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Abstract

Recent studies suggest that traumatic brain injury (TBI) and pesticide exposure increase the risk of

Parkinson’s disease (PD), but the molecular mechanisms involved remain unclear. Using an in

vitro model of TBI, we evaluated the role of mitochondrial membrane potential (ΔΨm) and

mitochondrial reactive oxygen species (ROS) induced by stretch on dopaminergic cell death upon

paraquat exposure. Human dopaminergic neuroblastoma SH-SY5Y cells grown on silicone

membrane were stretched at mild (25%) and moderate (50%) strain prior to paraquat exposure.

We observed that moderate stretch (50% strain) increased the vulnerability of cells to paraquat

demonstrated by the loss of plasma membrane integrity (propidium iodide-uptake) and decreased

mitochondrial activity (MTT assay). Mitochondrial depolarization occurred immediately after

stretch, while mitochondrial ROS increased rapidly and remained elevated for up to 4 h after the

stretch injury. Intracellular glutathione (GSH) stores were also transiently decreased immediately

after moderate stretch. Cells treated with paraquat, or moderate stretch exhibited negligible

mitochondrial depolarization at 48 h post treatment, whereas in cells stretched prior to paraquat

exposure, a significant mitochondrial depolarization occurred compared to samples exposed to

either paraquat or stretch. Moderate stretch also increased mitochondrial ROS formation, as well

as exacerbated intracellular GSH loss induced by paraquat. Overexpression of manganese
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superoxide dismutase (MnSOD) markedly diminished the deleterious effects of stretch in paraquat

neurotoxicity. Our findings demonstrate that oxidative stress induced by mitochondrial

dysfunction plays a critical role in the synergistic toxic effects of stretch (TBI) and pesticide

exposure. Mitigation of oxidative stress via mitochondria-targeted antioxidants appears an

attractive route for treatment of neurodegeneration mediated by TBI.
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1. Introduction

Parkinson’s disease (PD) affects more than 1% of the population over 65, and is

characterized by the progressive loss of dopaminergic neurons in the substantia nigra pars

compacta. It is widely acknowledged that PD etiology is multifactorial. The most important

risk factors associated with sporadic forms of PD include age, genetic polymorphisms,

pesticide exposure, and traumatic brain injury (TBI) (Freire and Koifman, 2012, Goldman et

al., 2012, Kieburtz and Wunderle, 2013).

Various environmental agents, especially pesticides, and factors leading to increased

exposure to these chemicals (e.g. farming, well-water drinking and rural living) have been

proposed as potential risk factors for PD (Freire and Koifman, 2012). In the 1980s, it was

discovered that exposure to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a

substance structurally similar to the herbicide paraquat, caused chronic and severe

parkinsonism in humans resulting in the degeneration of dopaminergic neurons (Perez-

Otano et al., 1994). Paraquat is frequently used as a neurotoxicant in experimental PD

studies and an increasing body of evidence supports the strong correlation between herbicide

exposure and PD (Abdulwahid Arif and Ahmad Khan, 2010, Allen and Levy, 2013, Tanner

et al., 2011).

TBI has attracted tremendous attention as a PD risk factor (Szczygielski et al., 2005). TBI is

the most common cause of death and impairment within the Western World population,

affecting predominantly people in their productive age. Although the epidemiological data

on the relationship between PD and TBI are inconsistent and the association remains a

controversial subject, a number of studies have found substantial evidences supporting the

hypothesis that there exists a positive TBI-PD correlation. A study on twins reported a 4-

fold increased risk for developing PD among subjects self-reporting TBI experience,

suggesting that mild closed-head injury is significantly related to PD in discordant twin pairs

(Goldman et al., 2006). Bower and colleagues reported that patients suffering mild head

trauma with a loss of consciousness or a severe head trauma had a significantly higher risk

of developing PD late in life (Bower et al., 2003). Besides epidemiological research,

extensive rapid accumulation of α-synuclein was reported in swollen axons in brain tissues

from cases who died after TBI (Uryu et al., 2007). In experimental animals, TBI can induce

the accumulation of α-synuclein (Uryu et al., 2003), neuroinflammatory response (Morales

et al., 2005), progressive loss of nigrostriatal dopaminergic neurons (Hutson et al., 2011),

and a reduction in tyrosine hydroxylase activity in the striatum (Onizuka et al., 2011).

