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The plasma membrane of mammalian cells is susceptible to disruption by mechanical

and biochemical damages that frequently occur within tissues. Therefore, efficient and

rapid repair of the plasma membrane is essential for maintaining cellular homeostasis

and survival. Excessive damage of the plasma membrane and defects in its repair are

associated with pathological conditions such as infections, muscular dystrophy, heart

failure, diabetes, and lung and neurodegenerative diseases. The molecular events that

remodel the plasma membrane during its repair remain poorly understood. In the present

work, we report the development of a quantitative high-throughput assay that monitors

the efficiency of the plasma membrane repair in real time using a sensitive microplate

reader. In this assay, the plasma membrane of living cells is perforated by the bacterial

pore-forming toxin listeriolysin O and the integrity and recovery of the membrane are

monitored at 37◦C bymeasuring the fluorescence intensity of the membrane impermeant

dye propidium iodide. We demonstrate that listeriolysin O causes dose-dependent

plasma membrane wounding and activation of the cell repair machinery. This assay

was successfully applied to cell types from different origins including epithelial and

muscle cells. In conclusion, this high-throughput assay provides a novel opportunity for

the discovery of membrane repair effectors and the development of new therapeutic

compounds that could target membrane repair in various pathological processes, from

degenerative to infectious diseases.

Keywords: plasma membrane repair, pore-forming toxins, infectious diseases, muscular dystrophy, degenerative

diseases

INTRODUCTION AND LIMITATIONS OF CURRENT MODELS

The repair of the plasma membrane is a fundamental process that maintains cell homeostasis,
prevents the loss of difficult to replace cells (e.g., cardiac myocytes or neurons) and eliminates
the need for replacing frequently injured cells. Mechanical stress and molecules that can
directly damage the plasma membrane are major causes of cell injuries. Membrane injuries
due to mechanical wounding frequently occur in contractile tissues (McNeil and Khakee, 1992;
Demonbreun and McNally, 2016; Cong et al., 2017). Pore-forming proteins released by pathogens
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and immune system effectors also severely compromise the
integrity of the plasma membrane during infection and
inflammation (Morgan et al., 1986; Geeraerts et al., 1991;
Gonzalez et al., 2008). In response to these various sources of
injuries, eukaryotic cells rapidly repair their plasma membrane
(McNeil and Steinhardt, 1997, 2003; Blazek et al., 2015;
Demonbreun and McNally, 2016). Excessive plasma membrane
damage and defects in its repair are associated with diverse
pathological conditions such as muscular dystrophy, heart
failure, diabetes, lung and neurodegenerative diseases (Clarke
et al., 1995; Bansal et al., 2003; Han et al., 2007; Idone et al.,
2008; Cai et al., 2009; Howard et al., 2011a; Blazek et al., 2015;
Fernandez-Perez et al., 2016; Peters et al., 2016; Cong et al.,
2017).

The objective of this work was to develop a high-throughput,
microplate-based assay to assess the repair efficiency of the
plasma membrane of mammalian cells. Different models for the
plasma membrane repair process have been proposed; they all
consider that the influx of extracellular Ca2+, through the site
of injury, is a trigger for activation of the repair process. The
proposed repair processes include the decrease in membrane
surface tension via dissociation of the cortical F-actin network,
patching of the membrane lesions by fusion of intracellular
vesicles with the plasma membrane, regrowth and contraction
of F-actin at the edges of the lesion to close the wound,
removal of membrane lesions by endocytosis, shedding of the
lesion-containing membrane, and exocytosis of enzymes that
degrade the agents responsible for membrane attack (e.g., pore-
forming toxins) (Bi et al., 1995; McNeil and Steinhardt, 1997;
Terasaki et al., 1997; Togo et al., 2000; Arnett et al., 2014;
Moe et al., 2015). Despite experimental evidence that supports
these repair processes there are still important questions that
remain unanswered. It is poorly understood if several or all of
the proposed processes function together to ensure an extremely
rapid and efficient recovery, if some of those processes operate
in a cell-type-dependent fashion, or if the use of one or several of
these processes depends upon the nature and extent of the plasma
membrane wound. Furthermore, only a few Ca2+ sensors such as
synaptotagmin, the annexins and more cell type-specific proteins
such as dysferlin and TRIM72/MG53 have been identified as key
players in the repair processes, which leaves many additional
effector molecules left to be identified (Chakrabarti et al., 2003;
Weisleder et al., 2009; Draeger et al., 2011; Defour et al., 2014a).
Therefore, it is necessary to develop additional experimental
tools to identify the membrane repair effectors and refine our
understanding of the repair processes. Such tools could also be
useful for the development of new therapeutic compounds that
target membrane repair defects in various disease states.

Several approaches are used to model the mechanical cell
wounding that normally occurs under physiologically strenuous
conditions in skeletal muscles, heart, lungs, or intestines. These
approaches consist of inducing contraction or stretching of a
cell monolayer grown on a flexible surface, cell scraping from
the dish, or creating membrane abrasions with glass beads (Liu
et al., 1995; Belete et al., 2010; Mellgren, 2010; Howard et al.,
2011b; Defour et al., 2014b). The membrane disruptions can be
relatively large (>100 nm in diameter) and lead to a massive

influx of extracellular Ca2+. However, controlling the size of the
membrane lesions by these approaches is challenging and cells
in the population may not be uniformly damaged. Alternatively,
micro-needle insertion and laser-induced perforation make a
site-specific wound of desired size that can be more precisely
controlled and therefore, the reproducibility of the wound is
high (Steinhardt et al., 1994; Terasaki et al., 1997; Jimenez et al.,
2015). However, these methods work on a single cell and are not
amenable to high-throughput screening.

Plasma membrane wounding can also be achieved by adding
pore-forming agents such as bacterial toxins to the cell culture
medium. The size of the membrane pores can vary from 1 to
50 nm depending upon the toxin. Small pores such as those
formed by aerolysin (produced by Aeromonas species) do not
form efficient Ca2+ channels and are not well suited for the
study of plasma membrane repair that requires the influx of
extracellular Ca2+. In contrast, a massive influx of extracellular
Ca2+ occurs in cells perforated by the very large (30 to 50 nm)
pores of the cholesterol-dependent cytolysins (CDCs) 191 family
(Repp et al., 2002; Dunstone and Tweten, 2012; Cajnko et al.,
2014; Tweten et al., 2015). CDCs are produced by numerous
bacterial species and constitute powerful tools for studying
membrane resealing. Membrane wounding with CDCs can be
effectively used to study cell repair at the cell population level
with high reproducibility (Corrotte et al., 2015). Most CDCs use
cholesterol as a receptor and therefore can perforate the plasma
membrane of any mammalian cells. The CDC streptolysin
O produced by Streptococcus pyogenes was successfully used
to gain insight into the membrane repair processes (Idone
et al., 2008). In the present work, we used listeriolysin O
(LLO), the CDC secreted by the foodborne pathogen Listeria
monocytogenes as a tool to perforate mammalian cells (Seveau,
2014).

