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Abstract

Various injuries to the neural tissues can cause irreversible damage to multiple functions of

the nervous system ranging from motor control to cognitive function. The limited treatment

options available for patients have led to extensive interest in studying the mechanisms of

neuronal regeneration and recovery from injury. Since many neurons are terminally differen-

tiated, by increasing cell survival following injury it may be possible to minimize the impact of

these injuries and provide translational potential for treatment of neuronal diseases. While

several cell types are known to survive injury through plasma membrane repair mecha-

nisms, there has been little investigation of membrane repair in neurons and even fewer

efforts to target membrane repair as a therapy in neurons. Studies from our laboratory

group and others demonstrated that mitsugumin 53 (MG53), a muscle-enriched tripartite

motif (TRIM) family protein also known as TRIM72, is an essential component of the cell

membrane repair machinery in skeletal muscle. Interestingly, recombinant human MG53

(rhMG53) can be applied exogenously to increase membrane repair capacity both in vitro

and in vivo. Increasing the membrane repair capacity of neurons could potentially minimize

the death of these cells and affect the progression of various neuronal diseases. In this

study we assess the therapeutic potential of rhMG53 to increase membrane repair in cul-

tured neurons and in an in vivo mouse model of neurotrauma. We found that a robust repair

response exists in various neuronal cells and that rhMG53 can increase neuronal mem-

brane repair both in vitro and in vivo. These findings provide direct evidence of conserved

membrane repair responses in neurons and that these repair mechanisms can be targeted

as a potential therapeutic approach for neuronal injury.

Introduction

A wide variety of neurodegenerative diseases and traumatic injuries can cause irreversible

damage to neural tissue and compromise various functions of the nervous system. Due to lim-

ited treatment options after neurodegeneration, there are intensive efforts underway investi-

gating the mechanisms of neuronal regeneration and recovery from injury. Despite such
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efforts, these processes are not yet fully understood, and this lack of knowledge has hampered

the development of therapeutics in this area. Since many neurons are terminally differentiated

and axonal regeneration can result in reinnervation of off-target tissue [1–3], emphasis on

maintaining cell survival could provide increased translational potential for the treatment of

neuronal injury. While several cell types are known to survive injury through plasma mem-

brane repair mechanisms, there has been little investigation of membrane repair in neurons

and even fewer efforts to target membrane repair in diseases affecting neurons [4–8]

Plasma membrane repair is a conserved mechanism observed in many cells from simple

single cell eggs to most adult mammalian cell types [9]. Membrane repair mechanisms func-

tion to close disruptions in the plasma membrane to restore structural integrity and to main-

tain barrier function to prevent cell death following injury. These repair mechanisms allow

cells to survive an injury, which has great advantages over regeneration of a new cell to replace

a large, complex cell like a neuron. While disruptions in the plasma membrane measuring

approximately 1 nm or less will reseal through thermodynamic rearrangement of the compo-

nent phospholipids, larger injuries generally require an active repair response to restore mem-

brane integrity [10].

The mechanical tension on the plasma membrane produced by the connections of the

membrane to the cytoskeleton and extracellular matrix can force disruptions to remain open

and require compensation by active membrane repair mechanisms [10–12]. Several previous

studies helped to establish the cellular framework of the plasma membrane repair process.

While multiple models of membrane repair have been proposed, most of these models involve

exocytotic and/or endocytotic vesicle trafficking to facilitate the resealing of membrane disrup-

tions [13–15]. Given the importance of plasma membrane repair for cell survival, it is likely

that most of these putative pathways contribute to the repair process in a cell-type and injury-

type dependent fashion.

The current understanding of the plasma membrane repair response comes mainly from

studies in striated muscle cells. Much of this interest comes from studies in muscular dystro-

phies, such as the dysferlinopathies produced by the lack of a membrane repair protein dysfer-

lin [16]. In striated muscle fibers, repair of most sarcolemmal membrane disruptions involves

calcium dependent translocation of intracellular vesicles to the injury site where these vesicles

then fuse with each other and the plasma membrane, to form a repair patch that restores the

integrity of the membrane. This process has several similarities to the release of neurotransmit-

ters from neurons [17]. Given this fact, it is not surprising that proteins involved in vesicle

fusion and neurotransmitter release have also been shown to be involved in membrane repair.

Inhibition of synaptotagmin I and syntaxin have been used to block membrane repair in axons

in the past [18, 19].

Studies from our laboratory group and others demonstrated that mitsugumin 53 (MG53), a

muscle-enriched tripartite motif (TRIM) family protein also known as TRIM72, is an essential

component of the cell membrane repair machinery in multiple cell types, including striated

muscle, liver, and alveolar epithelial cells [4–6, 20–22]. TRIM72/MG53 is an essential compo-

nent of the membrane repair machinery as TRIM72/MG53 ablation results in defective mem-

brane repair, progressive skeletal myopathy, and vulnerability to ischemia-reperfusion injury

(5, 20). Interestingly, when TRIM72/MG53 is expressed in non-muscle cell types it can still

function in a similar fashion to increase membrane repair in non-muscle cells [23]. Moreover,

exogenously applied recombinant human MG53 (rhMG53) can increase membrane repair

and the integrity of muscle and non-muscle cells both in vitro [23] and in vivo [8, 23]. Specific

evidence that rhMG53 is effective in treating injuries comes from studies that efficaciously

treated mouse models of muscular dystrophies [23, 24]. Similar to results seen when overex-

pressing the protein inside various cell types, rhMG53 also increased membrane repair in non-

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 2 / 15

this report were generated using the instruments

and services at the Campus Microscopy and

Imaging Facility, The Ohio State University. This

facility is supported in part by grant P30

CA016058, National Cancer Institute, Bethesda,

MD. This project was also supported by The Ohio

State University Ross Heart Hospital TriFit

Challenge. The funders had no role in study design,

data collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: We declare that Noah

Weisleder is a founder of TRIM-edicine, Inc, which

is developing rhMG53 as a therapeutic strategy.

Intellectual property relating to MG53 was patented

by the Rutgers University Robert Wood Johnson

Medical School. TRIM-edicine provided no support

for this project and did not have any additional role

in the study design, data collection and analysis,

decision to publish, or preparation of the

manuscript. The specific roles of all authors are

articulated in the ‘author contributions’ section.

This commercial affiliation does not alter our

adherence to PLOS ONE policies on sharing data

and materials.

https://doi.org/10.1371/journal.pone.0231194


muscle cells in vivo. Mice subjected to acute kidney injury showed decreased effects from

ischemia reperfusion injury when treated with rhMG53 [8]. Interestingly, rhMG53 has been

very successful in treating ischemia/reperfusion injury and has been also used in the treatment

of skeletal muscle [25, 26], cardiac muscle [27], and liver tissue [22]. Also, aerosolized rhMG53

has ameliorated the effects of ventilator-induced lung injury [7, 28]. These studies introduce

the possibility that rhMG53 could be used to increase the repair capacity of other non-muscle

cell types like neurons.

While these previous studies focused on striated muscles identified some of the molecular

components of the membrane repair process [29], other studies established that disruption in

plasma membrane repair and integrity can occur in many cell types aside from muscle fibers

[30–32]. Changes in membrane repair capacity can lead to a number of diseases including

heart failure, Alzheimer’s disease and neurodegeneration [31, 33–41]. Despite the relevance of

membrane repair to these disease states, there has been little investigation of membrane repair

specifically in neurons. It is possible that by increasing the membrane repair capacity of neu-

rons, we could potentially minimize the death of these cells and thereby, affect the progression

of various neuronal diseases. While rhMG53 has been shown to increase membrane repair

capacity [8, 23], the lack of knowledge of the membrane repair process in neurons presents a

novel opportunity to explore the potential efficacy of modulating membrane repair in neurons.

