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Highlights:  

• High pressures of He, N2, or Ar cause platelets to generate singlet O2. 

• Progressive production of reactive species involves NADPH oxidase. 

• A cycle of actin polymerization occurs with nitric oxide synthase-2 activation. 

• Actin S-nitrosylation and scaffold protein linkage trigger microparticles. 

  

Abbreviations: Actin free barbed ends (FBE), focal adhesion kinase (FAK), microparticles 

(MPs), n-octyl -glucopyranoside (OG), NADPH oxidase (NOX), NADPH oxidase inhibitory 

peptide (NOX2ds), nitric oxide synthase (NOS), reactive oxygen species (ROS), singlet oxygen 

© 2016 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0891584916304518
Manuscript_afa27c37e4bb44a15280161f60bcbaa8

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0891584916304518


2 

 

sensor green (SOSG), thrombospondin-1 (TSP-1), Triton soluble, short filamentous actin (sF-

actin), vasodilator-stimulated phosphoprotein (VASP). 
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ABSTRACT: 

This investigation explored the mechanism for microparticles (MPs) production by human and 

murine platelets exposed to high pressures of inert gases. Results demonstrate that MPs 

production occurs via an oxidative stress response in a dose-dependent manner and follows the 

potency series N2 > Ar > He. Gases with higher van der Waals volumes or polarizability such as 

SF6 and N2O, or hydrostatic pressure, do not cause MPs production. Singlet O2 is generated by 

N2, Ar and He, which is linked to NADPH oxidase (NOX) activity. Progression of oxidative stress 

involves activation of nitric oxide synthase (NOS) leading to S-nitrosylation of cytosolic actin. 

Exposure to gases enhances actin filament turnover and associations between short actin 

filaments, NOS, vasodilator-stimulated phosphoprotein (VASP), focal adhesion kinase (FAK) 

and Rac1. Inhibition of NOS or NOX by chemical inhibitors or using platelets from mice lacking 

NOS2 or the gp91phox component of NOX diminish generation of reactive species, enhanced 

actin polymerization and MP generation by high pressure gases. We conclude that by initiating 

a sequence of progressive oxidative stress responses high pressure gases cause platelets to 

generate MPs.  
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INTRODUCTION: 

The focus of this investigation was to elucidate the mechanism for microparticles (MPs) 

production by platelets exposed to high gas pressures. MPs are 0.1 to 1 µm diameter 

membrane vesicles shed from all vascular cells in response to various stimuli [1]. MPs appear to 

serve as intercellular messengers because they may generate free radicals, contain cytokines 

or other signaling proteins, messenger RNA or microRNA [2, 3]. Healthy individuals have MPs, 

but levels are increased in a wide variety of inflammatory disorders; often by unclear 

mechanisms [1, 4-7]. We are interested in elucidating the pathophysiology for decompression 

sickness (DCS), a systemic disorder that occurs after tissues become super-saturated with one 

or more gases at high pressure.  

 

Circulating MPs are elevated in experimental animals as well as humans in association with 

exposures to high gas pressures [8-14]. In a murine model, platelet and neutrophil-derived MPs 

have been shown to be the principal etiological agents causing tissue damage post-

decompression [3, 15-17]. Interventions that diminish circulating MPs also abrogate 

decompression-induced tissue injury, and many of the same interventions reduce circulating 

MPs in human divers [18, 19]. MPs purified from decompressed mice can be injected into naïve 

mice and induce exactly the same pathological responses as does decompression [15-17].  

 

We demonstrated that MPs generation by human and murine neutrophils occurs in response to 

a series of events involving reactive species production from NADPH oxidase (NOX) and type 2 

nitric oxide synthase (NOS2), followed by cytoskeletal reorganization and activation of 

phospholipid transporters [20]. Notably, these events appeared to be initiated by singlet O2, a 

highly reactive, diffusible, and long-lived electronically excited state of molecular O2. The source 
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of singlet O2 looked to be inert gas-O2 collision complexes. Others have shown that singlet O2 

production during transient gas molecule collisions is influenced by molecular size of the collider 

species and gas polarizability [21, 22]. We found a dose-response for MPs production in 

neutrophils; N2  and Ar were nearly equipotent and He markedly less so [20]. Collider molecules 

with van der Waals volumes above 35 ml/mol, such as SF6 (van der Waals volume 46.8 ml/mol 

versus 15.8 for N2) and those with relatively high polarizability such as N2O (3.03 x 1024 cm3 

versus 1.74 x 1024 cm3 for N2) are less efficient, and these gases did not trigger MPs production 

[22-24]. 