To establish the efficiency of plasma membrane repair, most
approaches rely on the quantification of plasma membrane
integrity using membrane impermeant dyes. Those include
Trypan blue, propidium iodide, and FM-dyes, which can
penetrate wounded cells leading to a change in cell color or
fluorescence (Cochilla et al., 1999; Defour et al., 2014b). Trypan
blue has been routinely used for distinguishing live from dead
cells, but it lacks the sensitivity required for membrane repair
assays (Tran et al., 2011). Propidium iodide (PI) generates
quantifiable fluorescence upon binding to nucleic acids inside
cells. Membrane selective lipophilic FM dyes (FM4-64 and
FM1-43), which fluorescence quantum yields increase in the
hydrophobic environment of the phospholipid bilayer, only
label the plasma membrane of intact cells, but generate high
fluorescence when they enter damaged cells and bind the
membranes of all intracellular organelles. While both FM dyes
and PI can be utilized for live-cell imaging, PI does not label intact
cells (as FM dyes do) providing a more accurate measurement
of cell integrity. In the present work, we used PI to quantify the
efficiency of membrane repair.

Quantitative fluorescencemicroscopy and flow-cytometry can
be used to measure the uptake of fluorescent dyes by damaged
cells. The advantage of flow cytometry is the rapid measurement
of large cell populations (Idone et al., 2008) and it is well adapted
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for suspended cells. However, many studies on membrane
repair involve adherent mammalian cells, which require the
detachment of cells prior to the experiment, thus compromising
the properties of the plasma membrane that can seriously impact
the experimental measurements. Also, trypsin treatment likely
alters the repair capacity of cells as it digests many surface
proteins. Quantitative fluorescence microscopy analysis of fixed
and living cells has been a useful approach for studying the
repair mechanisms (Defour et al., 2014b). In live-cell imaging,
spatiotemporal dynamics of molecular events can be directly
monitored in cells expressing fluorescent proteins or labeled with
fluorescent dyes. However, microscopy-based approaches are less
amenable to high-throughput analyses. Therefore, the present
assay uses a temperature-controlled plate reader to quantify
PI fluorescence intensities in living cells cultured in 96-well
plates, allowing for high-throughput temporal analyses at the cell
population level.

MATERIALS AND METHODS

Reagents and Recombinant Listeriolysin O
For wounding the plasma membrane, cells were exposed to
recombinant six His-tagged-listeriolysin O (LLO), purified as
previously described (Vadia et al., 2011). Hanks balanced salts
(HBSS) without Ca2+ and Mg2+, propidium iodide (PI), EGTA,
and cytochalasin D were acquired from Sigma Aldrich. Assay
buffer M1 consisted of HBSS supplemented with 0.5 mMMgCl2,
1.2 mM CaCl2, 10 mM HEPES, 25mM Glucose, pH 7.4.
Assay buffer M2 consisted of HBSS supplemented with 0.5mM
MgCl2, 10mM HEPES, and 25mM Glucose, pH 7.4. When
indicated, cells were washed in M2 supplemented with 5mM
EGTA.

Mammalian Cell Cultures
We selected two mammalian cell lines, HeLa (ATCC #CCL-2)
and C2C12 (ATCC #CRL-1772), which have been frequently
used in studies assessing the mechanisms of membrane repair.
HeLa cells are of human epithelial origin and were used to
study membrane repair following damage by either mechanical
or biological injuries (Idone et al., 2008; Howard et al., 2011b).
C2C12 cells are immortalized murine myocytes used in many
studies of muscle cell biology (Howard et al., 2011b) and
membrane repair (Demonbreun andMcNally, 2016). The human
cervical epithelial HeLa cell line was grown in minimum
essential medium (MEM) (+) Earle’s salts and L-glutamine
(Invitrogen), supplemented with 10% heat inactivated fetal
bovine serum (HI-FBS; Atlanta Biologicals), 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate, 100 U/ml
penicillin, and 100 µg/ml streptomycin (Invitrogen). The mouse
muscle myoblast C2C12 cell line was grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) with high glucose (Thermo
Fisher Scientific) supplemented with 10% HI-FBS and 100
units/ml penicillin and 100 µg/ml streptomycin. Mammalian
cells were maintained at 37◦C in 5% CO2 atmosphere. Since
the extent of wounding/repair depends on the number of
cells and dosage of the toxin, a tight control over these two
parameters is necessary to obtain reproducible results. Therefore,

for a successful assay, it should be ensured that cells are
plated at similar density (70–80% confluence) in all wells and
experiments.

Plate Reader and 96-Well Plates
The assays involved cells cultured in 96-well plates and
kinetics were performed at 37◦C for 30 min with fluorescence
measurements at 5 min time intervals. Both the duration and
time intervals can be modified based on experimental needs.
The minimum time interval for measurement of a full 96-
well-plate with the Spectra Max i3x Multi-Mode Detection
Platform (Molecular devices) is 30 s. Two different plate
types were used in these studies. Plate 1: Corning R© 96-well
flat clear bottom black polystyrene TC-treated microplates,
individually wrapped, with lid and sterile (#3603). Plate
2: NuncTM 96-well polystyrene round bottom sterile plates
(#262162).

Kinetic Assay to Monitor Membrane Injury
and Repair
Cells were plated in a 96-well plate (plate 1) in triplicate
for each experimental condition, in 200 µl of their respective
culture medium (HeLa: 2.5 × 104 cells/well or C2C12: 1 ×

104 cells/well). The following day, cells in plate 1 were pre-
incubated with the indicated concentrations of cytochalasin D
(Sigma) or equivalent amounts of the DMSO vehicle for 10 min
at 37◦C. Cytochalasin D, or control DMSO, was maintained at
the same concentration in the assay buffers (Figure 4 only). To