In this study, we assess the therapeutic potential of rhMG53 in neuronal cells both in vitro and

in vivo. We find that a robust repair response exists in various neuronal cells and that rhMG53

can increase neuronal membrane repair in vitro. Additional experiments found that treatment

with rhMG53 significantly increased regeneration in an in vivo mouse model of sciatic nerve

injury. These data indicate that neurons have an endogenous membrane repair response that

can be targeted with rhMG53, and further indicates that there are potential therapeutic bene-

fits to elevating membrane repair in neurons that could have protective effects against injuries

to the nervous system.

Results

TRIM72/MG53 is not expressed in neurons

Initial TRIM72/MG53 studies indicated that it was expressed exclusively in the striated muscle

tissues of the skeletal muscle and the heart [20]. Further examination showed that TRIM72/

MG53 expression might appear exclusively in skeletal muscle in humans [42]. While TRIM72/

MG53 does appear to be highly enriched in striated muscle, recent studies indicate that under

certain conditions, TRIM72/MG53 expression can be found in certain cell populations in

non-muscle tissues. TRIM72/MG53 expression has been shown in lung type II alveolar epithe-

lial cells where it is important for resisting mechanical injury to the lung [7]. While the liver

does not usually express TRIM72/MG53, it appears that ischemia can induce expression in

this tissue [22]. Thus, we conducted studies to determine if TRIM72/MG53 was expressed in

neurons. Western blot analysis was used to examine mouse tissues from the central nervous

system (whole brain and spinal cord lysates) and the peripheral nervous system (sciatic nerve

lysate). TRIM72/MG53 expression was not observed in any of these neural tissues when com-

pared to the positive control of skeletal muscle lysate (Fig 1A).

Since previous studies indicate that TRIM72/MG53 may be expressed in subpopulations of

cells in a given tissue, we used immunohistochemistry to test for expression of TRIM72/MG53

in the mouse spinal cord (Fig 1B). No TRIM72/MG53 expression was observed in individual

cells seen in these sections when compared to the positive control of mouse skeletal muscle.

These results from several different areas of the nervous system establish that TRIM72/MG53

is not detected in the peripheral or central nervous system.
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Membrane repair responses are active in cultured neurons

While previous studies examined the cellular response in severed axons that likely make use of

membrane repair responses [43, 44], there have been limited studies of the membrane repair

response in the cell body of neurons. We examined whether cell membrane disruptions in the

neuron body lead to the formation of a typical membrane repair patch as seen in other cell

types following membrane repair. To visualize the formation of a membrane repair patch, we

transfected Neuro2a (N2a) cells with a GFP tagged TRIM72/MG53 construct (GFP-MG53) that

has been shown to translocate to the site of membrane repair patches by multiple laboratory

groups [20, 45]. Transfected N2a cells were injured using a multiphoton infrared laser and the

localization of GFP-MG53 or GFP alone (as a control) were monitored using confocal micros-

copy. We observed that following membrane injury the GFP-MG53 moves rapidly to the injury

site while GFP remains diffusely localized throughout the cytoplasm (Fig 2A). Quantification of

GFP fluorescence at the site of injury from multiple cells (Fig 2B) shows that GFP is bleached at

the injury site and that there is no rapid recovery of GFP fluorescence at that site. In contrast,

the GFP-MG53 rapidly translocates to the injury site with the fluorescent signal reaching a pla-

teau at approximately 30 seconds after the cell is injured. These results indicate that a mem-

brane repair patch can effectively form at injury sites in the cell body of neuronal origin cells in

a manner to that previously observed in muscle cells.

Cultured neurons display effective membrane repair

While we observed that neural origin cells can form a membrane repair patch, those experi-

ments are not able to resolve if that patch is effective at restoring the integrity of the membrane

following injury. To test if the membrane repair patch is functional, we used an FM4-64 dye

exclusion assay to determine how effective the membrane repair response is in these cells. The

lipophilic dye FM4-64 fluoresces poorly in aqueous solution when outside the cell but provides

Fig 1. MG53 is not expressed in the nervous system. (A) Lysates from an adult wild type mouse were used for western blotting to detect levels of

MG53. One fourth the amount of muscle lysate was used compared to nervous tissue lysate, and no band was detected in the nervous system lysate.

Ponceau S stain was used to visualize total protein in lysates (B) Sections from wild type mice were analyzed for the presence of MG53. Cross sections of

tibialis anterior muscle was positive for MG53 expression, and dysferlin was used as a counterstain. Longitudinal sections of spinal cord immunostained

for MG53 show no MG53 expression, and with beta III tubulin was used as a counterstain.

https://doi.org/10.1371/journal.pone.0231194.g001

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 4 / 15

https://doi.org/10.1371/journal.pone.0231194.g001
https://doi.org/10.1371/journal.pone.0231194


Fig 2. MG53 increases membrane repair capacity in N2a cells. (A) A multiphoton microscope was used to injure transfected Neuro2a cells transfected

with GFP or GFP tagged MG53. After injury, the GFP signal can be seen moving to the injury site in the GFP-MG53 cells, whereas no signal was detected in

the GFP control cells (B) Graphical representation of change of fluorescence at the injury site over time indicates that GFP-MG53 accumulates at the injury

site over the span of 1 minute, while the GFP injured cells become photobleached and fail to recover their signal at the site of injury (n = 8 per group). (C)

In the presence of lipophilic dye (FM 4–64) Neuro2a cells transfected with GFP or co-transfected with GFP and MG53 –MBP were injured with a

multiphoton microscope. Representative images show dye accumulating at the injury site and the change in fluorescence graph indicated that MG53

transfected cells show reduced dye intake when compared to GFP control. (D, E) Traces were analyzed using the area under the curve (AUC), and

compared using a t-test (n = 12 per group, �� = p>.001).

https://doi.org/10.1371/journal.pone.0231194.g002
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a strong fluorescent signal when bound to lipids within the cell membrane or the cytosol.

When multiphoton confocal laser microscopy is used to injure the membrane, the FM4-64

dye enters the cell and the fluorescent signal increases until the membrane reseals. Less dye

influx corresponds to more efficient membrane repair in the cell.

N2a cells were transfected with GFP-MG53 or GFP and then injured by the infrared laser

(Fig 2C). Quantification of the extent of FM4-64 dye entry in multiple cells shows that N2a

cells can effectively reseal their membrane as the dye influx will rapidly stabilize within 30 sec-

onds of the injury. We also find that transfection of GFP-MG53 accelerates membrane repair

in N2a cells as it does in other non-muscle cell types [23]. These results indicate that neural ori-

gin cells intrinsically display membrane repair in their cell bodies and that this membrane

repair can be accelerated by expression of TRIM72/MG53.

MG53 increases the membrane repair capacity of cultured neuronal cells

Given that neural cells display an effective membrane repair response and that this membrane

repair response can be accelerated by expressing TRIM72/MG53, we tested if rhMG53 can

increase the membrane repair capacity in primary isolated neurons, and cultured neural origin

cells. We first tested if treatment with rhMG53 before laser injury could improve membrane

repair in isolated mouse dorsal root ganglion (DRG) neurons (Fig 3A). We find that low dose

rhMG53 (1 μM) can increase membrane repair by significantly decreasing the influx of FM4-

64 dye (Fig 3B). We also find that the use of another membrane resealing agent, poloxamer

188 (P188) [46, 47], also increases membrane repair when applied to cultured DRG neurons

(Fig 3C), albeit when provided at a high dose (100 μM). These results show that primary neu-

rons have a membrane repair response and that it can be improved through application of

known membrane resealing agents.