Given the importance of platelets in DCS injury, we are interested in evaluating whether they 

generate MPs by a mechanism similar to that shown for neutrophils, as NOX and NOS2 are 

constitutively present, although NOS2 content is lower than NOS3 [25, 26]. MPs formation by 

platelets is known to be related to destabilization of the actin cytoskeleton [27]. Recent studies 

in megakaryocytes, as well as neutrophils, suggest that regulated MPs formation requires actin 

to polymerize and depolymerize in a coordinated fashion [28, 29].  

 

METHODS:  

Materials—Chemicals were purchased from Sigma-Aldrich unless otherwise noted. 

Compressed gases were purchased from Air Products and Chemicals, Inc. (Allentown, PA). 

NADPH oxidase inhibitory peptide (NOX2ds), which selectively inhibits the interaction between 

NOX2 and p47phox, with the sequence NH3-CSTRVRRQL-CONH2, and Scrmb-NOX2ds, a 

control scrambled amino acid peptide with sequence NH3-CLRVTRQSR-CONH2, were 

purchased from American Peptide Co. (Sunnyvale, CA). Edaravone (3-methyl-1-phenyl-2-

pyrazolin-5-one) was purchased from Tocris Bioscience, Inc.. N-[6- (Biotinamido) hexyl]-3’-(2’-

pyridyldithio) propionamide (biotin-HPDP) (catalogue no. 21341), neutravidin beads (catalog 

number 29200) and nitrocellulose membrane (catalog number LC2000) for immunoblotting were 
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purchased from Thermo Fisher Scientific. Antibodies to biotin (catalogue no. B3640) and actin 

(catalogue no. A2066)  were purchased from Sigma. Polymorpho-prep was purchased from 

Axis Shield (catalogue no. 1114683, Oslo, Norway. NOS2 antibody (catalogue no.610431); 

VASP (catalogue no. 610448), FAK (catalogue no. 610087), annexin V-conjugated FITC 

(catalogue no. 556419) and annexin-binding buffer solution (catalogue no. 556454) were 

purchased from BD Biosciences (San Jose, California). Anti-Rac1 (catalogue no. 05389) 

antibody was purchased from Millipore Corp. Singlet oxygen sensor green probe (SOSG) was 

purchased from Molecular Probes, Invitrogen. 

 

Animals—Mice (Mus musculus) were purchased from Jackson Laboratories, Bar Harbor, ME, 

fed a standard rodent diet and water ad libitum, and housed in the university animal facility. A 

colony of NOS2 and gp91phox knock-out mice was maintained from breading pairs purchased 

from Jackson Laboratories. Animals (total use 68 wild type, 14 NOS2 and pg91phox KO mice) 

were anaesthetized by intraperitoneal administration of ketamine (100 mg/kg) and xylazine (10 

mg/kg), skin was prepared by swabbing with Betadine, and blood was obtained by cardiac 

puncture into heparinized syringes.  

 

Isolation of platelets and exposure to various agents—Heparin-anticoagulated blood was 

obtained from four non-SCUBA diving healthy volunteers from the University community (2 men, 

2 women 42 + 2 years old) using standard procedures. These individuals had taken no aspirin 

or other non-steroidal agents, or alcohol for the prior 48 hours. Murine and human platelets 

were isolated from heparinized blood using a published protocol [30].  Blood was made to a 

volume of 2.5 ml with wash buffer (PBS containing 1 mM CaCl2, 1.5 mM MgCl2, and 5.5 mM 

glucose) that was placed over 5 ml of Polymorphoprep plus 0.4 ml 1.5% NaCl in a 15-ml 

silicone-coated glass tube and centrifuged at 375 g for 30 min. The platelet-rich plasma was 

isolated and spun down at 1500g for 10 mins. The supernatant was discarded, and cell pellets 
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were resuspended in wash buffer at a concentration of 3 x 108/ml. Isolated human or mouse 

platelets (3 x 106/sample) were exposed at room temperature to either air at atmospheric 

pressure (100 kPa) or air plus partial pressures of He, N2, Ar, N20 or SF6 up to 690 kPa 

following published procedures [20]. The standard procedure was to deposit samples in test 

tubes containing a magnetic stir bar, place them in stainless steel cylinders, apply gas pressure 

and stir constantly until decompressed at indicated times. Hydrostatic pressure as a control 

manipulation was achieved by placing platelet suspensions held in closed plastic syringes within 

the steel cylinders so that pressure could be applied to the sample via the plunger with no gas 

phase exposure.  