FIGURE 1 | Representative experiment of membrane wounding by LLO and

repair kinetics in HeLa cells. HeLa cells were exposed to the indicated

concentrations of LLO in M1 (+ 1.2 mM CaCl2, solid lines) or M2 (without

CaCl2, dashed lines) containing 30 µM PI and incubated in the plate reader at

37◦C for 30 min. Fluorescence intensities were measured every 5 min. The

baseline fluorescence levels of control cells incubated without LLO, at each

time point in M1 and in M2, were subtracted from the values obtained with

cells incubated with LLO. Data are the average fluorescence intensities

expressed in arbitrary unit ± standard deviations (S.D.) of triplicates for each

experimental condition.
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perform the kinetic assay (all figures), cells were washed with
pre-warmed medium (37◦C) using a multichannel pipette as
follows: two washes with 200 µl M1, followed by the addition
of 100 µl M1 (for experimental conditions carried out in the
presence of Ca2+); or one wash with 200 µl M2 supplemented
with 5 mM EGTA, one wash with 200 µl M2, followed by
the addition of 100 µl M2 (for experimental conditions carried
out without extracellular Ca2+). The assay reagents were pre-
loaded at 4◦C in a separate 96-well plate (plate 2, with same
experimental setting as plate 1) as follows: 100 µl M1 (or M2)
containing 120 µM PI (4X) plus 100 µl M1 (or M2) containing,
or not, LLO (4X). Using a multichannel pipette, 100 µl were
transferred from plate 2 to plate 1, gently homogenized, and
plate 1 was immediately placed in the plate reader at 37◦C.
Fluorescence was measured as the average of 6 upward readings
at 5 min time intervals for 30 min. The excitation and emission
wavelengths were 535 and 617 nm, respectively, with a 15 nm
bandwidth. Immediately after the kinetic assay, phase-contrast
and fluorescence images were acquired with a 4X air objective
within the plate reader. For data analysis, cells incubated with
PI in M1 or M2 (in the presence of corresponding drugs or
vehicle when appropriate), but in the absence of LLO, served as
controls to establish the fluorescence intensity baselines for each
experimental condition and at each time point of the kinetics.
The respective baselines were subtracted from the raw data
obtained with cells incubated with LLO. Presented data were
the average of three or more independent experiments; each

performed in triplicate on different days, and were expressed as
the mean± Standard Error of the Mean (SEM).

Statistical Analyses
The baseline normalized individual data was first log 10
transformed to reduce skewness and variance, and then the
mean of the triplicates of each independent experiment was
used for analysis with linear mixed effects models to take
account of the correlation among the observations from the same
independent replicate. In order to test whether the speed of
fluorescence intensity change over time is significantly different
between the lowest concentration (0.1 nm) and other higher
concentrations within the same treatment condition, as well
as the same concentration between the two conditions (M1
and M2), trend of fluorescence intensity change over time
was compared from the linear mixed models. In addition, the
mean fluorescence intensity averaged across the measurement
time was also compared between the aforementioned groups to
investigate whether the higher concentrations induced overall
higher fluorescence intensity than the 0.1 nM concentration and
whether there is difference between M1 and M2 conditions for
the same concentration used. The fluorescence intensity was also
compared among the aforementioned groups at time = 30 min
using an ANOVA model. Holm’s procedure was used to adjust
for multiple testing and the adjusted p < 0.05 was considered as
significant.

FIGURE 2 | LLO induces dose-dependent membrane wounding and repair in HeLa cells. HeLa cells were exposed to the indicated concentrations of LLO in M1

(solid lines) (A) or M2 (dashed lines) (B) supplemented with 30 µM PI and incubated in the plate reader for 30 min at 37◦C. At each time point in M1 (A) and M2 (B),

the baseline fluorescence level of control cells incubated without LLO were subtracted from the values obtained with cells incubated with LLO. Data are the average

fluorescence intensities of four independent experiments, with the error bars representing the standard error of the mean (SEM). Statistical analyses correspond to the

trend comparison (T, p < 0.0005) and the mean fluorescence intensities averaged across all time points (*, p < 0.0005). Those analyses compared the different

concentrations of LLO in M1 (A) or in M2 (B) and compared data obtained in M1 vs. M2 (M1/M2) at a given concentration of LLO (showed in the squared box).

Statistical analyses are also recapitulated in Tables 1A,B.
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RESULTS

High-Throughput Analysis of Membrane
Wounding and Repair: Sensitivity and
Reproducibility of the Assay
To measure the efficiencies of plasma membrane wounding and
repair following exposure to LLO (0.1–2 nM), we incubated
HeLa cells with the fluorescent dye propidium iodide (PI)
in media supplemented (M1), or not (M2), with CaCl2. In
the absence of extracellular Ca2+ (M2), cells cannot repair
their plasma membrane and consequently, the PI fluorescence
intensities reflected the extent of cell wounding by LLO. In the
presence of extracellular Ca2+ (M1), cells can undergo repair
and the PI fluorescence intensities reflected the contributions of
both cell wounding by LLO and repair. Importantly, formation
of the LLO pore is a Ca2+-independent process (Arnett et al.,
2014). Each experimental condition was carried out in triplicate

TABLE 1A | Fluorescence intensity change over time (trend) was compared

between LLO concentrations higher than 0.1 nM and that of 0.1 nM for M1 and

M2 from a linear mixed effects model.

Trend analysis of fluorescence increase over time for HeLa cells

Trend estimate p-values 95% CI of trend

Dose Effect 2.7087 0.0002 1.2845 4.1328

M1 comparing LLO 2 to 0.1 0.1487 <0.0001 0.09871 0.1986

M1 comparing LLO 1 to 0.1 0.1448 <0.0001 0.09480 0.1947

M1 comparing LLO 0.5 to 0.1 0.1557 <0.0001 0.1058 0.2057

M1 comparing LLO 0.25 to 0.1 0.03857 0.1297 −0.01140 0.08853

M2 comparing LLO 2 to 0.1 0.006204 0.8070 −0.04376 0.05617

M2 comparing LLO 1 to 0.1 0.01519 0.5498 −0.03477 0.06516

M2 comparing LLO 0.5 to 0.1 0.02558 0.3143 −0.02438 0.07554

M2 comparing LLO 0.25 to 0.1 0.01501 0.5546 −0.03495 0.06497

Holm’s procedure was used to adjust for multiple comparisons.

and a representative experiment is shown in Figure 1. In M1, at
each LLO concentration, the rise in PI fluorescence over time
reflected the accumulation of PI that could enter through the
toxin pores. As expected, for each LLO concentration, higher
fluorescence intensities were recorded in M2 compared to
M1, which is evidence of plasma membrane repair in M1. The
rise in PI fluorescence with increasing concentrations of LLO
reflected the dose-dependent activity of LLO. The relatively
small standard deviations (S.D.) within triplicates for each
experimental condition reflected the intra-assay reproducibility.
Reproducibility of the assay was further supported by the
fact that when multiple independent experiments were
averaged (n = 4), the values of the standard error of the
mean (S.E.M.) were of moderate amplitudes (Figure 2). We
also measured the standard deviations corresponding to data
presented in Figure 2 (Supplemental Figure 1). Statistical
analyses established that there is a LLO dose response effect
in both M1 and M2 conditions: with the increase in LLO
concentration, there is increased fluorescence intensity
averaged across time and conditions (p = 0.0002). The
increase in fluorescence intensity over time was much more
pronounced in M1, with statistical significance between each
successive concentrations of LLO from 0.1 to 1 nM except
dose 0.25 (see Table 1A) based on the trend (slope) analysis.
In M2, the increase in fluorescence intensity over time was not
statistically significant between LLO 0.1 nM and any of the higher
concentrations (p > 0.05, Table 1A). This likely is due to rapid
and excessive damages in the absence of repair of the plasma
membrane. However, the fluorescence intensities averaged across
time were significantly higher comparing the higher doses to
0.1 nM for both M1 and M2 conditions (p < 0.05, Table 1B).
We also compared data obtained between M1 and M2 for
each concentration of LLO. A statistically significant difference
between M1 and M2 was observed at the concentrations
of 0.1, 0.25, and 0.5 nM when considering the fluorescence
intensities averaged across all time points after Holm’s procedure

TABLE 1B | Mean fluorescence intensities averaged across time were compared between LLO concentrations higher than 0.1 and 0.1 nM within M1 and M2, as well as

between M1 and M2 for the same dose, where the estimate is the difference between condition 1 LLO dose 1 and condition 2 LLO dose 2.