While laser based injury is widely used to assess membrane repair capacity [20, 48–50] we

determined if other methods of neuronal injury could be affected by rhMG53. We used an

assay that mechanically injured N2a cells with glass microbeads. In this assay, the amount of

intracellular lactate dehydrogenase (LDH) that leaks into the extracellular space gives an indi-

cation of the extent of membrane repair in the cell population; less LDH release indicates more

effective membrane repair. Application of rhMG53 (1 μM) can improve membrane repair to

the same extent as a high dose of P188 (100 μM) following mechanical injury to N2a cells (Fig

3D). These findings indicate that neuronal cells can reseal following mechanical injury and that

these resealing agents can improve membrane repair resulting from other sources of injury.

rhMG53 increases regeneration after sciatic nerve crush injury in vivo
Since we observe that isolated neurons display membrane repair and that this repair response

can be improved with the application of rhMG53, we wanted to establish if there could be

therapeutic effects in vivo. To test this, we determined if rhMG53 can be effective at mitigating

damage to allow for increased nerve regeneration in a mouse model of sciatic nerve crush

injury. C57Bl/6J mice were anesthetized, and the sciatic nerve was surgically exposed to allow

for a 10 second mechanical crush injury. Immediately following the crush injury, 1μL of

rhMG53 (1mg/mL) or saline vehicle control was injected into the epineurium distal to the

crush site. At 3 days post-injury, the sciatic nerve was removed and fixed in paraformaldehyde

then immunostained for SCG10, a marker for regenerating axons [51, 52] (Fig 4A). The inten-

sity of SCG10 staining was quantified along the length of the sciatic nerve. rhMG53 treated

nerves were observed to have regenerating axons extending further than the saline treated

nerves (Fig 4B). A regeneration index was generated by calculating the distance from the crush

site at which the average intensity of SCG10 staining was half that at the crush site [53–55].
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There was a two-fold increase in regeneration of rhMG53 treated nerves when compared to saline

treated (Fig 4C). These findings indicate that rhMG53 treatment significantly increased regenera-

tion in the sciatic nerves compared to saline treated control nerves. This effect can be directly

linked to the presence of rhMG53, because at 3 days post-injury, rhMG53 was observed by immu-

nocytochemistry in the rhMG53 treated nerves while no MG53 immunostaining signal appeared

in the saline treated nerves (Fig 4D). Thus, the presence of rhMG53 in the nerve correlates with

an increased survival of neurons that allows for more robust regeneration at the crush injury.

Discussion

Our studies show that neurons have an endogenous membrane repair mechanism that is capa-

ble of forming a membrane repair patch in the cell body in response to various forms of cell

Fig 3. rhMG53 decreases membrane damage in vitro. (A-C) Dorsal root ganglion neurons were cultured for 5 days, and then incubated with a

lipophilic dye (FM 4–64) and injured in the presence of 1 μM rhMG53, 100μM P188, or control using a multiphoton microscope. (A) Representative

images before and after the injury event visualize dye influx at the site of injury. (B, C) Traces marking the change in fluorescence over time graph

indicated that rhMG53 and P188 treated cells show reduced dye intake when compared to control. Traces were analyzed using the area under the curve

(AUC), and compared using a t-test (�p<0.1, ���p<0.001, n = 8 per group). (D) Rotation damage assay using 100μm glass beads to damage Neuro2a

cells. rhMG53 treated cells have reduced LDH leakage, and thus greater resealing and mitigation of injury. (�p<0.1, ���p<0.001 n = 12 per group).

https://doi.org/10.1371/journal.pone.0231194.g003
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injury. These membrane repair patches are capable of restoring the barrier function of the

plasma membrane [17, 56]. We also find that overexpression of TRIM72/MG53 or the applica-

tion of rhMG53 can increase the membrane repair capacity of neurons in vitro and in vivo.

This capacity for rhMG53 to increase membrane repair in neurons translated to increased

regeneration in a mouse model of sciatic nerve injury. Since rhMG53 can compensate for

mechanical injury of N2a cells and laser injury of DRG cell bodies by increasing membrane

repair, we interpret this finding to mean that application of rhMG53 to the injured nerve

could potentially lead to increased cell survival and/or an overall decrease in the damage done

Fig 4. Treatment with rhMG53 significantly increases regeneration past the crush site. A) Longitudinal sections of sciatic nerves from mice that

received a crush injury and saline or rhMG53 were immunostained with SCG10. Treatment with rhMG53 increased SCG10 intensity distal to the crush

site by 3 dpi. Results are expressed as mean ± SEM. Significant for treatment (���p = 0.0006) and distance (��p = 0.009) by two-way ANOVA. B, C)

Treatment with rhMG53 increased the regeneration index. Results are expressed as mean ± SEM, ���p = 0.001, unpaired t test (n = 4 per group). D)

Longitudinal sections of sciatic nerves from mice that received a crush injury and saline or rhMG53 were immunostained with MG53. rhMG53 treated

nerves were observed to stain positive for MG53 distal to the crush site where injection occurred.

https://doi.org/10.1371/journal.pone.0231194.g004
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to neurons by the crush injury, which leads to increased regeneration or more effective regen-

eration. This hypothesis is supported by a growing list of evidence showing the benefits of

rhMG53 as a facilitator of membrane repair to treat various cellular injuries [7, 8, 25, 27, 57],

including ischemia/reperfusion, chemical, and damage resulting from genetic mutations such

as in muscular dystrophy mouse models.

Our results suggest that rhMG53 could potentially be used for a variety of neurotrauma

events and potentially various neurodegenerative diseases. We show that rhMG53 can be effec-

tive in the neuron cell body where it could contribute to the survival of the whole cell and not

just to projected axons. This makes rhMG53 a potential treatment for a neurotrauma like trau-

matic brain injury, spinal cord injury, or disruption of peripheral nerves. Outside the direct

increase of membrane repair capacity, there may be additional effects of rhMG53 that could be

beneficial in the treatment of neural injury. Injuries to the central nervous system are exacer-

bated by various inflammatory responses of the immune system [58, 59]. Previous studies sug-

gest that following lipopolysaccharide-induced neural toxicity, the application of rhMG53

reduced microglial activation [60]. While an exact mechanism for this effect is not known, this

capacity may allow rhMG53 to both dampen the immune response, as well as increase mem-

brane repair, which would increase its value as a therapeutic for treating injuries to the nervous

system. This concept is supported in a rat stroke model, where rats subjected to a brief ische-

mia/reperfusion event and then treated with rhMG53, show a smaller infarct area [61]. That

study and our nerve crush model both showed efficacy when rhMG53 was applied immedi-

ately post-injury. This is an important finding because it shows that there is potential for the

use of rhMG53 as a therapy since treatment for an injury must be effective after an injury

occurs. Glial cells play an important role the regeneration process [62], which could lead to

future studies investigating if there are benefits to increasing membrane repair in glial cells or

other non-neuron cell types in the nervous system.