 

The general approach to the study with the sequence of biochemical investigations is shown in 

Supplemental Figure 1. Initial MPs production studies were done with human platelets and then 

with murine platelets. Murine platelets from wild type and KO mice were used for all mechanistic 

investigations. Where indicated in the text, inhibitors were present in cell suspensions during 

gas exposures as follows: 1mM 1400 W (NOS2 inhibitor), 10µM NOX2ds (NOX inhibitor) or a 

scrambled sequence control peptide to NOX2ds (sc-NOX2ds), 5 µM cytochalasin D, 1 µM 

edaravone or 3 mM ascorbic acid. In some studies after gas exposures cell suspensions were 

exposed for 5 min to UV light from a 200-watt mercury vapor lamp. 

 

MP enumeration and platelet degranulation by flow cytometry— Platelets were exposed to 

air or high pressures and after various intervals of time fixed using a Caltag Reagent A fixation 

medium (Invitrogen). Samples were centrifuged at 15,000 x g for 30 min to pellet platelets. 

Thereafter, samples containing supernatant were labeled with Annexin V FITC (Invitrogen) for 

30 minutes in the dark before analysis.  Flow cytometry was performed with an eight-color, triple 

laser MACSQuant (Miltenyi Biotec Corp., Auburn, CA) using the manufacturers’ acquisition 

software. All reagents and solutions used for MP analysis were sterile and filtered using 0.1-µm 
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filter (Millipore, Massachusetts). Both forward scatter and side scatter were set at logarithmic 

gain. As an internal control, beads of various diameters (0.3 µm (Sigma), 1.0µm, and 3.0µm 

(Spherotech, Inc., Lake Forest, IL)) were incorporated for size measurements and were used 

before each experiment. Annexin V-positive particles with diameters from 0.1 to 1µm were 

considered as MPs. Analysis involved establishing true-negative controls by a fluorescence-

minus-one analysis. An example of flow data patterns is shown in Figure 1. 

 

Platelet activation was assessed by staining samples with CD41 and included fluorescent micro-

beads with diameters of 3 and 5 μm in suspensions. Platelets were identified as particles 

between these micro-bead size limits that were CD41-positive and surface expression of 

CD62P and thrombospondin-1 (TSP-1) quantified as described in published procedures [13]. 

The fraction of platelets exhibiting fluorescence over the baseline following our standard 

fluorescence-minus-one analysis was used to quantify differences in activation between air-

exposed and air + gas pressure exposed platelets. 

 

Singlet oxygen detection—   Singlet O2 was assayed using singlet O2 sensor green (SOSG) 

as the primary probe, with additional confirmation based on an assay involving use of 9,10-

diphenylanthracene (DPA) as a singlet O2 chemical trap [31, 32]. Platelet suspensions were 

incubated with SOSG at 1mM concentration and kept in dark for 30 minutes to allow uptake of 

the probe before exposing the cells to high pressure gas. Later cells were exposed to air or air 

plus 690 kPa of He, N2, or Ar and after decompression fluorescence was measured (excitation 

480 nm, 535 nm emission) at intervals according to published methods [33]. Some suspensions 

were treated with 3mM ascorbic acid or 1µM Edaravone for 15 minutes before inert gas 

exposures where indicated. 
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The DPA method for singlet O2 detection was described by Steinbeck, et al. [31, 32]. A reagent 

film was produced by incubating 20 mg (~ 5 x 109) glass beads (0.178 – 0.297 mm diameter, 

Agsco Corp. Pine Brook, NJ) at room temperature in a 1 ml solution of dichloromethane 

containing 0.75 mg perylene and 7.5 mg DPA in the dark while being actively mix until all 

dichloromethane evaporated. Dried beads were stored at 4oC until use, at which time they were 

suspended in 1 ml PBS. Bead suspensions (200 µl) were combined with an equal volume of 

platelets (1 x 108/sample) for incubation in air or under elevated gas pressures for 30 minutes 

with constant stirring. Samples were then immediately place in 4.5 ml chloroform-methanol (2:1 

ratio), the lower chloroform layer transferred and analyzed using a Varian-Cary 50 UV-Vis 

spectrophotometer to record the absorption spectrum between 500 and 300 nm wavelength. 