Comparison of fluorescence intensity averaged across time for HeLa cells

Condition 1 LLO 1 (nM) Condition 2 LLO 2 (nM) Estimate p-values 95% CI of estimate

M1 0.1 M1 0.25 −0.6610 0.0097 −1.1606 −0.1614

M1 0.1 M1 0.5 −2.4562 <0.0001 −2.9559 −1.9566

M1 0.1 M1 1 3.0816 <0.0001 2.5820 3.5813

M1 0.1 M1 2 3.2959 <0.0001 2.7963 3.7955

M2 0.1 M2 0.25 −0.6223 0.0148 −1.1220 −0.1227

M2 0.1 M2 0.5 −0.7325 0.0042 −1.2322 −0.2329

M2 0.1 M2 1 1.0507 <0.0001 0.5511 1.5503

M2 0.1 M2 2 1.1092 <0.0001 0.6096 1.6089

M1 0.1 M2 0.1 −2.6650 <0.0001 −3.1646 −2.1654

M1 0.25 M2 0.25 −2.6263 <0.0001 −3.1260 −2.1267

M1 0.5 M2 0.5 −0.9413 0.0003 −1.4409 −0.4417

M1 1 M2 1 −0.6341 0.0131 −1.1337 −0.1344

M1 2 M2 2 −0.4784 0.0605 −0.9780 0.02126
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adjustment of multiple comparisons (Figure 2 and Table 1B).
However, at LLO 1 and 2 nM differences between cells incubated
in M1 vs. M2 were not significant, likely due to the extensive
damage inflicted by the toxin, leading to ineffective repair at
those concentrations. From these experiments, we conclude that
in HeLa cells, the concentrations of LLO that are best suited
for the study of membrane repair range from 0.1 to 0.5 nM.
Figure 3 includes representative phase-contrast and fluorescence
images of HeLa cells exposed to increasing concentrations of
LLO in M1 and M2. We can appreciate that the cell density
remained unaffected in all experimental conditions, which is
crucial for the validity of the assay. Additionally, the images allow
one to appreciate differences between M1 and M2: (i) difference
in extent of cell damage and (ii) difference in the number of
damaged cells, which are both higher in M2. Together, these

results indicate that this assay can effectively produce varying
degrees of membrane damage in mammalian cells while allowing
simultaneous monitoring of the repair efficiencies of the cell
population.

Validation of the Assay to the Identification
of Effectors of the Repair Machinery
To validate the use of this assay for the identification of molecules
that affect the repair machinery, we treated cells with the drug
cytochalasin D (CD). This drug induces the disassembly of F-
actin by binding to the barbed end of actin filaments. Cell
treatment with low concentrations of CD has been shown to
slightly enhance the membrane repair efficiency of cells exposed
to LLO (Vadia et al., 2011). Therefore, we thought that if our
assay could detect a subtle change in the repair efficiency upon

FIGURE 3 | Representative images of HeLa cells. Phase contrast and fluorescence images of HeLa cells were acquired with a 4X objective located within the plate

reader at the end of the kinetic assay corresponding to time the point 30 min. (A) Cells were incubated in M1 or M2 with the indicated concentrations of LLO. All

fluorescence intensities are presented using the same intensity scale. (B) Overlay of phase contrast and fluorescence images are presented to facilitate the

comparison between the M1 and M2 experimental conditions.
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cell treatment with CD, this would validate the sensitivity of the
assay. HeLa cells, pre-treated or not with CD, were exposed to
0.5 nM LLO and were monitored in the plate reader at 37◦C
for 30 min (Figure 4). Data showed that F-actin disassembly
facilitates the repair process, as expected. Importantly, there was a
statistically significant difference between cells exposed to LLO in
the presence vs. the absence of CD and between cells exposed to
LLO in the presence or absence of Ca2+ (Figure 4 and Table 2).
In conclusion, this assay can be used to quantitatively evaluate the
role of effectors that are involved in repair either by promoting
(presence of extracellular Ca2+) or preventing (subcortical F-
actin cytoskeleton) cell resealing.

Validation of the Assay for the Study of
Muscle Cell Repair
We evaluated the applicability of the assay to membrane repair in
muscle cells. We exposed C2C12 cells to various concentrations
of LLO, as performed previously with Hela cells. Data presented
in Figure 5 (and Supplemental Figure 1) showed that C2C12
cells display both similar sensitivity to wounding by LLO and
similar extent of membrane resealing when compared with
HeLa cells (Figure 2). Statistical analyses established that there
is a LLO dose response effect in both M1 and M2 conditions
as in HeLa cells: with the increase in LLO concentration,
there is increased fluorescence intensity averaged across time
and conditions (p < 0.0001;Table 3A). Importantly, significantly
higher mean fluorescence intensity were measured in M2 when
compared toM1 at LLO concentrations 0.1, 0.25, and 0.5 nM, but
not at 1 and 2 nM after Holm’s procedure adjustment of multiple
comparisons (Tables 3A,B). This reflects that cells efficiently

repaired their plasma membrane at the lower concentrations of
LLO, but not at the higher concentrations 1 and 2 nM. This
assay can also be used as an end point assay by measuring the
fluorescence intensities at 30 min (Table 3C).

TABLE 2A | Fluorescence intensity change over time (trend) was compared

between the indicated experimental conditions from a linear mixed effects model.

Trend analysis of fluorescence increase over time for HeLa cells

Experimental

conditions

Estimate Standard p-values 95% CI of trend

error

Comparing LLO (M2)

to LLO (M1)

−0.00710 0.02206 0.7478 −0.0507 0.03647

Comparing LLO (M1)

and LLO (M1) + CD

0.1088 0.02206 <0.0001 0.06521 0.1524

Comparing LLO (M1) +

CD and (M1) + CD

0.09729 0.02206 <0.0001 0.05372 0.1409

Holm’s procedure was used to adjust for multiple comparisons.

TABLE 2B | Mean fluorescence intensities averaged across time were compared

between the experimental conditions 1 and 2, where the estimate is the difference

between condition 1 and condition 2.