We were unable to find TRIM72/MG53 protein expression in any of the neural tissues that

we examined. While there is no native TRIM72/MG53 in these tissues, the overexpression of

TRIM72/MG53 or delivery of rhMG53 can increase membrane repair. This suggests that

TRIM72/MG53 is interacting with conserved membrane repair machinery present in many

different cell types to accelerate the membrane repair process when it is necessary to improve

membrane repair and allow for cell survival. It is also possible that there are other proteins that

function in membrane repair in neurons that have yet to be discovered. Future studies of the

neuron membrane repair process will help to determine if there are other proteins that can be

linked to this process in neurons.

While our results and previous studies show that rhMG53 can increase membrane repair

capacity and reduce the effects of injury, the long-term effects of treatment with this protein

are unknown. Recent studies suggest that circulating levels of native TRIM72/MG53 protein

can affect insulin sensitivity and metabolic homeostasis [63]. These potential issues would

be less of a concern for treating neural injuries where there is an acute injury that does not

require prolonged application of the protein. In any case, it may prove to be more beneficial

to target the endogenous membrane repair mechanism in neurons through different means.

Our results, supported by other studies [64], also indicate that P188 can be effective at

increasing neural membrane repair, so it may represent another potential therapeutic

approach.

Our study focuses on the impact of increasing the membrane repair capacity in the nervous

system. We used rhMG53 to increase the repair capacity in neurons and found that increasing

membrane repair in a sciatic nerve crush model extended the length of regenerating neurons.

This could address multiple unmet needs in treating diseases and injuries to the nervous sys-

tem so future studies will address the efficacy of such approaches.
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Materials and methods

Mice

C57Bl/6J were bred and maintained in standardized conditions at 22 ± 2C under a 12-hr/

12-hr light cycle (lights on at 7 a.m. EST). All experimental procedures were approved by The

Ohio State University Institutional Animal Care and Use Committee. Animals were main-

tained in accordance with the recommendations of the NIH Guide for the Care and Use of

Laboratory Animals.

Western blotting

Tissue was taken from adult mice and extracted using Radioimmunoprecipitation Assay buffer

(RIPA; Cell Signaling Technology, Danvers, MA, USA). Protein concentrations were deter-

mined in accordance with the standard Bradford Assay using bovine serum albumin (BSA)

standards. Protein samples (10μg/lane skeletal muscle; 40μg/lane spinal cord, brain, and sciatic

nerve; 5n g/lane rhMG53) were separated by SDS-PAGE at room temperature on 10% gels at

150 V and were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Blots

were stained with Ponceau S (Boston Bioproducts, Ashland, MA, USA) to visualize total pro-

tein. Blots were probed for TRIM72/MG53 with a custom polyclonal antibody (Pacific Immu-

nology, San Diego, CA, USA), and anti-rabbit horseradish peroxidase (HRP)–conjugated

secondary antibodies (Cell Signaling Technology). The blots were developed using enhanced

chemiluminescence (ECL) substrate (Bio-Rad). An Azure Biosystems imager was used to visu-

alize chemiluminescent blots.

Membrane damage assays

Laser injury. Neuro2a (American Type Culture Collection (ATCC), Manassas, VA, USA)

cells were cultured in DMEM (SIGMA, St. Louis, MO, USA) containing 10% FBS (VWR Inter-

national, Radnor, PA, USA), 1x penicillin-streptomycin-glutamine (Life Technologies, Carls-

bad, CA, USA). Membrane damage was induced in Tyrode’s solution with 2.0 mM Ca2+, using

the Olympus FV1000 multi-photon laser scanning confocal system. For laser injury measure-

ments, injury was induced in the presence of 2.5 μM FM4-64 fluorescent lipophilic dye (Life

Technologies). rhMG53 protein was dissolved in saline solution and used at 1μM concentra-

tion. A circular area was selected along the edge of the cell membrane and irradiated at 20%

laser power for 5 s. Pre- and post-damage images were captured every 3 s, continuing for 57 s.

The extent of membrane damage was analyzed using ImageJ software, by measuring the fluo-

rescence intensity encompassing the site of damage. To preclude any potential for bias, all of

the experiments were performed in a blinded fashion.

Mouse cervical, thoracic, and lumbar DRG neurons were dissected from CO2 asphyxiated

adult mice and dissociated using Dispase ll (10mg/ml; SIGMA) and Collagenase type 1

(500 μg/ml; Worthington Biochemical Corp., Lakewood, NJ, USA) for three separate 45min

incubations at 37˚C. Next, DRG were triturated in 0.5 ml of HBSS media, and centrifuged at

3000 rpm for 3 min. The neuron-enriched pellet was resuspended in 0.1 ml of primary neuro-

nal growth media (LONZA, Basel, Switzerland). Neurons were plated onto coverslips pre-

coated with poly-L-lysine (0.1 mg/ml; SIGMA) and laminin (10 μg/ml; SIGMA). DRG neu-

rons grew for 5 days at 37˚C in a 5% CO2 humidified incubator. After 5 days the neurons were

treated as described above for laser injury.

Rotation damage assay. Using aseptic techniques, 1x105 Neuro2a cells were plated into

2mL micro-centrifuge (VWR International) tubes and incubated at 37˚ and 5% CO2 for 18

hours in 500μL complete medium. After the cells adhered to the bottom of the tube the cells
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were washed with 200μL PBS. Following the initial wash, 200μL of 2mM Ca2+ Tyrode’s solu-

tion and 20μL of�106μm glass beads (~4.20 mg) (SIGMA) were added to the culture tubes.

All tubes were sealed with parafilm and rotated 360˚, 15 times, ~4 seconds per revolution,

using a Fisher Scientific Hematology/Chemistry Mixer 346. Following these rotations, 10μL of

the supernatant from each sample was transferred to a 96 well plate with technical duplicates.

Lactate dehydrogenase (LDH) levels in these samples were determined using a commercial

colorimetric assay kit per manufacturer’s instructions (Takara, Japan; MK401). A set of tubes

were lysed using 2% Triton X-100 (Sigma) to provide a maximum LDH release level that was

used to normalize the data. All experimental conditions were performed in triplicate. For a no

damage control glass beads were not added to the sample and the tubes were not inverted.

Immunostaining procedures

Mice were euthanized by use of CO2 asphyxiation followed by cervical dislocation, and spinal

cord and tibialis anterior muscles were extracted. Tissue was then fixed with 10% phosphate

buffered formalin, followed by a 24 hour incubation with 70% ethanol. Tissue was then

embedded in paraffin (Thermo) and 12μm sections were mounted on SuperFrost Plus slides

(Fisher Scientific, Hampton, NH, USA). Slides were deparaffinized through changes of xylene

and rehydrated through decreasing concentration of ethanol. Antigen retrieval was then per-

formed using Citra Plus Solution (Biogenex, CA, USA). Slides were rinsed with PBS and incu-

bated with a 2.5% BSA (SIGMA) blocking solution for 1 h. Sections were then washed and

incubated overnight with TRIM72/MG53 (custom rabbit polyclonal antibody generated

Pacific Immunology) (24), dysferlin (Leica Biosystems, IL, USA), beta-III Tubulin (Novus

Biologicals, Littleton, CO, USA) and a 488-conjugated goat anti-rabbit IgG antibody, 568-con-

jugated goat anti-chicken IgG antibody, or 568-conjugated goat anti-mouse IgG antibody (Life

Technologies).