Using identical preparations exposed to air versus high gas pressure, singlet oxygen production 

was assessed as the difference between the 355 nm absorbance of native DPA versus lower 

absorbance caused by the DPA-endoperoxide following published methods [31, 32]. The only 

deviation from prior studies was that we were unable to reproducibly restore the native DPA 

after endoperoxide formation by evaporating the chloroform, re-suspending the precipitate in an 

equal volume of tetralin (1,2,3,4-tetrahydronaphthalene), and heating at 120oC for 1.5 hours. 

We found the precipitate formed with chloroform evaporation could not be reliably dissolved in 

tetralin so the post-heating spectrum sometimes only exhibited the background tetralin 

absorbance. 

 

NOS activity assay in permeabilized platelets—Platelets were exposed to either air or 690 

kPa N2 for 30 mins and subjected to permeabilization using 0.2% n-octyl -glucopyranoside 

(OG), and NOS activity was assessed exactly as described previously [34]. Briefly, 

permeabilized cells (3x108/ml of wash buffer) were pre incubated with 40 µM N-hydroxy-L-

arginine to inhibit arginase. After 10 min, 20mM L-[3H] arginine was added to cell suspensions 
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with or without 1 mM 1400W, and at intervals of time, 1 M trichloroacetic acid was added to 

quench the reaction. Cells were then pelleted by centrifugation at 5000 g for 5 min, washed 

three times with ethyl ether and passed through Dowex 50WX8 resin. L-[3H] Citrulline was 

eluted with two 0.5-ml washings with water and then analyzed using a scintillation counter. 

 

Reactive species generation—Platelets suspensions were exposed to air or air plus 690 kPa 

of He, N2, or Ar and then samples prepared with 5µM 2,7-dihydrodichlorofluorescein diacetate 

(DCF-DA), and fluorescence was monitored (504 nm excitation, 524 nm emission) according to 

procedures described previously [3]. 

 

Actin polymerization turnover as free barbed end production in permeabilized cells—

Platelet suspensions were permeabilized using 0.2% n-octyl-b-glucopyranoside (OG) and then 

exposed to air or gas pressures as mentioned above, and actin polymerization was assayed as 

described before [35]. Suspensions were incubated for 10 seconds with 0.1 volume of OG 

buffer (60 mM PIPES, 25 mM Hepes (pH 6.9)), 10 mM EGTA, 2 mM MgCl2, 4% OG, 10 µM 

phallacidin, 42 nM leupeptin, 10 mM benzamidine, and 0.123 mM aprotonin). After the 

incubation, 3 volumes of Buffer B (1 mM Tris (pH 7.0), 1 mM EGTA, 2 mM MgCl2, 10 mM KCl, 5 

mM β mercaptoethanol, and 5 mM ATP) were added. Actin polymerization was monitored for 30 

minutes using a fluorescence spectrometer (360 nm excitation, 405 nm emission) when 1µM 

pyrene-labeled rabbit skeletal muscle actin was added to the platelet suspension. 

 

Cell Extract Preparation and Biotin Switch Assay—Platelets were exposed to air or air plus 

690 kPa N2, centrifuged at 1500 x g and resuspended in HEN buffer (250 mM Hepes, pH 7.7, 1 

mM EDTA, 0.1 mM neocuproine), lysed and subjected to the biotin-switch assay as previously 

described [36].     
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Cytoskeletal protein analysis based on Triton solubility— Platelets were exposed to air or 

air plus 690 kPa N2 for 30 mins and then suspended in a solution of 0.5 mM dithiobis 

succinimidyl propionate (DTSP) to cross-link sulfhydryl-containing proteins within a proximity of 

~12 Å following published procedures [30]. Cell lysates were separated into Triton-soluble G-

actin, short F-actin and Triton-insoluble protein fractions and subjected to electrophoresis in 

gradient 4–15% SDS-polyacrylamide gels, followed by Western blotting. 

 

Protein and peptide analysis — Mass spectrometry (MS) and protein sequencing were done 

by the John Hopkins School of Medicine Mass Spectrometry and Proteomics core facility. 

Protein bands identified as containing biotin on Western blots were cut from the gel, digested by 

endoproteinase GluC (V8) enzyme and analyzed by liquid chromatography interfaced with 

tandem MS (LCMS/MS) using the single or multi-dimensional protein identification technology 

(MuDPIT). The raw data files were searched using Mascot against NCBI database with a cut off 

protein score of 70 which then were imported into the scaffold software. Protein identifications in 

scaffold are deemed significant based on the standard criteria of > 2 peptides identified from the 

same protein with individual peptide scores >95% confidence,  probability score at 1% FDR and 

sub 3 ppm mass error. 

