). Alternatively, the high

global contractility in these tissues may make Rho flare-medi-

ated leak resolution more difficult, that is, Rho flares may not

generate sufficient contractility to reinforce ZO-1 and occludin

when global contractility is already elevated. Similarly, perturba-

tions that reduce tension globally could also cause insufficient

Rho flare-mediated contractility to reinforce tight junctions. Un-

derstanding the interplay between tissue-scale tension and

locally generated tension will be key to understanding local

changes in barrier function.

The Case for Measuring Spatiotemporal Dynamics of
Junctional Rho Activation
Steady-state Rho activation is important for proper junction

structure; however, too much or too little Rho activation can

have detrimental effects on barrier function (Quiros and Nusrat,

2014) and is associated with inflammatory diseases (Capaldo

and Nusrat, 2009). Our results show that dynamic local Rho
or clarity). Flares begin at t = 0 s. H-1152 vehicle (water): n = 24, 9, and 4 (flares,

MSO): n = 23, 7, and 3; SMIFH2: n = 25, 7, and 3; SMIFH2+H-1152: n = 26, 9,

3 intensity was normalized to the first frame of eachmovie. t = 0 corresponds to

ents, respectively); H-1152: n = 9 and 3; SMIFH2 vehicle: n = 9 and 3; SMIFH2:

FIRE LUT) with the indicated treatments. Yellow arrowheads indicate flares, and

. (C) Embryos treated with H-1152 vehicle (water) exhibit normal junction rein-

ated with H-1152 exhibit repeating Rho flares at the same location and reduced

al junction reinforcement and restoration of barrier function following Rho flares.

res, but continuous global increase in FZ3 signal. (G) Embryos treatedwith both

nt, and globally increasing FZ3 signal. Scale bars represent 10 mm.
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Figure 7. Model of How Rho Flares Reinforce Tight Junction Proteins Following Junction Breaches

A cell- and tissue-scale model of how Rho flares reinforce the epithelial barrier.

(A) Epithelial cells undergo cell shape changes (e.g., as a result of cytokinesis), and epithelial cell-cell junctions must adapt to these cell shape changes.

(B) Local loss of tight junction proteins following junction elongation results in a leaky barrier. Flares of active Rho appear at the site of barrier loss, and the tight

junction is reinforced through actomyosin-mediated contraction of the junction. Left: cross-section of the junction corresponding to the gray dashed line in (A).

Right: en face model of the region outlined in the black box in (A).
flares are important for maintaining epithelial barrier function,

and thus measuring total pools of active Rho with biochemical

assays, or even imaging active Rho with a snapshot in time is

insufficient to capture the whole picture of how Rho activity af-

fects epithelial junctions.

We noted that treating embryos with the formin inhibitor

SMIFH2 did not consistently diminish actin polymerization at
456 Developmental Cell 48, 445–459, February 25, 2019
Rho flares, suggesting the possibility that Arp2/3 and/or other

actin nucleation factors or polymerization enhancers might

also be involved in promoting the membrane protrusions asso-

ciated with Rho flares. Indeed, in the context of cell migration,

several Rho GTPases collaborate to promote membrane pro-

trusion at the leading edge of migrating cells (Machacek

et al., 2009). RhoA promotes the initial protrusion event, and



Rac1 and Cdc42 are activated subsequent to Rho in order to

promote stabilization of the protrusion (Machacek et al.,

2009). Future studies should investigate the possibility of

spatiotemporal coordination among Rho GTPases during the

course of Rho flares.

In mature cultured epithelia, levels of active Rho have been re-

ported to be stable over short timescales (Priya et al., 2015).