Wang et al. Page 2

Neurotoxicology. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



An important question only partially addressed in recently published literature is whether

there is synergistic effect between factors responsible for PD development. An animal study

mimicking TBI by lateral fluid percussion (LFP) demonstrated that a single exposure to a

mild TBI was sufficient to cause a progressive loss of nigrostriatal dopaminergic neurons

(Hutson, Lazo, 2011). In this study, the number of dopaminergic neurons lost was much

larger when TBI was accompanied by exposure to paraquat at a dose that by itself did not

cause a significant loss of nigrostriatal dopaminergic neurons. In addition, greater induction

of α-synuclein accumulation and inflammation were observed in animals in a combined

model of paraquat exposure and head trauma (Hutson, Lazo, 2011). Another

epidemiological research reported a 3-fold risk increase for subjects who reported a TBI

insult and had also been exposed to paraquat at home and workplace, compared with persons

who had never experienced TBI or been exposed to paraquat (Lee et al., 2012).

Recent research suggests that PD, TBI and neurotoxicant-induced neurodegeneration might

share some common pathways (Chaturvedi and Flint Beal, 2013, Cheng et al., 2012). Loss

of mitochondrial complex I catalytic activity in the electron transport chain (ETC) was

reported in PD patients and animal models (Betarbet et al., 2000). Brain trauma and

mechanical stretch injury of neurons derange mitochondrial function, initiate release of pro-

apoptotic factors and thus result in cell death progression (Redell et al., 2013). Exposure to a

mitochondrial/environmental toxin prior to a TBI insult produced a multifactorial injury

with pathological changes greater than either insult alone. In a rat model, one week exposure

to an environmental toxin, trichloroethylene, followed by TBI results in a synergistic

dysfunction in striatal mitochondria (Sauerbeck et al., 2012). Although there have been

previous reports linking TBI and pesticide exposure to PD, the molecular mechanisms

involved remain unclear.

In the current study, we evaluated the synergistic effects of TBI (mechanical stretch injury)

and pesticide exposure (paraquat) using an in vitro model. We report here that moderate

stretch injury renders dopaminergic cells more vulnerable to subsequent paraquat toxicity.

This exacerbation is associated with a high level of mitochondrial ROS formation triggered

by mitochondrial dysfunction. Overexpression of manganese superoxide dismutase

(MnSOD) diminishes the deleterious effect of stretch injury on paraquat exposure,

supporting a selective role of superoxide anion in this process.

2. Materials and Methods

2.1 Materials

Paraquat stock solution was prepared in double distilled H2O (dd H2O, 0.5 M) and diluted to

final concentration in DMEM media. All fluorescent probes stock solutions were prepared in

dimethyl sulfoxide (DMSO) and diluted to their indicated final concentrations with DPBS or

cell culture media with a final DMSO concentration of ≤ 0.1%.

2.2 Cell culture

We chose undifferentiated SH-SY5Y cells in current study. SH-SY5Y cells are frequently

used to study neuron-like behavior in response to neurotoxins or mechanical injury. The SH-

SY5Y cells can be used in both undifferentiated and differentiated state. However, it has
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been reported that differentiation by retinoic acid (RA) renders SH-SY5Y cells resistant to

oxidative stress, alters mitochondrial function in SH-SY5Y cells, e.g. increases ΔΨm, levels

of cytochorome c oxidase, MnSOD and bioenergic reserve capacity (Schneider et al., 2011).

In addition, SH-SY5Y differentiation also renders cells resistant to PD toxins (Cheung et al.,

2009). Thus, for this work, these cells were used in a non-differentiated stage differentiation.

SH-SY5Y cells were maintained at 37°C under a humidified atmosphere containing 5% CO2

and cultured in DMEM media with 10% heat inactivated fetal bovine serum (FBS) and 100

μg/mL penicillin-streptomycin. Cells were seeded at a density of 10,000/cm2 on elastic

transparent silicone membrane (polydimethylsiloxane, PDMS, Specialty Manufacturing Inc.,

Saginaw, MI) coated with poly-D-lysine overnight (0.05 mg/mL).

2.3 Stretch device

The stretch device consists of 3 main parts (Fig. 1): 1) a top cover with glass window,

pressure probe and gas inlet; 2) a bottom plate and 3) a round stainless steel cell cultured

plate with a circular opening (diameter: 20 mm). The culture plate is placed between the top

cover and the bottom plate and the whole assembly is secured with 4 screws. At the bottom

of the stainless steel cell culture plate the silicone (PDMS) membrane is affixed. The cells

are attached in the internal part, and are stretched together with the membrane as it deforms

outwards in response to the air pulse (inset in Fig. 1). The flow of the compressed air from

the cylinder into the chamber is controlled by a pressure regulator (pressure magnitude

controlling) and a solenoid valve (pulse duration controlling). The Matlab program (The

MathWorks, Inc.) is used to control the solenoid valve and record the pressure profile inside

of the stretch device.