 

Statistical Analysis—Results are expressed as the mean + SE for three or more independent 

experiments. We used analysis of variance (ANOVA) using SigmaStat (Jandel Scientific, San 

Jose, CA) and Holm-Sidak test to compare data. The level of statistical significance was defined 

as p<0.05. 
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RESULTS: 

Microparticle production by platelets: Platelets from healthy human volunteers generated 

MPs when exposed to high pressure N2 in a dose-dependent manner, whereas hydrostatic 

pressure (no gas phase) had no significant effect compared to control (air at ambient pressure) 

(Figure 2). There were MPs present in the platelet suspension at the start of the incubation. This 

number did not change with incubations for as long as 4 hours. The MPs count in the control 

samples reflects the number of MPs at 30 minutes after isolation to allow direct comparison to 

the samples exposed to high gas pressures.  

 

Murine platelets responded to gas pressure in a comparable manner to human platelets (Table 

1), and the potency of alternative gases was determined (Figure 3). Hydrostatic pressure and 

application of gas pressure using N2O or SF6 had no significant effect.  MPs production was 

greatest with N2, less with Ar, and lower still with He. There was no further elevation in MPs 

among platelet samples incubated for longer than 30 minutes under gas pressure or if samples 

were decompressed and left standing at ambient pressure for up to 4 hours (data not shown). 

 

Platelets exposed to air versus air + 690 kPa N2 were used to explore the mechanism for MPs 

generation. In these studies, platelets from knock-out mice lacking the gp91phox component of 

NOX or NOS2 were used, and results compared against platelets from wild type mice; as well 

as platelets from wild type mice incubated in the presence of specific chemical inhibitors (Table 

2). The data indicate that NOS2 and NOX are required for MPs generation, as is actin turnover 

which is inhibited by cytochalasin D. 

 

Singlet oxygen generation: High pressure SF6 and N2O do not generate singlet O2 based on 

prior studies [20], and platelets incubated with edaravone or ascorbic acid, agents capable of 

quenching singlet O2, failed to generate MPs when exposed to 690 kPa N2 (Table 2). To more 
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directly assess whether gases generate singlet O2, murine platelets were loaded with singlet 

oxygen sensor green (SOSG). Fluorescence measurements of samples immediately after 30 

minute incubations versus prior to the incubations showed an increase of 254.7 + 2.2 (n=6) 

fluorescence units for air-exposed and 652.2 + 3.7 (n=6, p<0.05) fluorescence units for air + 690 

kPa N2 exposed samples. Measurements were not possible during the high pressure exposure, 

but the increased rate of fluorescence persisted when samples were assayed following 

decompression, as shown in Figure 4. Table 3 shows the progressive increase with 690 kPa 

He, N2 and Ar. However, if platelets from mice lacking gp91phox were used, no significant 

increase in fluorescence occurred due to gas exposure. Fluorescence rate in the presence of air 

(control) was similar to wild type platelets, 9.0 + 0.2 units/min (n=3) and virtually the same after 

exposure to air + 690 kPa N2, 9.2 + 0.7 (n=3, NS versus control). 

 

As an alternative approach to confirm whether platelets generated singlet O2 under high gas 

pressure, suspensions were incubated with DPA-coated glass beads while exposed to air 

(control) or air + 690 kPa N2. Representative absorbance spectra are shown in Figure 5, where 

presence of the DPA-endoperoxide can be discerned as a reduction in 355 nm absorbance. We 

found no significant endoperoxide formation in air-exposed platelet preparations. Endoperoxide 

formation by high gas pressure was estimated to be 0.63 + 0.14 (n=8, p<0.05) nmol/ 1 x 106 

platelets using the change in 355 nm absorbance and the ratio of post- versus pre-exposure 

438 nm absorbance (internal standard) as described by others [31, 32].  