Mice were euthanized and perfused by transcardial perfusion with PBS followed by 4%

paraformaldehyde in PBS. Nerves were post-fixed in paraformaldehyde for two hours, rinsed

in PBS, and then stored in 30% sucrose in PBS at 4˚C. Sciatic nerves were embedded in opti-

mal cutting temperature compound (OCT; VWR International) and frozen at -80˚C; 12μm

sections were cut using a cryostat and thaw-mounted on SuperFrost Plus slides (Fisher Scien-

tific), then stored at -20˚C until use. After drying at RT˚, slides were rinsed with PBS and incu-

bated with a 2.5% BSA (SIGMA) blocking solution for 1 h. Sections were then washed and

incubated overnight with TRIM72/MG53 (Pacific Immunology), SCG10 (Novus Biologicals),

and a 488-conjugated goat anti-rabbit IgG antibody, or 568-conjugated goat anti-rabbit IgG

antibody (Life Technologies).

Surgical procedures

Four month old male C57Bl/6 mice were anesthetized (80 mg/kg ketamine; 10 mg/kg xylazine)

then, following shaving and aseptic preparation of the right hind leg, a Dumont #5 forceps was

used to crush (10 s duration) the sciatic nerve. The site of nerve injury was marked by charcoal.

1μL of rhMG53 (1mg/mL) or saline vehicle control was injected into the epineurium, distal to

the crush site. The 1mg/ml dose was selected to produce these therapeutic levels in the target

tissue [23] by accounting for dilution in the endoneurial fluid, leakage from the crush site, and

quick diffusion at the crush site. The muscle/fascia layer was pulled together and the skin was

sealed with a single wound clip. Three days after crush injury, mice were perfused, and the sci-

atic nerves were harvested and prepared for histology as described above.

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 11 / 15

https://doi.org/10.1371/journal.pone.0231194


Supporting information

S1 Raw images.

(PDF)

Acknowledgments

Images presented in this report were generated using the instruments and services at the Cam-

pus Microscopy and Imaging Facility, The Ohio State University.

Author Contributions

Conceptualization: Brian J. Paleo, Jessica K. Lerch, Noah Weisleder.

Formal analysis: Brian J. Paleo, Kathryn M. Madalena, Thomas A. Kwiatkowski, Aubrey L.

Rose.

Funding acquisition: Jessica K. Lerch, Noah Weisleder.

Investigation: Brian J. Paleo, Kathryn M. Madalena, Rohan Mital, Thomas A. Kwiatkowski,

Aubrey L. Rose, Jessica K. Lerch.

Resources: Jessica K. Lerch, Noah Weisleder.

Visualization: Brian J. Paleo, Kathryn M. Madalena, Kevin E. McElhanon.

Writing – original draft: Brian J. Paleo, Noah Weisleder.

Writing – review & editing: Brian J. Paleo, Jessica K. Lerch, Noah Weisleder.

References
1. Xie W, Strong JA, Zhang JM. Active Nerve Regeneration with Failed Target Reinnervation Drives Per-

sistent Neuropathic Pain. eNeuro. 4 2017.

2. TM B. Motor Axons Preferentially Reinnervate Motor Pathways. The Journal of neuroscience: the offi-

cial journal of the Society for Neuroscience. 1993; 13(6).

3. B TM, M MM. Transganglionic Demonstration of Central Sensory Projections From Skin and Muscle

With HRP-lectin Conjugates. Neuroscience letters. 1980; 17(1–2).

4. Cao CM, Zhang Y, Weisleder N, Ferrante C, Wang X, Lv F, et al. MG53 constitutes a primary determi-

nant of cardiac ischemic preconditioning. Circulation. 2010; 121(23):2565–74. https://doi.org/10.1161/

CIRCULATIONAHA.110.954628 PMID: 20516375

5. Wang X, Xie W, Zhang Y, Lin P, Han L, Han P, et al. Cardioprotection of ischemia/reperfusion injury by

cholesterol-dependent MG53-mediated membrane repair. Circ Res. 2010; 107(1):76–83. https://doi.

org/10.1161/CIRCRESAHA.109.215822 PMID: 20466981

6. Kim SC, Kellett T, Wang S, Nishi M, Nagre N, Zhou B, et al. TRIM72 is required for effective repair of

alveolar epithelial cell wounding. Am J Physiol Lung Cell Mol Physiol. 2014; 307(6):L449–59. https://

doi.org/10.1152/ajplung.00172.2014 PMID: 25106429

7. Jia Y, Chen K, Lin P, Lieber G, Nishi M, Yan R, et al. Treatment of acute lung injury by targeting MG53-

mediated cell membrane repair. Nat Commun. 2014; 5:4387. https://doi.org/10.1038/ncomms5387

PMID: 25034454

8. Duann P, Li H, Lin P, Tan T, Wang Z, Chen K, et al. MG53-mediated cell membrane repair protects

against acute kidney injury. Sci Transl Med. 2015; 7(279):279ra36. https://doi.org/10.1126/

scitranslmed.3010755 PMID: 25787762

9. McNeil PL, Miyake K, Vogel SS. The endomembrane requirement for cell surface repair. Proc Natl

Acad Sci U S A. 2003; 100(8):4592–7. https://doi.org/10.1073/pnas.0736739100 PMID: 12672953

10. Togo T, Krasieva TB, Steinhardt RA. A Decrease in Membrane Tension Precedes Successful Cell-

Membrane Repair. Mol Biol Cell. 11 2000. p. 4339–46. https://doi.org/10.1091/mbc.11.12.4339 PMID:

11102527

11. McNeil PL, Steinhardt RA. Loss, Restoration, and Maintenance of Plasma Membrane Integrity. J Cell

Biol. 1997; 137(1):1–4. https://doi.org/10.1083/jcb.137.1.1 PMID: 9105031

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231194.s001
https://doi.org/10.1161/CIRCULATIONAHA.110.954628
https://doi.org/10.1161/CIRCULATIONAHA.110.954628
http://www.ncbi.nlm.nih.gov/pubmed/20516375
https://doi.org/10.1161/CIRCRESAHA.109.215822
https://doi.org/10.1161/CIRCRESAHA.109.215822
http://www.ncbi.nlm.nih.gov/pubmed/20466981
https://doi.org/10.1152/ajplung.00172.2014
https://doi.org/10.1152/ajplung.00172.2014
http://www.ncbi.nlm.nih.gov/pubmed/25106429
https://doi.org/10.1038/ncomms5387
http://www.ncbi.nlm.nih.gov/pubmed/25034454
https://doi.org/10.1126/scitranslmed.3010755
https://doi.org/10.1126/scitranslmed.3010755
http://www.ncbi.nlm.nih.gov/pubmed/25787762
https://doi.org/10.1073/pnas.0736739100
http://www.ncbi.nlm.nih.gov/pubmed/12672953
https://doi.org/10.1091/mbc.11.12.4339
http://www.ncbi.nlm.nih.gov/pubmed/11102527
https://doi.org/10.1083/jcb.137.1.1
http://www.ncbi.nlm.nih.gov/pubmed/9105031
https://doi.org/10.1371/journal.pone.0231194


12. Togo T, Alderton JM, Bi GQ, Steinhardt RA. The mechanism of facilitated cell membrane resealing. J

Cell Sci. 1999; 112 (Pt 5):719–31.

13. Castro-Gomes T, Koushik AB, Andrews NW. ESCRT: nipping the wound in the bud? Trends Biochem

Sci. 2014; 39(7):307–9. https://doi.org/10.1016/j.tibs.2014.06.001 PMID: 24957736

14. Castro-Gomes T, Corrotte M, Tam C, Andrews NW. Plasma Membrane Repair Is Regulated Extracellu-

larly by Proteases Released from Lysosomes. PLoS One. 2016; 11(3):e0152583. https://doi.org/10.