2. 4 Cell stretch injury model

The stretch tests were performed on the third day after cell seeding. A controlled air pulse

was used to generate stretch to the cells cultured on PDMS membrane. According to the

strain calibration results obtained in our previous work (Skotak et al., 2012), the discrete

strain values in the 10-70% range were induced by air pulse with the following internal

pressure (psi) – pulse duration (ms) characteristics: 1) 5-10 (10%); 2) 5-15 (25%); 3) 5-20%

(35%); 4) 10-15 (50%); 5) 15-15 (70%). Before stretch all the media used for cell culture

were discarded and 200 μL aliquot of fresh, warm (37 °C) DMEM were added to cover the

cells, and prevent their dehydration. The stretch experiments were conducted at room

temperature and finished within 1 min. Then, an aliquot of 3 mL warm media was added to

the cell culture plate immediately after the stretch and the culture was returned to the

incubator. When the membrane is stretched, a small central region is extended biaxially,

therefore, all tests described here are subject to biaxial stretching. The strain gradient across

the stretched membrane is a characteristic feature of this system, but the strain in the center

region is relatively uniform.

2.5 Stretch injury model and paraquat exposure

It has been reported that mechanical stretch to primary cortical neurons resulted in a

transient increase in plasma membrane permeability and that the plasma membrane is able to

repair within several minutes after the initial stretch (Geddes et al., 2003). In our previous
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study (Skotak, Wang, 2012), we observed that the plasma membrane integrity completely

recovered 2 h after 50% stretch. Thus, to completely prevent an increase in intracellular

paraquat accumulation due to damaged plasma membrane, paraquat treatment was initiated

2 h after the stretch. Cells were treated with two different concentrations of paraquat (0.2

and 0.5 mM) after the stretch injury and were kept in the incubator for 48 h before assays.

2.6 Assessment of cell viability by mitochondrial MTT reduction assay

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay. MTT was dissolved in DPBS at 5 mg/mL and the solution was

filtered with 0.22 μm syringe filters and stored at 4 °C in dark. The storage time was less

than 1 week, otherwise new solution was made. 300 μL of working MTT solution was added

to the cell culture plate with 3 mL media at a final concentration of 0.5 mg/mL and cells

were incubated at 37 °C for 2 h. At the end of the incubation period, the media was aspirated

and centrifuged and 1 mL dimethyl sulfoxide (DMSO) was added to each well to solubilize

the formazan crystals on the membrane and in the centrifuge tube. 200 μL of DMSO

formazan solution was loaded to 96-well plate. Each sample has 2 duplicate wells.

Absorbance was read at 520 nm in a microplate reader. Results were expressed as a

percentage of sample absorbance in relation to the control (untreated cells).

2.7 Analysis of cell membrane integrity by fluorescence activated cell sorting (FACS)

Propidium iodide (PI, Sigma) uptake was used as a marker for plasma membrane integrity

loss. PI fluorescence was measured by flow cytometry. After treatment, both floating and

attached cells were collected and washed in DPBS. Cells were centrifuged at 300 g for 5 min

and cell pellets were re-suspended with DPBS containing PI (1 μg/mL). PI fluorescence was

immediately recorded using a 561 nm excitation laser and 620/20 nm emission filter (Laser

1 FL3) in a BDFACSort (Cytek-DxP-10 upgrade). 10,000 cells were analyzed per sample

and data analyzed using FlowJo 7.6.5 software.

2.8 Mitochondrial membrane potential (ΔΨm) measurement

ΔΨm was measured using the fluorescent dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolocarbocyanine iodide, Invitrogen). JC-1 is a metachromatic

concentration-dependent fluorescent probe that exhibits potential-dependent accumulation in

mitochondria as indicated by the red fluorescence emitted from healthy mitochondria with

normal potential, whereas organelles with reduced potential emit green fluorescence. Cell

cultures were pre-incubated at 37 °C with 2 μM JC-1 for 30 min. JC-1 fluorescence was

recorded on Nikon Ti-E Eclipse microscope equipped with 130 W, high-pressure mercury

lamp and filter cubes: 1) Semrock BrightLine FITC-3540C-NTE (ex/em: 460-500 nm/

520-550 nm) and 2) Semrock BrightLine TxRed-4040C-NTE (ex/em: 530-580 nm/600-650

nm). The green and red channels were acquired separately using Nikon Plan Apo 10x

(numerical aperture 0.45). Three random images with resolution of 1392 × 1040 pixels were

acquired using (0.65 μm/pixel, corresponding to the imaging area of 0.905 × 0.676 mm). On

average, three samples per predefined strain level and a total of a 600-800 of cells per

sample were analyzed. The intensities of the images from both channels were measured

using ImageJ software taking into account the background fluorescence, and the ratios of red
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and green fluorescence densities were calculated. In addition, flow cytometry was also used

to evaluate changes in JC-1 fluorescence. Briefly, cells were harvested and incubated with 2

μM JC-1 15 min prior to FACS analysis and JC-1 green fluorescence was measured using

488 nm excitation and 530/30 nm emission filters (Laser 1 FL1).