However, our data indicate that active Rho dynamics are impor-

tant for maintaining barrier function in a developing vertebrate

epithelium, in which cells are undergoing shape changes from

cell divisions as well as morphogenesis of the embryo. Epithelia

in adult organisms also undergo high rates of cell division and

cell extrusion, as epithelial tissues experience relatively high

rates of cell turnover (Hooper, 1956;Macara et al., 2014). Indeed,

other groups have reported short-lived, localized accumulation

of F-actin and/ormyosin II at junctions inDrosophila and cultured

mammalian epithelial and endothelial cells during junction re-

modeling, indicating that Rho flare-like events may be a

conserved process (Abu Taha et al., 2014; Pope and Harris,

2008; Razzell et al., 2014; Tokuda et al., 2016). Thus, we propose

that the Rho flare mechanism described here may be broadly

important for maintaining normal barrier function in developing

and adult tissues. As small molecule inhibitors that target Rho

and ROCK have been developed to treat diseases that result

from barrier dysfunction (Deng et al., 2011; Feng et al., 2016), it

will be important to consider that Rho-mediated local junction

reinforcement contributes to barrier function.

Concluding Remarks
Collectively, these findings advance our understanding of how

epithelia maintain overall barrier function while remaining plastic

enough to allow for cell-shape changes. Many excellent studies

have explored how cell-cell junctions are remodeled in response

to tension (Acharya et al., 2018; Choi et al., 2016; Leerberg et al.,

2014; Oda et al., 2014). However, these studies tend to use

global, long-term perturbations to increase or reduce tension.

Here, we examined junction remodeling in response to endoge-

nous cell- and tissue-scale forces that naturally occur within the

developing frog embryo. We found that junction elongation can

locally compromise the barrier properties of the epithelium; how-

ever, Rho flares restore the barrier on the order of minutes, so

that small leaks do not pose a serious threat to epithelial

homeostasis.
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Chemicals, Peptides, and Recombinant Proteins

FluoZin-3 Thermo Fisher Scientific Cat #: F24194

Latrunculin B Sigma Cat#: L5288-1MG; CAS #: 76343-94-7

(S)-H-1152 (hydrochloride) Cayman Chemicals Cat #: 10007653; CAS #: 451462-58-1

SMIFH2 Tocris Cat #: 4401; CAS #: 340316-62-3

Y-27632 Calbiochem/Millipore Cat #: 688000-1MG; CAS #: 146986-50-7

Experimental Models: Organisms/Strains

Oocyte Positive Female Xenopus laevis, Pigmented Nasco Cat #: LM00531

Oocyte Positive Female Xenopus laevis, Albino Nasco Cat #: LM00531(A)

Male (Mature) 7.5-9 cm Xenopus laevis, Pigmented Nasco Cat #: LM00715

Xla.NXT-WT:AlbinoNXR (females) National Xenopus Resource NXR_0.0082

Xla.NXR-WTNXR (males) National Xenopus Resource NXR_0.0031

Oligonucleotides

Primers for creating pCS2+/BFP-ZO-1:

F: TTTACCCGGGATGTCCGCCAGAGCT

R: CTGGGAGCTCTTAAAAGTGGTCAATAAGGAC

N/A

Primers for creating pCS2+/mRFP-ZO-1 DABR:

primers above for BFP-ZO-1 plus:

N-frag R: GATGCTCTAGGTGCCTGTTCG

C-frag F: GAACAGGCACCTAGAGCATCACACAT

TGCTGCCAGCCATCTCTCC

N/A

Primers for creating pCS2+/mCherry-occludin:

F: ACTGAGATCTATGTCCGCCAGGCCATTTG

R: CAGTGAATTCTTATTTGCCATTGTCATAGT

CGCTGAC

N/A

Recombinant DNA

pCS2+/GFP-rGBD Benink and Bement, 2005 N/A

pCS2+/mRFP-ZO-1 Higashi et al., 2016 N/A

pCS2+/mCherry-claudin-6 Higashi et al., 2016 N/A

pCS2+/mCherry-farnesyl Reyes et al., 2014 N/A

pCS2+/Lifeact-RFP Higashi et al., 2016 N/A

pCS2+/Lifeact-GFP Higashi et al., 2016 N/A

pCS2+/BFP-membrane Higashi et al., 2016 N/A

pCS2+/E-cadherin-3xmCherry Higashi et al., 2016 N/A

pCS2+/mCherry-a-catenin Higashi et al., 2016 N/A

pCS2+/mCherry-angulin-1-3xGFP Higashi et al., 2016 N/A

pCS2+/mCherry-tricellulin Higashi et al., 2016 N/A

pCS2+/3xGFP-Dia3 Higashi et al., 2019 N/A

pCS2+/mCherry-2xrGBD Gift from W.M. Bement (University

of Wisconsin, Madison); Davenport

et al., 2016

N/A

pCS2+/BFP-2xrGBD Gift from W.M. Bement (University

of Wisconsin, Madison); Davenport

et al., 2016

N/A

pCS2+/BFP-ZO-1 this study N/A

pCS2+/mRFP-ZO-1 DABR this study N/A

pCS2+/mCherry-occludin this study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCS2+/SF9-mNeon Arnold et al., 2019 N/A

cDNA: X. laevis occludin Thermo Fisher (Clone ID: 7009477)

Software and Algorithms

Microsoft Excel for Mac version 15.15 N/A

Graphpad Prism 7 N/A

Fiji N/A

Volocity version 6.3 Perkin Elmer N/A

SciPy.stats package (function mannwhitneyu) N/A

Custom code for generating kymographs

(see STAR Methods)

This study N/A

NumPy (python package) N/A

OpenCV2 (python package) N/A

Pandas (python package) N/A

Shapely (python package) N/A

ImageIO (python package) N/A

Other

National Xenopus Resource RRID:SCR_013731

Xenbase http://www.xenbase.org/ RRID:SCR_003280
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Ann L. Miller (annlm@umich.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult Xenopus laevis wild type or albino female frogs and wild type male frogs were purchased from Nasco (Ft. Atkinson, WI) or the

NationalXenopusResource (Woods Hole,MA). Female frogswere injectedwith human chorionic gonadotropin (HCG) to induce them

to lay eggs. Male frogs were used for acquisition of testes for sperm preparations. Xenopus laevis eggs were collected, fertilized

in vitro, dejellied in 2% cysteine, pH 7.8 (Sigma), and embryos were cultured in 0.1xMMR (10 mM NaCl, 200 mM KCl,

200 mM CaCl2, 100 mM MgCl2, 500 mM HEPES, pH 7.4). At the 2- or 4-cell stage, embryos were microinjected with mRNA and

were allowed to develop to gastrula stage (Nieuwkoop and Faber stage 10-12; Nieuwkoop, 1994).

Frogs were housed in a recirculating tank system (Tecniplast, Milan, Italy), which constantly monitors the following water quality

parameters: temperature, pH, and conductivity to ensure safe and consistent water quality for an optimal environment for frog health.

Daily health and maintenance checks were performed by Animal Care Staff, and frogs were fed frog brittle (Nasco, Ft. Atkinson, WI)

two times per week.

All studies strictly adhered to the compliance standards of the US Department of Health and Human Services Guide for the Care

and Use of Laboratory Animals and were approved by the University of Michigan’s Institutional Animal Care and Use Committee.

A board-certified Laboratory Animal Veterinarian oversees our animal facility.

METHOD DETAILS

Generation of New DNA Constructs
Primers for the described constructs are listed in the key resources table. pCS2+/BFP-ZO-1 was generated by PCR amplification of

human ZO-1 from pCS2+/mRFP-ZO-1 (Higashi et al., 2016) and cloned into pCS2+/N-BFP. pCS2+/mRFP-ZO-1 DABRwasmade by

deleting base pairs 3456-4116 (corresponding to amino acids 1152-1371) from human ZO-1. The N- and C-terminal fragments of

ZO-1 needed to make this deletion mutant were amplified with PCR, stitched together using splicing by overlap extension (SOEing)