Comparison of fluorescence intensity averaged across time for Hela cells

Condition 1 Condition 2 Estimate p-values 95% CI of estimate

LLO (M1) LLO (M2) −0.7887 0.0005 −1.2244 −0.3530

LLO (M1) LLO (M1)

+ CD

1.1448 <0.0001 0.7091 1.5805

LLO (M1)

+ CD

(M1) + CD 1.4408 <0.0001 1.0051 1.8765

FIGURE 4 | Effect of F-actin disassembly on plasma membrane repair. HeLa cells were pre-incubated in the presence of 5 µM cytochalasin D (CD, stock solution was

stored in DMSO) for 10 min at 37◦C, and the drug was maintained at the same concentration throughout the assay. Cells were exposed to 0.5 nM LLO, or not, in M1

or M2 supplemented with 30 µM PI. Control cells were incubated with a dilution of vehicle (DMSO) similar to cells treated with CD. Data are the average of four

independent experiments, each performed in triplicate, and the error bars represent the standard error of mean (SEM). Statistical analyses correspond to the trend

comparison (T, p < 0.0005) and the mean fluorescence intensities averaged across all time points (*, p < 0.0005). Statistical analyses are also recapitulated in

Tables 2A,B.
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FIGURE 5 | Membrane wounding and repair in muscle cells. C2C12 cells were exposed to the indicated concentrations of LLO in M1 (A) and M2 (B) supplemented

with 30 µM PI for 30 min at 37◦C in the plate reader. Fluorescence intensities were measured every 5 min. The baseline fluorescence level, at each time point in M1

(A) and M2 (B), of control cells incubated without LLO were subtracted from the values obtained with cells incubated with LLO. Data are the average fluorescence

intensities expressed in arbitrary unit ± standard error of the mean (S.E.M.) of four independent experiments. Statistical analyses correspond to the trend comparison

(T, p < 0.0001, except for concentration 0.25 nM p = 0.02) and the mean fluorescence intensities averaged across all time points (*, p < 0.0001). Those analyses

compared the different concentrations of LLO in M1 (A) or in M2 (B) and compared data obtained in M1 vs. M2 (M1/M2) at a given concentration of LLO (showed in

the squared box). Statistical analyses are also recapitulated in Tables 3A–C.

TABLE 3A | Fluorescence intensity change over time (trend) was compared

between LLO concentrations higher than 0.1 nM and that of 0.1 nM for M1 and

M2 from a linear mixed effects model.

Trend analysis of fluorescence increase over time for C2C12 cells

Trend

estimate

p-values 95% CI of trend

estimate

Dose effect 2.4171 < 0.0001 1.3080 3.5262

M1 comparing LLO 2 to 0.1 0.1072 < 0.0001 0.06825 0.1461

M1 comparing LLO 1 to 0.1 0.09803 < 0.0001 0.05912 0.1369

M1 comparing LLO 0.5 to 0.1 0.09391 < 0.0001 0.05501 0.1328

M1 comparing LLO 0.25 to 0.1 0.04633 0.0198 0.007420 0.08524

M2 comparing LLO 2 to 0.1 −0.01475 0.4559 −0.05366 0.02416

M2 comparing LLO 1 to 0.1 −0.01224 0.5360 −0.05115 0.02667

M2 comparing LLO 0.5 to 0.1 −0.00343 0.8624 −0.04234 0.03548

M2 comparing LLO 0.25 to 0.1 0.001384 0.9442 −0.03753 0.04029

Holm’s procedure was used to adjust for multiple comparisons.

DISCUSSION

We report in this manuscript a sensitive and high-throughput
assay to study plasma membrane repair. This assay can be
used with various adherent cell types such as epithelial cells
(Figures 1–4), myocytes (Figure 5), and hepatocytes (our data
not shown). Interestingly, we observed that the tested cell types

display similar sensitivity to LLO and similar repair efficiencies.
This characteristic ensures the versatility of the assay for use with
various cell models. Furthermore, this assay could be used to
compare the resealing efficiencies of primary cells and cell lines
of different origins to document the potential differences in the
repair efficiency and/or mechanism between those cells.

Some plate readers are equipped with a microscope objective
allowing phase-contrast and fluorescence imaging of cells

as their fluorescence intensity is measured. This allows

for the determination of cell density and if distinct cell
populations co-exist in a given experimental condition. In
particular, we noticed that in experimental conditions preventing
plasma membrane repair, nearly all cells showed uptake
of the PI dye. Conversely, under conditions that allowed
for membrane repair, we could observe a population of
PI negative cells that had presumably efficiently resealed
their plasma membrane (Figure 3B). Therefore, this assay
allows refined qualitative and quantitative analysis of cellular
subpopulations. Importantly, this assay can be a standalone
method to identify or screen for molecules involved in the
repair machinery or can be combined with other methods
to generate more robust quantitative and qualitative datasets
for a comprehensive understanding of plasma membrane
repair.

It should be noted that while our assay measured fluorescence

intensities at 5 min time intervals for a total of 30 min, the
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TABLE 3B | Mean fluorescence intensities averaged across time were compared between LLO concentrations higher than 0.1 and 0.1 nM within M1 and M2, as well as

between M1 and M2 for the same dose, where the estimate is the difference between condition 1 LLO dose 1 and condition 2 LLO dose 2.

Comparison of fluorescence intensity averaged across time for C2C12 cells

Condition 1 LLO 1 (nM) Condition 2 LLO 2 (nM) Estimate p-values 95% CI of estimate

M1 0.1 M1 0.25 −1.2962 <0.0001 −1.6853 −0.9071

M1 0.1 M1 0.5 −1.4885 <0.0001 −1.8776 −1.0994

M1 0.1 M1 1 −2.0664 <0.0001 −2.4555 −1.6773

M1 0.1 M1 2 −2.3735 <0.0001 −2.7626 −1.9845

M2 0.1 M2 0.25 −0.7891 <0.0001 −1.1782 −0.4000

M2 0.1 M2 0.5 −1.0147 <0.0001 −1.4038 −0.6256

M2 0.1 M2 1 −1.1049 <0.0001 −1.4940 −0.7158

M2 0.1 M2 2 −1.1723 <0.0001 −1.5614 −0.7832

M1 0.1 M2 0.1 −1.6531 <0.0001 −2.0422 −1.2640

M1 0.25 M2 0.25 −1.1460 <0.0001 −1.5351 −0.7569

M1 0.5 M2 0.5 −1.1793 <0.0001 −1.5684 −0.7902

M1 1 M2 1 0.6915 0.0005 −1.0806 −0.3024

M1 2 M2 2 −0.4518 0.1230 −0.8409 −0.06269

TABLE 3C | Mean fluorescence intensities averaged across time were compared between various LLO concentrations between M1 and M2, where the estimate is the

difference between condition 1 LLO dose 1 and condition 2 LLO dose 2.