2.9 Detection of mitochondrial reactive oxygen species (ROS) and intracellular glutathione
(GSH)

For the measurement of mitochondrial ROS and intracellular GSH, the fluorescence probes

MitoSOX Red (Molecular Probes, Invitrogen) and monochlorobimane (mBCl, Molecular

Probes, Invitrogen) were used. The mBCl is a non-fluorescent substrate which can react with

GSH in a reaction catalyzed by the enzyme, GSH-S-transferase to from a fluorescent

conjugate. MitoSOX Red is a derivative of dihydroethidium with a cationic

triphenylphosphonium substituent responsible for the electrophoretic uptake into actively

respiring mitochondria. The cells were collected and incubated with reconstituted MitoSOX

Red dye (5 μM) and mBCl (50 μM) for 15 min at 37°C prior to analysis. MitoSOX Red

fluorescence was measured using 488 nm excitation and 620/20 nm emission filters (Laser 1

FL3) and the mBCl fluorescence was measured using 407 nm excitation and 450/50 nm

emission filters (Laser 3 FL1). The final results were expressed as the percentage (or fold) of

fluorescence compared with vehicle-treated controls.

2.10 Recombinant adenoviral vectors

Replication-deficient recombinant adenoviruses (Ad5CMV-MnSOD [Ad-MnSOD]) were

used to overexpress MnSOD as described previously (Rodriguez-Rocha et al., 2013).

Adenovirus containing only the CMV promoter (Ad-Empty) was utilized as control. Cells

were infected with adenoviral vectors at a multiplicity of infection (MOI) of 0.15 and treated

with experimental conditions at 24 h post-infection.

2.11 Statistical analysis

All experimental data points are independent and correspond to experiments performed on

separated days. Data are presented as mean ± standard error of mean (SEM). All

experiments were analyzed with a one-way analysis of variance (ANOVA), followed by

post-hoc analysis with Fisher’s least significant difference (LSD) test. For all experiments

statistical significance was considered at P<0.05. Flow cytometry plots presented are

representative of at least four independent experiments.

3. Results

3.1 Stretch renders SH-SY5Y cells more vulnerable to a secondary insult with paraquat

In previous studies, we have established the dose-response strain curve with respect to injury

in SH-SY5Y cells (Skotak, Wang, 2012). The dose-response curve for ε=0-100% presents

three regions with different degrees of injury: (I) mild, with predominately live cells

(ε=0-30%); (II) moderate, where the transition between healthy and injured cells takes place

(ε=30-55%); and (III) severe, with mainly injured and dead cells (ε=55-100%). Temporal

injury evaluation at four discrete strain values (ε=42%, 50%, 73% and 90%) shows that

although cells suffered a significant injury after 42% and 50% stretch, they gradually
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recuperate and their recovery was almost complete 2 h post-injury. Cells injured at higher

strains (ε=73% and 90%) partially recovered in initial 2-4 h, but at longer time (12-24 h)

suffered from recurring plasma membrane integrity loss and relatively high numbers of dead

cells, which is not the case of samples stretched at 42% and 50% strain. Hence, 25% and

50% strain were chosen as mild and moderate TBI stretch models in current study. First, we

decided to evaluate the effect of stretch on cell death following exposure to paraquat by flow

cytometry analyzing PI staining (Fig. 2A). 50% strain of stretch, 0.2 mM and 0.5 mM

paraquat induced an increase in the mean fluorescence of PI (Fig. 2B). The stretch at 25%

strain slightly increase paraquat (0.2 mM and 0.5 mM)-induced cell death, but it was not

statistically significant. However, a 50% strain significantly increased 0.5 mM paraquat-

induced cell death (Fig. 2B). Similar results were observed when cell viability was measured

by MTT. The difference is that 50% strain of stretch significantly enhanced the toxicity of

0.2 mM paraquat, rather than 0.5 mM paraquat seen in PI staining. These results

demonstrate that high strain stretch renders dopaminergic cells more vulnerable to a

secondary insult with paraquat.

3.2 Stretch induces a reduction in ΔΨm

We then assessed the changes of ΔΨm induced by different levels of strain by fluorescence

microscpy. Fig. 3A shows the fluorescent images of SH-SY5Y cells stained with JC-1.