1371/journal.pone.0152583 PMID: 27028538

15. Demonbreun AR, Quattrocelli M, Barefield DY, Allen MV, Swanson KE, McNally EM. An actin-depen-

dent annexin complex mediates plasma membrane repair in muscle. J Cell Biol. 2016; 213(6):705–18.

https://doi.org/10.1083/jcb.201512022 PMID: 27298325

16. Cooper ST, Head SI. Membrane Injury and Repair in the Muscular Dystrophies. Neuroscientist. 2014.

https://doi.org/10.1177/1073858414558336 PMID: 25406223

17. Steinhardt RA, Bi G, Alderton JM. Cell membrane resealing by a vesicular mechanism similar to neurotrans-

mitter release. Science. 1994; 263(5145):390–3. https://doi.org/10.1126/science.7904084 PMID: 7904084

18. Detrait E, Eddleman CS, Yoo S, Fukuda M, Nguyen MP, Bittner GD, et al. Axolemmal repair requires

proteins that mediate synaptic vesicle fusion. J Neurobiol. 2000; 44(4):382–91. https://doi.org/10.1002/

1097-4695(20000915)44:4<382::aid-neu2>3.0.co;2-q PMID: 10945894

19. Yoo S, Nguyen MP, Fukuda M, Bittner GD, Fishman HM. Plasmalemmal sealing of transected mamma-

lian neurites is a gradual process mediated by Ca(2+)-regulated proteins. J Neurosci Res. 2003; 74

(4):541–51. https://doi.org/10.1002/jnr.10771 PMID: 14598298

20. Cai C, Masumiya H, Weisleder N, Matsuda N, Nishi M, Hwang M, et al. MG53 nucleates assembly of

cell membrane repair machinery. Nat Cell Biol. 2009; 11(1):56–64. https://doi.org/10.1038/ncb1812

PMID: 19043407

21. Cai C, Masumiya H, Weisleder N, Pan Z, Nishi M, Komazaki S, et al. MG53 regulates membrane bud-

ding and exocytosis in muscle cells. J Biol Chem. 2009; 284(5):3314–22. https://doi.org/10.1074/jbc.

M808866200 PMID: 19029292

22. Yao W, Li H, Han X, Chen C, Zhang Y, Tai WL, et al. MG53 anchored by dysferlin to cell membrane

reduces hepatocyte apoptosis which induced by ischaemia/reperfusion injury in vivo and in vitro. J Cell

Mol Med. 2017; 21(10):2503–13. https://doi.org/10.1111/jcmm.13171 PMID: 28401647

23. Weisleder N, Takizawa N, Lin P, Wang X, Cao C, Zhang Y, et al. Recombinant MG53 protein modulates

therapeutic cell membrane repair in treatment of muscular dystrophy. Sci Transl Med. 2012; 4

(139):139ra85. https://doi.org/10.1126/scitranslmed.3003921 PMID: 22723464

24. Gushchina LV, Bhattacharya S, McElhanon KE, Choi JH, Manring H, Beck EX, et al. Treatment with

Recombinant Human MG53 Protein Increases Membrane Integrity in a Mouse Model of Limb Girdle

Muscular Dystrophy 2B. Mol Ther. 2017; 25(10):2360–71. https://doi.org/10.1016/j.ymthe.2017.06.025

PMID: 28750735

25. Corona BT, Garg K, Roe JL, Zhu H, Park KH, Ma J, et al. Effect of recombinant human MG53 protein on

tourniquet-induced ischemia-reperfusion injury in rat muscle. Muscle Nerve. 2014; 49(6):919–21.

https://doi.org/10.1002/mus.24160 PMID: 24395153

26. Zhu H, Hou J, Roe JL, Park KH, Tan T, Zheng Y, et al. Amelioration of ischemia-reperfusion-induced

muscle injury by the recombinant human MG53 protein. Muscle Nerve. 2015; 52(5):852–8. https://doi.

org/10.1002/mus.24619 PMID: 25703692

27. Liu J, Zhu H, Zheng Y, Xu Z, Li L, Tan T, et al. Cardioprotection of recombinant human MG53 protein in

a porcine model of ischemia and reperfusion injury. J Mol Cell Cardiol. 2015; 80:10–9. https://doi.org/

10.1016/j.yjmcc.2014.12.010 PMID: 25533937

28. Nagre N, Cong X, Ji HL, Schreiber JM, Fu H, Pepper I, et al. Inhaled TRIM72 Protein Protects Ventila-

tion Injury to the Lung through Injury-guided Cell Repair. Am J Respir Cell Mol Biol. 2018.

29. Towler MC, Kaufman SJ, Brodsky FM. Membrane traffic in skeletal muscle. Traffic. 2004; 5(3):129–39.

https://doi.org/10.1111/j.1600-0854.2003.00164.x PMID: 15086789

30. McNeil PL, Ito S. Gastrointestinal cell plasma membrane wounding and resealing in vivo. Gastroenterol-

ogy. 1989; 96(5 Pt 1):1238–48. https://doi.org/10.1016/s0016-5085(89)80010-1 PMID: 2703112

31. Gajic O, Lee J, Doerr CH, Berrios JC, Myers JL, Hubmayr RD. Ventilator-induced cell wounding and

repair in the intact lung. Am J Respir Crit Care Med. 2003; 167(8):1057–63. https://doi.org/10.1164/

rccm.200208-889OC PMID: 12480613

32. Jaiswal JK, Lauritzen SP, Scheffer L, Sakaguchi M, Bunkenborg J, Simon SM, et al. S100A11 is

required for efficient plasma membrane repair and survival of invasive cancer cells. Nat Commun.

2014; 5:3795. https://doi.org/10.1038/ncomms4795 PMID: 24806074

33. Doherty KR, McNally EM. Repairing the tears: dysferlin in muscle membrane repair. Trends Mol Med.

2003; 9(8):327–30. https://doi.org/10.1016/s1471-4914(03)00136-9 PMID: 12928033

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 13 / 15

https://doi.org/10.1016/j.tibs.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24957736
https://doi.org/10.1371/journal.pone.0152583
https://doi.org/10.1371/journal.pone.0152583
http://www.ncbi.nlm.nih.gov/pubmed/27028538
https://doi.org/10.1083/jcb.201512022
http://www.ncbi.nlm.nih.gov/pubmed/27298325
https://doi.org/10.1177/1073858414558336
http://www.ncbi.nlm.nih.gov/pubmed/25406223
https://doi.org/10.1126/science.7904084
http://www.ncbi.nlm.nih.gov/pubmed/7904084
https://doi.org/10.1002/1097-4695(20000915)44:4<382::aid-neu2>3.0.co;2-q
https://doi.org/10.1002/1097-4695(20000915)44:4<382::aid-neu2>3.0.co;2-q
http://www.ncbi.nlm.nih.gov/pubmed/10945894
https://doi.org/10.1002/jnr.10771
http://www.ncbi.nlm.nih.gov/pubmed/14598298
https://doi.org/10.1038/ncb1812
http://www.ncbi.nlm.nih.gov/pubmed/19043407
https://doi.org/10.1074/jbc.M808866200
https://doi.org/10.1074/jbc.M808866200
http://www.ncbi.nlm.nih.gov/pubmed/19029292
https://doi.org/10.1111/jcmm.13171
http://www.ncbi.nlm.nih.gov/pubmed/28401647
https://doi.org/10.1126/scitranslmed.3003921
http://www.ncbi.nlm.nih.gov/pubmed/22723464
https://doi.org/10.1016/j.ymthe.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28750735
https://doi.org/10.1002/mus.24160
http://www.ncbi.nlm.nih.gov/pubmed/24395153
https://doi.org/10.1002/mus.24619
https://doi.org/10.1002/mus.24619
http://www.ncbi.nlm.nih.gov/pubmed/25703692
https://doi.org/10.1016/j.yjmcc.2014.12.010
https://doi.org/10.1016/j.yjmcc.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25533937
https://doi.org/10.1111/j.1600-0854.2003.00164.x
http://www.ncbi.nlm.nih.gov/pubmed/15086789
https://doi.org/10.1016/s0016-5085(89)80010-1
http://www.ncbi.nlm.nih.gov/pubmed/2703112
https://doi.org/10.1164/rccm.200208-889OC
https://doi.org/10.1164/rccm.200208-889OC
http://www.ncbi.nlm.nih.gov/pubmed/12480613
https://doi.org/10.1038/ncomms4795
http://www.ncbi.nlm.nih.gov/pubmed/24806074
https://doi.org/10.1016/s1471-4914(03)00136-9
http://www.ncbi.nlm.nih.gov/pubmed/12928033
https://doi.org/10.1371/journal.pone.0231194