Comparison of fluorescence intensities at 30 min for C2C12 cells

LLO 1 (nM) Condition 1 LLO 2 (nM) Condition 2 Estimate p-values 95% CI of estimate

0.1 M1 0.25 M1 −2.2701 0.0001 −3.3177 −1.2225

0.1 M1 0.5 M1 −2.6468 < 0.0001 −3.6944 −1.5991

0.1 M1 1 M1 −3.1918 < 0.0001 −4.2394 −2.1441

0.1 M1 2 M1 −3.4781 < 0.0001 −4.5257 −2.4305

0.1 M2 0.25 M2 −0.7081 0.1769 −1.7557 0.3396

0.1 M2 0.5 M2 −0.8450 0.1095 −1.8926 0.2027

0.1 M2 1 M2 −0.8510 0.1071 −1.8986 0.1966

0.1 M2 2 M2 −0.8843 0.0947 −1.9320 0.1633

0.1 M1 0.1 M2 −2.6866 < 0.0001 −3.7342 −1.6389

0.25 M1 0.25 M2 −1.1245 0.0364 −2.1722 −0.07690

0.5 M1 0.5 M2 −0.8848 0.0945 −1.9324 0.1629

1 M1 1 M2 −0.3458 0.5040 −1.3934 0.7018

2 M1 2 M2 −0.09279 0.8572 −1.1404 0.9548

standard read time for a 96-well plate is 25–30 s; therefore,
the assay can be adapted to perform kinetics with shorter time
intervals if necessary. Alternatively, this assay could be used as an
end point assay (Table 3C).

Importantly, the cell density was unaltered in any
experimental conditions used in this work. Using distinct
cell lines and/or experimental conditions will require ensuring
that cells do not detach, which would significantly complicate
data interpretation. Thus, we recommend the use of a plate
reader that has imaging capability to ensure that cells do
not detach. If cell detachment cannot be avoided, a second
fluorochrome should be added to estimate cell density. This
would allow for correction of the PI intensity based upon the
cell density. To damage the plasma membrane, we used the
CDC listeriolysin O because our laboratory studies the effects

of LLO on mammalian cells. However, other CDCs could
be used to replace LLO. Indeed, CDC members are highly
homologous and form large transmembrane pores of similar size
in cholesterol-rich membranes (Tweten et al., 2015). However,
a few CDC members display species specificity, as for example
intermedilysin (ILY) produced by Streptococcus intermedius,
which is specific for human cells (Tweten et al., 2015). Since
no systematic comparative study of the membrane repair
in response to various CDCs has been reported, there is no
information indicating that we should anticipate differences in
membrane wounding and or repair in response to different CDC
members. One characteristic that distinguishes LLO from all
other CDC members is its conformational instability at neutral
pH and 37◦C. At this temperature and pH, LLO molecules that
are not bound to a lipid bilayer become inactive within a few
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minutes (Schuerch et al., 2005; Vadia et al., 2011). Therefore,
LLO purification and manipulation must be performed strictly
at 4◦C before the toxin is added to mammalian cells at 37◦C.
It is worth noting that LLO conformational instability is a
virtue in this assay because unbound LLO molecules rapidly
become inactive, which substantially limits the continuous
formation of toxin pores over the duration of the assay and
alleviates the requirement to wash the cells after addition of the
toxin.

Our current knowledge about the membrane repair
machinery is still limited. In particular, it is unclear if different
damage conditions elicit various repair mechanisms to reseal
the plasma membrane (Andrews et al., 2015; Blazek et al.,
2015). Previous studies that analyzed in parallel mechanical-
and CDC-pore-induced-wounding concluded that both types
of damage triggered a similar repair response (Idone et al.,
2008; Corrotte et al., 2013). However, other studies, presented
evidence that the size of the wound, for example, affected the
mechanism of plasma membrane repair (Jimenez et al., 2015).
Therefore, using the CDC-pore-induced membrane damage
for the general study of membrane repair is a convenient
model, but we cannot rule out that under different damage
conditions, there may be other repair mechanisms that
are also recruited in response to compromised membrane
integrity.

Overall, this assay is a promising tool for the discovery of
effectors of the cell repair machinery and for the screening of
compounds intended to develop new therapeutic approaches
for the treatment of diseases associated with compromised
membrane repair capacity.

AUTHOR CONTRIBUTIONS

SPS designed and performed all of the experimental work,
prepared themanuscript and figures. XZ performed the statistical
analyses and prepared the manuscript and Tables. JGTL edited
the manuscript and prepared the figures. NW provided the
C2C12 and H9C9 cells and corresponding cell culture methods
as well as prepared the manuscript. SMS designed the assay,
prepared the manuscript and figures.

ACKNOWLEDGMENTS

This work was supported by the NIH/NIAID (RO1AI107250)
to SMS. This work was sponsored by NIH/NIAID award #
1-T32-AI-112542, a NRSA training grant administered by the
Center for Microbial Interface Biology (CMIB) at The Ohio State
University (SPS postdoctoral fellowship). We would like to thank
Sayak Bhattacharya for helping in culturing the cardiac cell lines,
Christopher Phelps, and Lauren Johnson for careful editing of the
manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fcimb.
2017.00305/full#supplementary-material

Supplemental Figure 1 | Representation of the standard deviations of the

Figures 2, 5 data. HeLa cells graphs from Figures 2A,B. C2C12 cells graphs

from Figures 5C,D. Data are the average fluorescence intensities expressed in

arbitrary unit ± standard deviation of four independent experiments.

REFERENCES

Andrews, N. W., Corrotte, M., and Castro-Gomes, T. (2015).

Above the fray: surface remodeling by secreted lysosomal

enzymes leads to endocytosis-mediated plasma membrane repair.

Semin. Cell Dev. Biol. 45, 10–17. doi: 10.1016/j.semcdb.2015.

09.022

Arnett, E., Vadia, S., Nackerman, C. C., Oghumu, S., Satoskar, A. R.,

McLeish, K. R., et al. (2014). The pore-forming toxin listeriolysin O is

degraded by neutrophil metalloproteinase-8 and fails to mediate Listeria

monocytogenes intracellular survival in neutrophils. J. Immunol. 192, 234–244.

doi: 10.4049/jimmunol.1301302

Bansal, D., Miyake, K., Vogel, S. S., Groh, S., Chen, C. C., Williamson, R., et al.

(2003). Defective membrane repair in dysferlin-deficient muscular dystrophy.

Nature 423, 168–172. doi: 10.1038/nature01573

Belete, H. A., Godin, L. M., Stroetz, R. W., and Hubmayr, R. D. (2010).

Experimental models to study cell wounding and repair. Cell. Physiol. Biochem.

25, 71–80. doi: 10.1159/000272052

Bi, G. Q., Alderton, J. M., and Steinhardt, R. A. (1995). Calcium-regulated

exocytosis is required for cell membrane resealing. J. Cell Biol. 131(6 Pt 2),

1747–1758. doi: 10.1083/jcb.131.6.1747

Blazek, A. D., Paleo, B. J., and Weisleder, N. (2015). Plasma membrane repair: a

central process for maintaining cellular homeostasis. Physiology 30, 438–448.

doi: 10.1152/physiol.00019.2015

Cai, C., Lin, P., Thornton, A., Zhao, X., Pan, Z., Komazaki, S., et al. (2009).

MG53 nucleates assembly of cell membrane repair machinery. Nat. Cell Biol.