Immediately after a 50% or 70% stretch, cells presented a decrease in red fluorescence,

which indicates ΔΨm depolarization. Fig. 3B shows the changes in JC-1 fluorescence

induced by different strain levels (ratio of red to green) immediately after stretch. Mild

stretch (10% and 25% strain) had no significant effect on mitochondrial membrane potential

compared to controls. However, moderate (50% strain) and severe (70% strain) stretch

significantly decreased the JC-1 red/green ratio (Fig. 3B). Time-dependent studies show that

JC-1 red/green ratio was not altered after 25% strain stretch over the entire period of

screening, i.e. 1, 2, 4, and 12 h (Fig. 3C). Immediately after a moderate strain, there is a

significant loss in ΔΨm that subquently starts to recover with time progression after the

injury. However, ΔΨm remained lower than control samples even after 12 h post stretch

(Fig. 3D). This suggests that immediate mitochondrial dysfunction occurs with moderate

stretch.

3.3 Stretch injury increases mitochondrial ROS and decreases intracellular GSH

Mitochondria are the main source of ROS and ROS overproduction is one of the early

mitochondrial events following mitochondrial dysfunction. We used MitoSOX Red and

mBCl to determine the alterations in mitochondrial ROS and intracellular GSH levels by

flow cytometry after stretch injury. A 25% strain caused only a minor increase in

mitochondrial ROS, but it was not statistically different from controls (Fig. 4A). This result

is consistent with the ΔΨm data described in the previous section. The stretch at 50% strain

significantly increased mitochondrial ROS production immediately after the injury (0 h),

and high ROS levels persisted for up to 4 h (Fig. 4C). Along with the increase in ROS

production, intracellular GSH also suffered a sharp decrease immediately after the stretch

and the low GSH status lasted up till 4 h post-stretch (Fig. 4D). Interestingly, the decrease in

GSH at 4 h after 25% strain stretch correlates with a minor increase in mitochondrial ROS

formation. (Fig. 4B).
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3.4 Moderate stretch increases mitochondrial depolarization induced by paraquat

Mitochondrial dysfunction has been previously reported to occur after paraquat exposure

(Rodriguez-Rocha, Garcia-Garcia, 2013). Accordingly, we examined the effect of

combining two different modes of injury on mitochondrial dysfunction (stretch with

subsequent paraquat exposure) by ΔΨm measurements (Fig. 5A). In the absence of any

insult, SH-SY5Y cells maintain their ΔΨm throughout the 48 h observation period. Cultures

exposed to 50% strain stretch or 0.2 mM paraquat for 48 h exhibited slight mitochondrial

depolarization, reflected as an increase in JC-1 green fluorescence, but this decrease is not

statistically significant compared to untreated cultures (Fig. 5B). However, treatment with

0.5 mM paraquat alone caused a significant depolarization of the mitochondria. Cells injured

with stretch at 50% strain were subsequently challenged with 0.2 mM paraquat, and we

observed a statistically significant decrease in ΔΨm, with respect to stretch-only or

paraquat-only insults. 50% strain stretch did not further exacerbate the loss of ΔΨm induced

by 0.5 mM paraquat alone.

3.5 Moderate stretch injury increases mitochondrial ROS production and GSH depletion
induced by paraquat

Mitochondria are significant sources of ROS in paraquat induced injury (Rodriguez-Rocha,

Garcia-Garcia, 2013) and ROS mediate cell injury at the early stages following the traumatic

event (Abdul-Muneer et al., 2013). Because cell death in stretch- plus paraquat-treated cells

was associated with loss of mitochondrial function, we questioned whether this could be

related to ROS. Fig. 6A and 6B shows that treatment of cells with 0.5 mM paraquat for 48 h

caused an expected increase in mitochondrial ROS, while exposure to 0.2 mM of paraquat

alone, or 50% strain stretch only slightly increased the mitochondrial ROS production.

However, a combined effect of 50% strain stretch injury followed by treatment with 0.2 mM

paraquat resulted in the production of higher amounts of mitochondrial ROS. This finding

correlates with the MTT analysis of mitochondrial function (Fig. 2C) and mitochondrial

depolarization (Fig. 5B). However, 50% strain stretch followed by treatment with 0.5 mM

paraquat did not evoke any substantial mitochondrial ROS formation compared to cultures

treated only with 0.5 mM paraquat (Fig. 6B). In contrast, 50% strain stretch exacerbated

GSH depletion induced by both 0.2 mM and 0.5 mM parauqat (Fig. 6C).