PCR, and cloned into pCS2+/N-mRFP. pCS2+/mCherry-occludin was generated by amplifying X. laevis occludin from a cDNA

clone purchased from Thermo Fisher (Clone ID: 7009477) and cloned into pCS2+/N-mCherry. All DNA constructs were verified by

sequencing (GENEWIZ, South Plainfield, NJ).
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mRNA Preparation and Microinjection
mRNAswere transcribed in vitro frompCS2+ vectors using themMessagemMachine SP6 kit (Ambion) and purified using the RNeasy

kit (Qiagen). Prior to in vitro transcription, plasmid DNA was linearized with NotI (except for constructs containing ZO-1, which were

linearized using KpnI). mRNAs were mixed together and microinjected into 2- to 4-cell stage embryos at 4 distinct locations in the

animal hemisphere. Each 5 nl injection contained the following amount of the appropriate mRNAs: GFP-rGBD: 80 pg, mCherry-

2xrGBD: 40 pg, BFP-2xrGBD: 33 pg, BFP-ZO-1: 70 pg, mRFP-ZO-1: 220 pg, mRFP-ZO-1 DABR: 210 pg, mCherry-claudin-6:

14 pg, mCherry-occludin: 6 pg, mCherry-farnesyl: 50 pg, Lifeact-RFP: 12.5 pg, Lifeact-GFP: 12.5 pg, SF9-mNeon: 20-40 pg,

BFP-membrane: 12.5 pg, E-cadherin-3xmCherry: 40 pg, mCherry-a-catenin: 40 pg, angulin-1-3xGFP: 25 pg, mCherry-tricellulin:

1.75 pg, 3xGFP-Dia3: 25 pg.

Live Imaging
Live confocal laser scanning microscopy of gastrula-stage Xenopus laevis embryos was performed at room temperature with an

inverted Olympus Fluoview 1000 equipped with FV10-ASW software using either a 60X Plan Apo N supercorrected objective

(NA = 1.4, working distance = 0.12 mm) or a 20X Plan S-Apo objective (NA = 0.85, working distance = 0.17 mm). Embryos were

mounted in a custom chamber consisting of a 0.8 mm-thick metal slide with a 5-10 mm hole in the center and a coverslip attached

to one side with a thin layer of vacuum grease. Embryos were placed in this chamber with 0.1xMMR (or other specified media) and

gently compressed with a second coverslip also adhered with vacuum grease. The slide was inverted to image the animal hemi-

sphere of the embryo. When solutions were added to the embryos during live imaging (e.g. EGTA), the first coverslip was placed

so that it only partially covered the hole, leaving an opening through which liquid can be applied by pipetting during imaging once

the slide is inverted.

Generally, imaging of Rho flares was performed by collecting the 3most apical z-planes with a 60X objective and 2X digital zoom, a

scan speed of 2 ms/pixel, and a step size of 0.5 mm for tight junction proteins (ZO-1, occludin, claudin-6, angulin-1, tricellulin), mem-

brane (farnesyl), F-actin (Lifeact) (time interval: 5 seconds), or 0.75 mm for E-cadherin and a-catenin (time interval: 6 seconds).

For myosin II (SF9), the 4 most apical z-planes were imaged with a 4 ms/pixel scan speed and a step size of 0.5 mm (time interval:

10 seconds). Generally, for imaging ZnUMBA, the 6-8 most apical z-planes were collected with a 60X objective and a 1.5X digital

zoom, a step size of 0.5 mm and a scan speed of 8 ms/pixel (time interval: 15-21 seconds). The ZnUMBA/EGTA experiments were

imaged with a 20X objective, a scan speed of 8 ms/pixel, and a step size of 1.55 mm for 5 z-planes (time interval: 28 seconds). In

each case, channels were acquired sequentially by line to minimize bleedthrough.

Zinc-Based Ultrasensitive Microscopic Barrier Assay
To carry out the Zinc-based Ultrasensitive Microscopic Barrier Assay (ZnUMBA), 5-10 nl of 1mMFluoZin3 (Thermo Fisher Scientific),

100 mM CaCl2, and 100 mM EDTA was microinjected into the blastocoel of stage 10-11 (Nieuwkoop and Faber) X. laevis embryos.

EDTA was used to reduce baseline levels of FluoZin3 fluorescence from endogenous Zn++, and equimolar Ca++ was added to offset

the potential effects of Ca++ chelation by EDTA. Albino embryos were used to better visualize the blastocoel during microinjection.