11, 56–64. doi: 10.1038/ncb1812

Cajnko, M. M., Mikelj, M., Turk, T., Podobnik, M., and Anderluh, G. (2014).

Membrane interactions and cellular effects of MACPF/CDC proteins. Subcell.

Biochem. 80, 119–144. doi: 10.1007/978-94-017-8881-6_7

Chakrabarti, S., Kobayashi, K. S., Flavell, R. A., Marks, C. B., Miyake, K.,

Liston, D. R., et al. (2003). Impaired membrane resealing and autoimmune

myositis in synaptotagmin VII-deficient mice. J. Cell Biol. 162, 543–549.

doi: 10.1083/jcb.200305131

Clarke, M. S., Caldwell, R. W., Chiao, H., Miyake, K., and McNeil, P. L. (1995).

Contraction-induced cell wounding and release of fibroblast growth factor in

heart. Circ. Res. 76, 927–934. doi: 10.1161/01.RES.76.6.927

Cochilla, A. J., Angleson, J. K., and Betz, W. J. (1999). Monitoring secretory

membrane with FM1-43 fluorescence. Annu. Rev. Neurosci. 22, 1–10.

doi: 10.1146/annurev.neuro.22.1.1

Cong, X., Hubmayr, R. D., Li, C., and Zhao, X. (2017). Plasma membrane

wounding and repair in pulmonary diseases. Am. J. Physiol. Lung Cell. Mol.

Physiol. 312, L371–L391. doi: 10.1152/ajplung.00486.2016

Corrotte, M., Almeida, P. E., Tam, C., Castro-Gomes, T., Fernandes, M. C., Millis,

B. A., et al. (2013). Caveolae internalization repairs wounded cells and muscle

fibers. eLife 2:e00926. doi: 10.7554/eLife.00926

Corrotte, M., Castro-Gomes, T., Koushik, A. B., and Andrews, N. W.

(2015). Approaches for plasma membrane wounding and assessment of

lysosome-mediated repair responses. Methods Cell Biol. 126, 139–158.

doi: 10.1016/bs.mcb.2014.11.009

Defour, A., Sreetama, S. C., and Jaiswal, J. K. (2014b). Imaging cell

membrane injury and subcellular processes involved in repair. J. Vis. Exp.

doi: 10.3791/51106

Defour, A., Van der Meulen, J. H., Bhat, R., Bigot, A., Bashir, R., Nagaraju,

K., et al. (2014a). Dysferlin regulates cell membrane repair by facilitating

injury-triggered acid sphingomyelinase secretion. Cell Death Dis. 5:e1306.

doi: 10.1038/cddis.2014.272

Demonbreun, A. R., and McNally, E. M. (2016). Plasma Membrane

Repair in Health and Disease. Curr. Top. Membr. 77, 67–96.

doi: 10.1016/bs.ctm.2015.10.006

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10 July 2017 | Volume 7 | Article 305

http://journal.frontiersin.org/article/10.3389/fcimb.2017.00305/full#supplementary-material
https://doi.org/10.1016/j.semcdb.2015.09.022
https://doi.org/10.4049/jimmunol.1301302
https://doi.org/10.1038/nature01573
https://doi.org/10.1159/000272052
https://doi.org/10.1083/jcb.131.6.1747
https://doi.org/10.1152/physiol.00019.2015
https://doi.org/10.1038/ncb1812
https://doi.org/10.1007/978-94-017-8881-6_7
https://doi.org/10.1083/jcb.200305131
https://doi.org/10.1161/01.RES.76.6.927
https://doi.org/10.1146/annurev.neuro.22.1.1
https://doi.org/10.1152/ajplung.00486.2016
https://doi.org/10.7554/eLife.00926
https://doi.org/10.1016/bs.mcb.2014.11.009
https://doi.org/10.3791/51106
https://doi.org/10.1038/cddis.2014.272
https://doi.org/10.1016/bs.ctm.2015.10.006
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Pathak-Sharma et al. High-Throughput Plasma Membrane Repair Assay

Draeger, A., Monastyrskaya, K., and Babiychuk, E. B. (2011). Plasma membrane

repair and cellular damage control: the annexin survival kit. Biochem.

Pharmacol. 81, 703–712. doi: 10.1016/j.bcp.2010.12.027

Dunstone, M. A., and Tweten, R. K. (2012). Packing a punch: the mechanism

of pore formation by cholesterol dependent cytolysins and membrane

attack complex/perforin-like proteins. Curr. Opin. Struct. Biol. 22, 342–349.

doi: 10.1016/j.sbi.2012.04.008

Fernandez-Perez, E. J., Peters, C., and Aguayo, L. G. (2016). Membrane damage

induced by amyloid beta and a potential link with neuroinflammation. Curr.

Pharm. Des. 22, 1295–1304. doi: 10.2174/138161282210160304111702

Geeraerts, M. D., Ronveaux-Dupal, M. F., Lemasters, J. J., and Herman, B. (1991).

Cytosolic free Ca2+ and proteolysis in lethal oxidative injury in endothelial

cells. Am. J. Physiol. 261(5 Pt 1), C889–C896.

Gonzalez, M. R., Bischofberger, M., Pernot, L., van der Goot, F. G., and Frêche, B.

(2008). Bacterial pore-forming toxins: the (w)hole story? Cell. Mol. Life Sci. 65,

493–507. doi: 10.1007/s00018-007-7434-y

Han, R., Bansal, D., Miyake, K., Muniz, V. P., Weiss, R. M., McNeil, P.

L., et al. (2007). Dysferlin-mediated membrane repair protects the heart

from stress-induced left ventricular injury. J. Clin. Invest. 117, 1805–1813.

doi: 10.1172/JCI30848

Howard, A. C., McNeil, A. K., and McNeil, P. L. (2011b). Promotion

of plasma membrane repair by vitamin E. Nat. Commun. 2:597.

doi: 10.1038/ncomms1594

Howard, A. C., McNeil, A. K., Xiong, F., Xiong, W. C., and McNeil, P. L. (2011a).

A novel cellular defect in diabetes: membrane repair failure. Diabetes 60,

3034–3043. doi: 10.2337/db11-0851

Idone, V., Tam, C., Goss, J. W., Toomre, D., Pypaert, M., Andrews, N. W.,

et al. (2008). Repair of injured plasma membrane by rapid Ca2+-dependent

endocytosis. J. Cell Biol. 180, 905–914. doi: 10.1083/jcb.200708010

Jimenez, A. J., Maiuri, P., Lafaurie-Janvore, J., Perez, F., and Piel, M. (2015). Laser

induced wounding of the plasma membrane and methods to study the repair

process.Methods Cell Biol. 125, 391–408. doi: 10.1016/bs.mcb.2014.11.007

Liu, M., Xu, J., Souza, P., Tanswell, B., Tanswell, A. K., and Post, M. (1995). The

effect of mechanical strain on fetal rat lung cell proliferation: comparison of

two- and three-dimensional culture systems. In Vitro Cell. Dev. Biol. Anim. 31,

858–866. doi: 10.1007/BF02634570

McNeil, P. L., and Khakee, R. (1992). Disruptions of muscle fiber plasma

membranes. Role in exercise-induced damage. Am. J. Pathol. 140, 1097–1109.