3.6 Overexpression of MnSOD decreases the stimulatory effects of stretch in paraquat
toxicity

Paraquat toxicity is mediated primarily by mitochondrial superoxide anion formation

(Rodriguez-Rocha, Garcia-Garcia, 2013). Superoxide dismutases (SODs) convert

superoxide anion to the relatively more stable and less toxic hydrogen peroxide. MnSOD is

a mitochondrial antioxidant enzyme located in the mitochondrial matrix. We overexpressed

MnSOD using adenoviral vectors and determined its effect on cell viability in stretched cells

treated with paraquat. MnSOD overexpression (Ad-MnSOD) significantly increased cell

survival in cells treated with stretch at 50% strain stretch and paraquat compared with the

Ad-Empty cells (Fig. 7). This result demonstrates that stretch-induced exacerbation of

paraquat-induced toxicity are directly dependent on the generation of mitochondrial

superoxide.
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4. Discussion

Epidemiological studies have correlated the potential relationship between TBI and PD

(Lee, Bordelon, 2012). However, a clear causative link between TBI and PD is difficult to

establish and as a result it has been proposed that a multifactorial mechanism may be

involved (Sauerbeck, Hunter, 2012). According to a recent study, TBI results in impairments

of the activity of tyrosine hydroxylase (TH) in the striatum which could facilitate additional

damage to the dopaminergic system, the core system affected in PD (Shin et al., 2011).

Furthermore, a recent dual injury model in rats based on TBI and paraquat exposure has

shown that TBI potentiated deficits that occur following a subsequent toxin exposure and led

to changes characteristic for PD (Hutson, Lazo, 2011). In the current study, we used an in

vitro dual injury model to test the synergistic effect of occupational risk (TBI) and

environmental exposure (paraquat) on dopaminergic cell death. We demonstrated that

stretch induced mitochondrial dysfunction and mitochondrial superoxide anion formation

potentiates paraquat-induced toxicity in dopaminergic cells.

Mechanical stretch induced injury has been used to study the effects of trauma on neurons

(Arundine, 2004) and astrocytes (Ahmed et al., 2000) in vitro. This injury model replicates

many of the post-traumatic responses observed in vivo, including increases in cell

permeability (Geddes, Cargill, 2003), calcium concentration (Geddes and Cargill, 2001) and

mitochondrial dysfunction (Ahmed, Rzigalinski, 2000). Stretch model has been used to

explore whether multifacotrial injury (TBI and activation of NMDA receptors) can produce

a greater neuronal damage (Arundine, 2004). Recently, we established an in vitro stretch

injury model and current work relies on the injury thresholds measured in that study

(Skotak, Wang, 2012). In order to understand if exposure to paraquat is capable of leading to

greater cell death following stretch injury, SH-SY5Y cells were stretched 2 h before

exposing to paraquat. Our results revealed that mild stretch (25% strain) does not contribute

to paraquat toxicity, whereas moderate stretch (50% strain) does (Fig. 2B, 2C). Similarly, in

neuronal cultures, cells subjected to a sub-lethal mechanical stretch are more sensitive to

NMDA insult (Arundine, 2004). We observed that moderate stretch significantly increases

cell death in cultures treated with 0.5 mM paraquat, but not in cultures exposed to 0.2 mM

parauquat. In contrast, moderate stretch only significantly decreased mitochondrial function

of in cultures treated with 0.2 mM PQ, but not in cultures treated with 0.5 mM PQ. These

results suggest that mitochondrial function precedes cell injury in response to stretch and

PQ.

Mitochondrial dysfunction is a major pathological mechanism involved in TBI and PD, and

is an early event in experimental PD models such as paraquat and 1-methyl-4-

phenylpyridinium ion (MPP+) (Cheng, Kong, 2012, Stack et al., 2008). Previous studies

have shown that mechanical stretch induces mitochondrial dysfunction and ATP release in

neurons using a Flexercell stretch model (Ahmed, Rzigalinski, 2000). To explore the

mechanism involved in the effects of stretch in paraquat toxicity, we first focused on

alterations in ΔΨm induced by stretch. Mild stretch (up to 25% strain) does not affect ΔΨm,

whereas moderate (50% strain) and severe stretch (70% strain) cause significant

depolarization of the mitochondria (Fig. 3B) immediately after stretch. Mild stretch (25%

strain) neither produced immediate or delayed changes in ΔΨm, whereas moderate stretch
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(50% strain) caused an acutely significant decrease in ΔΨm (Fig. 3C, 3D) followed by slow

30 min post stretch recovery. These data suggest that stretch depolarizes ΔΨm in a strain-

and time- dependent manner. In Ahmed’s research, a similar injury pattern (strain-

dependent) was also reported in Flexercell stretch model (Ahmed, Rzigalinski, 2000).

However, in their model, moderate stretch did not cause an acute ΔΨm depolarization, but

caused a significant decrease in ΔΨm at 48 h post-stretch. In addition, in their model, severe

stretch did significantly depolarize ΔΨm in neurons in the acute recovery phase (15 min post

stretch). The discrepancy between our results and theirs can be explained by a number of

factors: 1) the different response of cell types used in both studies, 2) arbitrarily chosen

injury thresholds, and 3) the lack of standardized criteria to describe injury severity on a

cellular level. These limitationis of contemporary in vitro stretch injury (TBI) models make

comparison of the results between different laboratories extremely challenging.