Embryos were allowed to heal from the microinjection wound for a minimum of 5 minutes before being mounted in a slide containing

1-2 mM ZnCl2 in 0.1xMMR. Embryos were imaged with confocal microscopy immediately after mounting. Relative increases in

FluoZin3 fluorescence were interpreted as breaches in the barrier.

Drug Treatments
Latrunculin B (Sigma) was resuspended in DMSO to a concentration of 1 mM and stored in aliquots at -20� C. Just prior to imaging,

embryos were mounted in 0.1xMMR containing Latrunculin B. A range of 8-10 mM was used to achieve a severe effect, and 1-5 mM

was used to produce a mild effect.

Y-27632 (Calbiochem) was resuspended in DMSO to a concentration of 30 mg/ml and stored in aliquots at -20� C. Y-27632 or an

equivalent amount of DMSO was mixed with probe mRNA and microinjected into embryos at the 2- or 4-cell stage. A total of 1.5 ng

Y-27632 was injected into each embryo.

SMIFH2 (Tocris) was resuspended in DMSO to a concentration of 10 mM, aliquoted, snap frozen in liquid nitrogen, and stored

at -80� C. Immediately before imaging, an aliquot of SMIFH2 was thawed and diluted to 100 mM in 0.1xMMR. Embryos were

placed in this solution (or the equivalent amount of DMSO in 0.1xMMR), mounted on a slide, and imaged for up to 1 hour.

For the experiments in Figures S5E–S5H, H-1152 (Cayman Chemicals) was resuspended in DMSO to a concentration of 10 mM

and stored in aliquots at -20� C. 5 nl of H-1152 or DMSO was directly injected into the blastocoel of gastrula-stage albino embryos,

which were then incubated at room temperature for 30 to 90 minutes prior to imaging.

For the ZnUMBA experiments in Figure 6, H-1152 (Cayman Chemicals) was resuspended to 10 mM in water on the day of the

experiment and stored on ice. 10 nl of H-1152 or water was injected into the blastocoel of albino embryos that had previously

been injected with FluoZin3. Embryos were incubated at room temperature for 10minutes before beingmounted in media containing

Zn++ with or without SMIFH2.

Junction Injury
Junction injury was performed on albino embryos using a 405 nm laser and SIM scanner on themicroscope described above. A small

circular ROI was placed at the junction, and the 405 nm laser was pulsed in the ROI for 15 seconds at 70% power. These settings
e3 Developmental Cell 48, 445–459.e1–e5, February 25, 2019



were sufficient to induce an injury response roughly half the time and photobleaching in the other cases. Substantial recoil was not

observed with these settings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figure Preparation
Images were processed in Fiji. First, z-planes were summed, and the channels were independently adjusted to highlight relevant fea-

tures in the image using linear adjustments that cover the full range of data. LUTs were applied as described in the figure legends.

With the exception of the kymographs in Figures 5A, S4A, and S4B, images were enlarged in Photoshop CS6 using bicubic

interpolation.

Manual Quantification of Flares
Flare Selection

We defined flares as transient increases in active Rho that arise from cell-cell junctions. Thus, we only included accumulations of

active Rho that increased, peaked, and decreased within 1-4 minutes. Static or sustained increases in active Rho were not consid-

ered in the analysis. To simplify the analysis, we only included flares that were isolated in space and time from other flares over the

time span to be analyzed (i.e., no other flares at the same location for 500 seconds before or after the flare). An exception is when drug

treatments resulted in a limited number of non-repeating flares (e.g., Figure 5G).

Flare Measurements

Flare measurements were performed in Fiji on summed z-projections of unprocessed images. The intensity of a small circular region

of interest (ROI) with a diameter of 0.75 mm (exceptions for ZnUMBA: 1.3 mmdiameter; tricellulin and angulin-1: 1.7 mmdiameter) was

used to measure fluorescence intensity of active Rho and accompanying probes. The ROI was placed on the junction at the approx-

imate site of the flare and was moved manually each frame to account for cell and embryo movement. A custom macro was used to

measure each channel and advance the frame. To account for photobleaching and focal drift, each measurement was normalized to

a reference ROI (measured as described above) on a nearby junction. Each flare was measured in triplicate with three distinct refer-

ence ROIs. The baseline was normalized to 1 by dividing the value for each frame by the average intensity of the first ten frames.