McNeil, P. L., and Steinhardt, R. A. (1997). Loss, restoration, and maintenance of

plasma membrane integrity. J. Cell Biol. 137, 1–4. doi: 10.1083/jcb.137.1.1

McNeil, P. L., and Steinhardt, R. A. (2003). Plasma membrane disruption:

repair, prevention, adaptation. Annu. Rev. Cell Dev. Biol. 19, 697–731.

doi: 10.1146/annurev.cellbio.19.111301.140101

Mellgren, R. L. (2010). A plasma membrane wound proteome: reversible

externalization of intracellular proteins following reparable mechanical

damage. J. Biol. Chem. 285, 36597–36607. doi: 10.1074/jbc.M110.110015

Moe, A. M., Golding, A. E., and Bement, W. M. (2015). Cell healing:

Calcium, repair and regeneration. Semin. Cell Dev. Biol. 45, 18–23.

doi: 10.1016/j.semcdb.2015.09.026

Morgan, B. P., Luzio, J. P., and Campbell, A. K. (1986). Intracellular

Ca2+ and cell injury: a paradoxical role of Ca2+ in complement

membrane attack. Cell Calcium 7, 399–411. doi: 10.1016/0143-4160(86)

90042-4

Peters, C., Bascuñán, D., Opazo, C., and Aguayo, L. G. (2016). Differential

membrane toxicity of amyloid-beta fragments by pore forming mechanisms.

J. Alzheimers. Dis. 51, 689–699. doi: 10.3233/JAD-150896

Repp, H., Pamukçi, Z., Koschinski, A., Domann, E., Darji, A., Birringer, J.,

et al. (2002). Listeriolysin of Listeria monocytogenes forms Ca2+-permeable

pores leading to intracellular Ca2+ oscillations. Cell. Microbiol. 4, 483–491.

doi: 10.1046/j.1462-5822.2002.00207.x

Schuerch, D. W., Wilson-Kubalek, E. M., and Tweten, R. K. (2005). Molecular

basis of listeriolysin O pH dependence. Proc. Natl. Acad. Sci. U.S.A. 102,

12537–12542. doi: 10.1073/pnas.0500558102

Seveau, S. (2014). Multifaceted activity of listeriolysin O, the cholesterol-

dependent cytolysin of Listeria monocytogenes. Subcell. Biochem. 80, 161–195.

doi: 10.1007/978-94-017-8881-6_9

Steinhardt, R. A., Bi, G., and Alderton, J. M. (1994). Cell membrane resealing by a

vesicular mechanism similar to neurotransmitter release. Science 263, 390–393.

doi: 10.1126/science.7904084

Terasaki, M., Miyake, K., and McNeil, P. L. (1997). Large plasma membrane

disruptions are rapidly resealed by Ca2+-dependent vesicle-vesicle fusion

events. J. Cell Biol. 139, 63–74. doi: 10.1083/jcb.139.1.63

Togo, T., Krasieva, T. B., and Steinhardt, R. A. (2000). A decrease in

membrane tension precedes successful cell-membrane repair. Mol. Biol. Cell

11, 4339–4346. doi: 10.1091/mbc.11.12.4339

Tran, S. L., Puhar, A., Ngo-Camus, M., and Ramarao, N. (2011). Trypan blue

dye enters viable cells incubated with the pore-forming toxin HlyII of Bacillus

cereus. PLoS ONE 6:e22876. doi: 10.1371/journal.pone.0022876

Tweten, R. K., Hotze, E. M., and Wade, K. R. (2015). The unique

molecular choreography of giant pore formation by the cholesterol-dependent

cytolysins of gram-positive bacteria. Annu. Rev. Microbiol. 69, 323–340.

doi: 10.1146/annurev-micro-091014-104233

Vadia, S., Arnett, E., Haghighat, A. C., Wilson-Kubalek, E. M., Tweten, R. K.,

and Seveau, S. (2011). The pore-forming toxin listeriolysin O mediates a novel

entry pathway of L. monocytogenes into human hepatocytes. PLoS Pathog.

7:e1002356. doi: 10.1371/journal.ppat.1002356

Weisleder, N., Takeshima, H., and Ma, J. (2009). Mitsugumin 53 (MG53)

facilitates vesicle trafficking in striated muscle to contribute to cell

membrane repair. Commun. Integr. Biol. 2, 225–226. doi: 10.4161/cib.2.

3.8077

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Pathak-Sharma, Zhang, Lam, Weisleder and Seveau. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 July 2017 | Volume 7 | Article 305

https://doi.org/10.1016/j.bcp.2010.12.027
https://doi.org/10.1016/j.sbi.2012.04.008
https://doi.org/10.2174/138161282210160304111702
https://doi.org/10.1007/s00018-007-7434-y
https://doi.org/10.1172/JCI30848
https://doi.org/10.1038/ncomms1594
https://doi.org/10.2337/db11-0851
https://doi.org/10.1083/jcb.200708010
https://doi.org/10.1016/bs.mcb.2014.11.007
https://doi.org/10.1007/BF02634570
https://doi.org/10.1083/jcb.137.1.1
https://doi.org/10.1146/annurev.cellbio.19.111301.140101
https://doi.org/10.1074/jbc.M110.110015
https://doi.org/10.1016/j.semcdb.2015.09.026
https://doi.org/10.1016/0143-4160(86)90042-4
https://doi.org/10.3233/JAD-150896
https://doi.org/10.1046/j.1462-5822.2002.00207.x
https://doi.org/10.1073/pnas.0500558102
https://doi.org/10.1007/978-94-017-8881-6_9
https://doi.org/10.1126/science.7904084
https://doi.org/10.1083/jcb.139.1.63
https://doi.org/10.1091/mbc.11.12.4339
https://doi.org/10.1371/journal.pone.0022876
https://doi.org/10.1146/annurev-micro-091014-104233
https://doi.org/10.1371/journal.ppat.1002356
https://doi.org/10.4161/cib.2.3.8077
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

	High-Throughput Microplate-Based Assay to Monitor Plasma Membrane Wounding and Repair
	Introduction and Limitations of Current Models
	Materials and Methods
	Reagents and Recombinant Listeriolysin O
	Mammalian Cell Cultures
	Plate Reader and 96-Well Plates
	Kinetic Assay to Monitor Membrane Injury and Repair
	Statistical Analyses

	Results
	High-Throughput Analysis of Membrane Wounding and Repair: Sensitivity and Reproducibility of the Assay
	Validation of the Assay to the Identification of Effectors of the Repair Machinery
	Validation of the Assay for the Study of Muscle Cell Repair

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