The net production of ROS is an important mechanism by which mitochondria are thought

to contribute to TBI pathology (Abdul-Muneer, Schuetz, 2013). In our in vitro model, mild

stretch did not increase mitochondrial ROS level, which correlates well with the lack of

effect of mild stretch on mitochondrial membrane potential (Fig. 4A, 4B). However, in cells

subjected to moderate stretch, induction of immediate mitochondrial ROS burst lasting for

up to 4 h after stretch was evident (Fig. 4D, 4E). These results suggest that acute

mitochondrial dysfunction can induce a long-term mitochondrial ROS production. In a

Flexercell stretch model, the ROS levels of neurons were gauged over 60 min using

dihydrorhodamine (DHR) and results showed that lethal stretch caused a rapid increase in

ROS production (Arundine, 2004), which is similar to our results.

GSH plays a key role in the maintenance of intracellular oxidative balance (Franco and

Cidlowski, 2012). This tripeptide can function as an antioxidant in the presence of

glutathione peroxidase by reducing hydroperoxides to less toxic substances. Thus, GSH

constitutes the first line of defense in the protection of neurons from oxidant-mediated

damage (Schulz et al., 2000). In a clinical study, it has been reported that GSH in

cerebrospinal fluid (CSF) increased on day 1 and then progressively decreased from day 2 to

day 7 after TBI (Bayir et al., 2002). Cyclic stretch in A549 cells caused a transient depletion

of GSH at 1 h followed by a significant increase in intracellular GSH 4 h after the injury

(Jafari et al., 2004). Moderate stretch caused a rapid decrease in GSH, indicating alterations

in the redox balance by stretch (Fig. 4D, 4F). However, GSH levels recovered slowly after

stretch. Interestingly, in spite mild stretch doesn’t affect plasma membrane integrity or alters

the mitochondrial ROS levels (only a minor but not significant increase was detected

compared to control), it causes depletion of intracellular GSH at later time points (4 h) (Fig.

4A, 4C). These results suggest that lower levels of stretch may trigger ROS production in

the cytosol, as well to deplete intracellular GSH. It is also possible that stretch might be

affecting GSH synthesis and metabolism or that GSH depletion might also be mediated by

stretch activated efflux pathways (Franco and Cidlowski, 2012, Sabirov et al., 2013).

A number of recently published papers have been demonstrated that exposure to paraquat

causes a significant impairment in mitochondrial function (Abdulwahid Arif and Ahmad

Khan, 2010, Rodriguez-Rocha, Garcia-Garcia, 2013). We aimed to understand if exposure

to paraquat and stretch injury exerts a synergistic effect at the mitochondrial level. We have
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shown earlier that ΔΨm decreases significantly right after after the stretch injury, while

recovery begins as early as 30 minutes post insult. Indeed, moderate stretch combined with

0.2 mM paraquat caused a significant degree of mitochondrial depolarization. No significant

difference was noticed between cells treated with 0.5 mM paraquat combined with moderate

stretch, compared to cells treated only with paraquat. It appears that at high paraquat

concentrations ΔΨm is severely altered by action of paraquat alone, and stretch-injury has

no effect for the gross outcome of the two combined modes of injury. These findings are

also consistent with the MTT results and suggest that exposure to a mitochondrial toxin after

TBI injury produces a greater alteration in mitochondrial function than either insult alone. A

similar result was reported in an in vivo model where 1 week exposure to the environmental/

mitochondrial toxin, trichloroethylene, in combination with TBI, exerted a significant

reduction of mitochondria bioenergetic function in the striatum 6 hours after TBI injury

(Sauerbeck, Hunter, 2012).

In stretched cells treated with paraquat, a significant increase in mitochondrial ROS was

observed, which is consistent with the result that TBI and mitochondria-targeted toxins can

interact at the mitochondrial level. Another possibility is that after stretch, cells are in a high

oxidative stress status, which makes them more vulnerable to secondary injuries. Moderate

stretch enhances the loss of GSH induced by 0.5 mM paraquat, which does not correlate

with mitochondrial ROS production. These results suggest that glutathione system may be

altered by stretch.

MnSOD, a specific antioxidant enzyme for superoxide, is a primary cellular defense enzyme

to protect cells from oxidative stress. MnSOD overexpression detoxifies paraquat-induced

superoxide radicals (Hussain et al., 2004, Rodriguez-Rocha, Garcia-Garcia, 2013). We

overexpressed MnSOD before exposing cells to stretch and paraquat injury (Fig. 7). Cells

overexpressing MnSOD are resistant to the synergistic toxicity induced by stretch at 50%

strain and prolonged exposure to 0.2 mM paraquat. These results demonstrate that the action

of mitochondrial superoxide is a major player in enhancing paraquat toxicity upon treatment

for an extended period of time.

