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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 by measuring 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.
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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 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 fluorescence microscopy 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 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 mM MgCl2, 1.2 mM CaCl2, 10 mM HEPES, 25 mM Glucose, pH 7.4. Assay buffer M2 consisted of HBSS supplemented with 0.5 mM MgCl2, 10 mM HEPES, and 25 mM Glucose, pH 7.4. When indicated, cells were washed in M2 supplemented with 5 mM 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 and McNally, 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® 96-well flat clear bottom black polystyrene TC-treated microplates, individually wrapped, with lid and sterile (#3603). Plate 2: Nunc™ 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 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.

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 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 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.
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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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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.




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.
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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.
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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.



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 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.
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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.




Table 2A. Fluorescence intensity change over time (trend) was compared between the indicated experimental conditions from a linear mixed effects model.
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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.
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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 to M1 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).
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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.
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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.
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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.
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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 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 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.
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