Flares were aligned on the x-axis so that the frame immediately before the rapid increase in Rho activity corresponds to time 0. Rapid

increase in intensity was defined by consecutive increases in Rho intensity of at least 5% of baseline for at least three of four frames.

Graphs are themean of the normalized intensity of multiple flares. The number of flares, embryos, and experiments is indicated in the

figure legend. Error bars represent standard error of the mean unless otherwise stated in the figure legend.

Kymograph Construction and Analysis
Image and data analysis were performed with the help of Fiji and custom Python scripts using NumPy, SciPy, OpenCV, Matplotlib,

pandas and other open source libraries.

Kymograph Construction

Cell-cell junction positions were digitized from ZO-1 or occludin images with the use of watershed and active vector graph algorithms

(Genovesio, 2009). The intensity of circular ROI (diameter 0.75 mm) centered at points on cell-cell junctions was used to measure

fluorescence of active Rho and accompanying channels along the cell-cell junctions forming one horizontal line of the kymograph.

The stacking of center-aligned lines of successive frames resulted in the kymograph of the cell-cell junction.

Flare Analysis

Flare candidates were detected using thresholding of the normalized Rho channel. Candidates were then filtered out using the

following criteria: 1) minimal size of 5 pixels; 2) flare located mostly on one cell-cell junction; 3) there are at least 8.3 minutes of

recording before and after the flare; 4) no other flares on the same junction within 5 minutes; 5) flare is not located on a junction asso-

ciatedwith the cleavage furrow of a dividing cell within 8minutes. The selected flare was identified on a corresponding junction kymo-

graph, and a vertical path corresponding to the location of the flare on a junction was specified with the help of kymograph fiducial

marks. The path points were translated back to the original frames and signal intensity of active Rho and accompanying channels was

collected at these points as the averaged intensity of the circular ROI (diameter 0.75 mm). Reference values were calculated as the

median of the intensity distribution on the junctions.

Normalized intensity was calculated as Inorm =
Isignal

Ireference
and normalized to a baseline of �1 by dividing the value for each frame by

the median intensity of the first 6.5 minutes. Flares were aligned on the x-axis (time) so that the moment before the rapid increase in

Rho activity corresponds to time 0 (that was achieved by fitting ramp function I=c+k R(t-t0) on the interval near the maximum slope of

active RhoA signal). Graphs are the mean of the normalized intensity of the number of flares indicated in the figure legend; error bars

represent standard error of the mean unless otherwise stated in the figure legend.

Calculation of Flare Frequency
We counted the flares from seven videos of embryos expressing GFP-rGBD andmCherry-occludin to mark the junctions. A flare was

classified as bicellular if it was located on a single cell-cell junction andmulticellular if it overlapped two or more cell-cell junctions. As

described above, we only included flares that were isolated in space and time from other flares over the time span to be analyzed.We
Developmental Cell 48, 445–459.e1–e5, February 25, 2019 e4



obtained the average frequency fi of bicellular andmulticellular junctions and averaged those numbers with weightswi corresponding

to the length of the videos. Because all videos were recorded at the same dimensions and magnification, there was no need to ac-

count for the area of the recordings in weights. Thus, we obtained the weighted mean frequency f. We also estimated standard error

of weighted mean:

f =

P
wifiP
wi

; SEM=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N� 1

P
wi

�
fi � f

�2P
wi

s
:

Statistics
Standard error of the mean was calculated in Microsoft Excel version 15 or GraphPad Prism 7. To determine significance, one-sided

Mann–Whitney U tests were performed with the help of open source SciPy.stats package (function mannwhitneyu).

DATA AND SOFTWARE AVAILABILITY

The data that support the findings of this study are available from the Lead Contact upon reasonable request. Custom code used in

this study is available at: https://github.com/GoryachevAB-group/junction-signal-processing.
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