In summary, we report that mitochondrial ROS generation (superoxide anion primarily)

induced by mitochondrial dysfunction in an in vitro TBI model enhances the toxicity of

paraquat in dopaminergic cells. These results also provide further evidence supporting the

notion that mitochondrial targeted antioxidant therapy might be a promising approach

against TBI-induced neurodegeneration.
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Highlights

• We studied the mechanisms by which cell stretch (TBI) regulates paraquat

toxicity

• Paraquat-induced mitochondrial depolarization and ROS was enhanced by

stretch

• MnSOD diminished the deleterious effects of stretch in paraquat neurotoxicity

• ROS/mitochondrial dysfunction mediate the synergistic toxicity of stretch/

paraquat
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Figure 1.
Main components of the cell stretching device: 1) a top plate with glass window, pressure

probe and gas inlet: 2) a bottom plate and 3) a round stainless steel cell cultured plate with a

circular opening (diameter: 20 mm). Inset: compressed air is introduced into an airtight

chamber, which results in deformation of the PDMS membrane, and thus stretching the

adherent cells. The PDMS with stochastic pattern was used only in strain calibration

experiments (details are described elsewhere (Skotak, Wang, 2012)).
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Figure 2. Effect of stretch on SH-SY5Y cell survival/death in the presence of paraquat (PQ)
Cells were stretched at the indicated strain levels 2 h before exposure to paraquat. Cell death

was evaluated 48 h after paraquat treatment by PI uptake and cell survival was analyzed by

MTT. (A) Representative histograms of changes in PI fluorescence (loss of plasma

membrane integrity is reflected as an increase in PI fluorescence). (B) PI uptake results are

represented as the increase in mean PI fluorescence with respect to controls. (C) Cell

viability of SH-SY5Y cells was determined by MTT. Data represent the mean ± SEM of

five independent experiments (n=5). *P< 0.05 and **P< 0.01.
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Figure 3. Effect of stretch on ΔΨm
Cells were subject to the indicated strain levels. (A) Representative JC-1 fluorescence

images for the indicated conditions. (B) Effects of strain on JC-1 staining (red/green ratio) at

0 h after insult measured by fluorescent microscopy. Temporal changes of ΔΨm after

exposure to 25% (C) and 50% (D) strain of stretch (0, 1, 2, 4, 12 h). Data in graphs represent

mean ± SEM of n = 4 experiments. *P< 0.05 compared with controls.
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Figure 4. Time course of mitochondrial ROS generation and intracellular GSH levels in SH-
SY5Y cells after stretch injury assessed by flow cytometry
Cells were treated with 25% strain or 50% strain. Mitochondrial ROS and GSH were

analyzed by FACS at the time indicated after stretch. In A (25% strain) and C (50% strain),

data are expressed as mitochondrial ROS production (MitoSOX Red positive cell

population, %). In B (25% strain) and D (50% strain), data are presented as intracellular

GSH (mBCl positive cell population, %) normalized against control values. Data in graphs

represent mean ± SEM of n = 5 experiments. *P< 0.05 and **P< 0.01 compared with

control.
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Figure 5. Effect of stretch on ΔΨm of SH-SY5Y cells in the presence or absence of paraquat
assessed by flow cytometry
Cells were stretched at 50% strain 2 h before exposure to paraquat (PQ). JC-1 green

fluorescence was evaluated 48 h after paraquat treatment by FACS. A. Representative

histograms depict the changes in the JC-1 mean green fluorescence. B. Data are expressed as

JC-1 green fluorescence normalized against control values. Data in the graph represent mean

± SEM of n = 5 experiments. *P< 0.05.
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Figure 6. Effect of stretch on mitochondrial ROS and intracellular GSH levels in SH-SY5Y cells
treated with paraquat
Cells were stretched at 50% strain 2 h before exposure to paraquat. MitoSOX and mBCl

fluorescence was evaluated 48 h after paraquat treatment by FACS. A. Representative

histograms depict the changes in MitoSOX and mBCl fluorescence in response to the

indicated treatment. In B and C, data are expressed as mitochondrial ROS production

(MitoSOX Red fluorescence) normalized against control values. Data in graphs represent

mean ± SEM of n = 5 experiments. *P< 0.05 and **P< 0.01.
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Figure 7. Effect of MnSOD overexpression on paraquat induced cytotoxicity following stretch
injury
Cells were infected with Empty adenovirus or adenovirus encoding MnSOD as indicated in

materials and methods, and treated with the experimental conditions at 24 h post-infection.

Data in the graph represent mean ± SEM of n = 5 experiments. **P< 0.01.
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