34. Bansal D, Miyake K, Vogel SS, Groh S, Chen CC, Williamson R, et al. Defective membrane repair in

dysferlin-deficient muscular dystrophy. Nature. 2003; 423(6936):168–72. https://doi.org/10.1038/

nature01573 PMID: 12736685

35. Bazan NG, Marcheselli VL, Cole-Edwards K. Brain response to injury and neurodegeneration: endoge-

nous neuroprotective signaling. Ann N Y Acad Sci. 2005; 1053:137–47. PMID: 16179516

36. Mina EW, Lasagna-Reeves C, Glabe CG, Kayed R. Poloxamer 188 copolymer membrane sealant res-

cues toxicity of amyloid oligomers in vitro. J Mol Biol. 2009; 391(3):577–85. https://doi.org/10.1016/j.

jmb.2009.06.024 PMID: 19524592

37. Chase TH, Cox GA, Burzenski L, Foreman O, Shultz LD. Dysferlin deficiency and the development of

cardiomyopathy in a mouse model of limb-girdle muscular dystrophy 2B. Am J Pathol. 2009; 175

(6):2299–308. https://doi.org/10.2353/ajpath.2009.080930 PMID: 19875504

38. Cooper ST, Kizana E, Yates JD, Lo HP, Yang N, Wu ZH, et al. Dystrophinopathy carrier determination

and detection of protein deficiencies in muscular dystrophy using lentiviral MyoD-forced myogenesis.

Neuromuscul Disord. 2007; 17(4):276–84. https://doi.org/10.1016/j.nmd.2006.12.010 PMID: 17303423

39. Jaiswal JK, Marlow G, Summerill G, Mahjneh I, Mueller S, Hill M, et al. Patients with a non-dysferlin

Miyoshi myopathy have a novel membrane repair defect. Traffic. 2007; 8(1):77–88. https://doi.org/10.

1111/j.1600-0854.2006.00505.x PMID: 17132147

40. van der Kooi AJ, Frankhuizen WS, Barth PG, Howeler CJ, Padberg GW, Spaans F, et al. Limb-girdle

muscular dystrophy in the Netherlands: gene defect identified in half the families. Neurology. 2007; 68

(24):2125–8. https://doi.org/10.1212/01.wnl.0000264853.40735.3b PMID: 17562833

41. Wenzel K, Geier C, Qadri F, Hubner N, Schulz H, Erdmann B, et al. Dysfunction of dysferlin-deficient

hearts. J Mol Med (Berl). 2007; 85(11):1203–14.

42. Lemckert FA, Bournazos A, Eckert DM, Kenzler M, Hawkes JM, Butler TL, et al. Lack of MG53 in

human heart precludes utility as a biomarker of myocardial injury or endogenous cardioprotective factor.

Cardiovasc Res. 2016; 110(2):178–87. https://doi.org/10.1093/cvr/cvw017 PMID: 26790476

43. Hendricks BK, Shi R. Mechanisms of neuronal membrane sealing following mechanical trauma. Neu-

rosci Bull. 30 2014. p. 627–44. https://doi.org/10.1007/s12264-013-1446-4 PMID: 24993771

44. Bittner GD, Spaeth CS, Poon AD, Burgess ZS, McGill CH. Repair of traumatic plasmalemmal damage

to neurons and other eukaryotic cells. Neural Regen Res. 2016; 11(7):1033–42. https://doi.org/10.

4103/1673-5374.187019 PMID: 27630671

45. Zhu H, Lin P, De G, Choi KH, Takeshima H, Weisleder N, et al. Polymerase transcriptase release factor

(PTRF) anchors MG53 protein to cell injury site for initiation of membrane repair. J Biol Chem. 2011;

286(15):12820–4. https://doi.org/10.1074/jbc.C111.221440 PMID: 21343302

46. Houang EM, Haman KJ, Filareto A, Perlingeiro RC, Bates FS, Lowe DA, et al. Membrane-stabilizing

copolymers confer marked protection to dystrophic skeletal muscle in vivo. Mol Ther Methods Clin Dev.

2015; 2:15042. https://doi.org/10.1038/mtm.2015.42 PMID: 26623440

47. Moloughney JG, Weisleder N. Poloxamer 188 (p188) as a membrane resealing reagent in biomedical

applications. Recent Pat Biotechnol. 2012; 6(3):200–11. https://doi.org/10.2174/

1872208311206030200 PMID: 23092436

48. Lee JJA, Maruyama R, Sakurai H, Yokota T. Cell Membrane Repair Assay Using a Two-photon Laser

Microscope. J Vis Exp. 2018(131).

49. Sreetama SC, Chandra G, Van der Meulen JH, Ahmad MM, Suzuki P, Bhuvanendran S, et al. Mem-

brane Stabilization by Modified Steroid Offers a Potential Therapy for Muscular Dystrophy Due to Dys-

ferlin Deficit. Mol Ther. 2018; 26(9):2231–42. https://doi.org/10.1016/j.ymthe.2018.07.021 PMID:

30166241

50. Quattrocelli M, Salamone IM, Page PG, Warner JL, Demonbreun AR, McNally EM. Intermittent Gluco-

corticoid Dosing Improves Muscle Repair and Function in Mice with Limb-Girdle Muscular Dystrophy.

Am J Pathol. 2017; 187(11):2520–35. https://doi.org/10.1016/j.ajpath.2017.07.017 PMID: 28823869

51. Parsegian VA, Rand RP, Gingell D. Lessons for the study of membrane fusion from membrane interac-

tions in phospholipid systems. Ciba Found Symp. 1984; 103:9–27. https://doi.org/10.1002/

9780470720844.ch2 PMID: 6561140

52. Shin JE, Geisler S, DiAntonio A. Dynamic regulation of SCG10 in regenerating axons after injury. Exp

Neurol. 2014; 252:1–11. https://doi.org/10.1016/j.expneurol.2013.11.007 PMID: 24246279

53. Lerch JK, Alexander JK, Madalena KM, Motti D, Quach T, Dhamija A, et al. Stress Increases Peripheral

Axon Growth and Regeneration through Glucocorticoid Receptor-Dependent Transcriptional Programs.

eNeuro. 4 2017.

54. Abe N, Borson SH, Gambello MJ, Wang F, Cavalli V. Mammalian target of rapamycin (mTOR) activa-

tion increases axonal growth capacity of injured peripheral nerves. J Biol Chem. 2010; 285(36):28034–

43. https://doi.org/10.1074/jbc.M110.125336 PMID: 20615870

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 14 / 15

https://doi.org/10.1038/nature01573
https://doi.org/10.1038/nature01573
http://www.ncbi.nlm.nih.gov/pubmed/12736685
http://www.ncbi.nlm.nih.gov/pubmed/16179516
https://doi.org/10.1016/j.jmb.2009.06.024
https://doi.org/10.1016/j.jmb.2009.06.024
http://www.ncbi.nlm.nih.gov/pubmed/19524592
https://doi.org/10.2353/ajpath.2009.080930
http://www.ncbi.nlm.nih.gov/pubmed/19875504
https://doi.org/10.1016/j.nmd.2006.12.010
http://www.ncbi.nlm.nih.gov/pubmed/17303423
https://doi.org/10.1111/j.1600-0854.2006.00505.x
https://doi.org/10.1111/j.1600-0854.2006.00505.x
http://www.ncbi.nlm.nih.gov/pubmed/17132147
https://doi.org/10.1212/01.wnl.0000264853.40735.3b
http://www.ncbi.nlm.nih.gov/pubmed/17562833
https://doi.org/10.1093/cvr/cvw017
http://www.ncbi.nlm.nih.gov/pubmed/26790476
https://doi.org/10.1007/s12264-013-1446-4
http://www.ncbi.nlm.nih.gov/pubmed/24993771
https://doi.org/10.4103/1673-5374.187019
https://doi.org/10.4103/1673-5374.187019
http://www.ncbi.nlm.nih.gov/pubmed/27630671
https://doi.org/10.1074/jbc.C111.221440
http://www.ncbi.nlm.nih.gov/pubmed/21343302
https://doi.org/10.1038/mtm.2015.42
http://www.ncbi.nlm.nih.gov/pubmed/26623440
https://doi.org/10.2174/1872208311206030200
https://doi.org/10.2174/1872208311206030200
http://www.ncbi.nlm.nih.gov/pubmed/23092436
https://doi.org/10.1016/j.ymthe.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30166241
https://doi.org/10.1016/j.ajpath.2017.07.017
http://www.ncbi.nlm.nih.gov/pubmed/28823869
https://doi.org/10.1002/9780470720844.ch2
https://doi.org/10.1002/9780470720844.ch2
http://www.ncbi.nlm.nih.gov/pubmed/6561140
https://doi.org/10.1016/j.expneurol.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24246279
https://doi.org/10.1074/jbc.M110.125336
http://www.ncbi.nlm.nih.gov/pubmed/20615870
https://doi.org/10.1371/journal.pone.0231194


55. Cho Y, Sloutsky R, Naegle KM, Cavalli V. Injury-induced HDAC5 nuclear export is essential for axon

regeneration. Cell. 2013; 155(4):894–908. https://doi.org/10.1016/j.cell.2013.10.004 PMID: 24209626

56. Krause TL, Fishman HM, Ballinger ML, Bittner GD. Extent and mechanism of sealing in transected

giant axons of squid and earthworms. J Neurosci. 1994; 14(11 Pt 1):6638–51. https://doi.org/10.1523/

JNEUROSCI.14-11-06638.1994 PMID: 7965066

57. Li H, Duann P, Lin PH, Zhao L, Fan Z, Tan T, et al. Modulation of wound healing and scar formation by

MG53 protein-mediated cell membrane repair. J Biol Chem. 2015; 290(40):24592–603. https://doi.org/

10.1074/jbc.M115.680074 PMID: 26306047

58. Anwar MA, Al Shehabi TS, Eid AH. Inflammogenesis of Secondary Spinal Cord Injury. Front Cell Neu-

rosci. 2016; 10:98. https://doi.org/10.3389/fncel.2016.00098 PMID: 27147970

59. Shi K, Zhang J, Dong JF, Shi FD. Dissemination of brain inflammation in traumatic brain injury. Cell Mol

Immunol. 2019; 16(6):523–30. https://doi.org/10.1038/s41423-019-0213-5 PMID: 30846842

60. Guan F, Zhou X, Li P, Wang Y, Liu M, Li F, et al. MG53 attenuates lipopolysaccharide-induced neuro-

toxicity and neuroinflammation via inhibiting TLR4/NF-κB pathway in vitro and in vivo. Prog Neuropsy-

chopharmacol Biol Psychiatry. 2019; 95:109684. https://doi.org/10.1016/j.pnpbp.2019.109684 PMID:

31260721

61. Yao Y, Zhang B, Zhu H, Li H, Han Y, Chen K, et al. MG53 permeates through blood-brain barrier to pro-

tect ischemic brain injury. Oncotarget. 2016; 7(16):22474–85. https://doi.org/10.18632/oncotarget.7965

PMID: 26967557

62. Torii T, Miyamoto Y, Yamauchi J. Cellular Signal-Regulated Schwann Cell Myelination and Remyelina-

tion. Adv Exp Med Biol. 2019; 1190:3–22. https://doi.org/10.1007/978-981-32-9636-7_1 PMID:

31760634

63. Wu HK, Zhang Y, Cao CM, Hu X, Fang M, Yao Y, et al. Glucose-Sensitive Myokine/Cardiokine MG53

Regulates Systemic Insulin Response and Metabolic Homeostasis. Circulation. 2019; 139(7):901–14.

https://doi.org/10.1161/CIRCULATIONAHA.118.037216 PMID: 30586741

64. Gu JH, Ge JB, Li M, Xu HD, Wu F, Qin ZH. Poloxamer 188 protects neurons against ischemia/reperfu-

sion injury through preserving integrity of cell membranes and blood brain barrier. PLoS One. 2013; 8

(4):e61641. https://doi.org/10.1371/journal.pone.0061641 PMID: 23613890

PLOS ONE Enhancing membrane repair in neurons

PLOS ONE | https://doi.org/10.1371/journal.pone.0231194 April 9, 2020 15 / 15

https://doi.org/10.1016/j.cell.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24209626
https://doi.org/10.1523/JNEUROSCI.14-11-06638.1994
https://doi.org/10.1523/JNEUROSCI.14-11-06638.1994
http://www.ncbi.nlm.nih.gov/pubmed/7965066
https://doi.org/10.1074/jbc.M115.680074
https://doi.org/10.1074/jbc.M115.680074
http://www.ncbi.nlm.nih.gov/pubmed/26306047
https://doi.org/10.3389/fncel.2016.00098
http://www.ncbi.nlm.nih.gov/pubmed/27147970
https://doi.org/10.1038/s41423-019-0213-5
http://www.ncbi.nlm.nih.gov/pubmed/30846842
https://doi.org/10.1016/j.pnpbp.2019.109684
http://www.ncbi.nlm.nih.gov/pubmed/31260721
https://doi.org/10.18632/oncotarget.7965
http://www.ncbi.nlm.nih.gov/pubmed/26967557
https://doi.org/10.1007/978-981-32-9636-7_1
http://www.ncbi.nlm.nih.gov/pubmed/31760634
https://doi.org/10.1161/CIRCULATIONAHA.118.037216
http://www.ncbi.nlm.nih.gov/pubmed/30586741
https://doi.org/10.1371/journal.pone.0061641
http://www.ncbi.nlm.nih.gov/pubmed/23613890
https://doi.org/10.1371/journal.pone.0231194