 

NOS activation by N2: NOS activity was monitored as [3H] citrulline production by platelets with 

or without co-incubation with 1400W. Consistent with the impact of enzyme inhibitors and 

results with NOS2 KO mouse platelets, gas pressure was found to activate NOS (Figure 6). 
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NOX activation by N2: Reactive species production was monitored after platelets were 

incubated with membrane permeable DCF-DA (Figure 7). While DCF is known to react with a 

relatively wide variety of reactive species, we interpret the increase in fluorescence as occurring 

due to NOX activation because an enhanced rate of fluorescence did not occur when platelets 

were co-incubated with NOX2ds, as shown, and no elevation in fluorescence rate occurred with 

platelets from gp91phox KO mice (rate was comparable to air-exposed control at 55.4 + 0.3 

arbitrary units/min, n=3). We also found that co-activation of NOS2 was required for NOX 

activation. DCF fluorescence with platelets incubated with air + 1 mM 1400W was comparable 

to air-only samples in Figure 7, 45.1 + 1.7 arbitrary units/min, n=4, and with air + 690 kPa N2 + 

1400W the slope was 45.6 + 5.5 units/min, n=4 (NS). Similarly, platelets from NOS2 KO mice 

did not exhibit an enhanced rate of fluorescence when incubated with air + 690 kPa N2 (51.8 + 

3.4 units/min, n=3, NS).  

 

Role of the cytoskeleton in platelet MPs formation: A role for actin turnover for MPs 

production was discussed in Introduction, and as shown in Table 1, MPs formation in the 

presence of air + 690 kPa N2 was inhibited by 5 µM cytochalasin D. Consistent with these 

findings, actin turnover monitored as formation of actin free barbed ends (Figure 8) was 

markedly increased by N2 pressure and the effect abrogated by 1400W and NOX2ds. 

 

Actin S-nitrosylation: Given that both NOX and NOS activity are required for gas-mediated 

MP production suggests a requirement for reactive species generated by interactions between 

nitric oxide (.NO) and reactive oxygen species (ROS). Therefore, we sought evidence for S-

nitrosylation of platelet proteins by the biotin-switch assay, which covalently adds a disulfide 

linked biotin to the labile S-nitrosylation sites on proteins. Mouse platelets were exposed to air 

(control) and air + 690 kPa N2 and Western blotting was performed on lysates probing for 
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biotinylated proteins (Figure 9). Prominent bands at ~71, 43 and 28 kDa were cut from gels and 

subjected to amino acid sequencing. The 71 kDa band was tentatively identified as cytoskeletal 

keratin type II, 43 kDa band as cytoskeletal actin, and the 28 kDa band as apolipoprotein E 

precursor. Protein loading is shown by probing for actin. We were especially interested in S-

nitrosylated actin due to high pressure N2, and we found it to be significantly reduced if platelets 

were co-incubated with 1400W, NOX2ds, or exposed for 5 mins to UV light, which photo-

reverses S-nitrosylated cysteine, prior to biotin-switch assay (Table 4).  

 

Protein associations with cytoskeletal actin: Because actin turnover appears to be essential 

for MP production based on the inhibitory effect of cytochalasin D, we were interested in 

evaluating associations of cytoplasmic actin with proteins known to play a role in turnover 

dynamics.  After exposure to air or air + 690 kPa N2, mouse platelets were incubated with the 

membrane permeable protein cross-linker DTSP and lysed after 30 minutes incubation at room 

temperature. Cell lysates were separated into Triton soluble G-actin, short filamentous (sF-) 

actin, and Triton-insoluble F-actin fractions and subjected to Western blotting. These were 

analyzed looking for differences in protein band densities relative to actin. A representative blot 

of the sF-actin fraction is shown in Figure 10 and quantitative changes for all three actin 

fractions are outlined in Table 5. There were marked elevations in protein associations in sF-

actin fraction of the N2 exposed platelets in comparison to the air control.  

 

Platelet activation: We were interested in whether exposure to high gas pressure would cause 

overt platelet activation assessed by an increase membrane surface expression of CD62P and 

thrombospondin-1 (TSP-1) from α-granules. Platelets were exposed to air or air + 690 kPa N2 

for 30 minutes, then analyzed by staining the membrane surface with fluorophore-conjugated 

antibodies to CD62P and TSP-1. As shown in Table 6, no significant differences were found 
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between groups, leading to the conclusion that degranulation was not triggered by exposure to 

high gas pressure. 

 

DISCUSSION: 

Our results demonstrate that MPs production by mouse and human platelets exposed to high 

pressures of He, N2 or Ar occurs in a dose-dependent manner in response to oxidative stress. 

The mechanism appears similar to that previously reported for gas pressure-induced MPs 

production by neutrophils [20]. Differences from the prior study with neutrophils include finding 

that MPs generation only persists for 30 minutes, whereas murine neutrophils will generate MPs 

for as long as 4 hours following just a 30 minute gas exposure, and the requirement of NOX 

activity for singlet O2 generation. In the previous report we did not perform studies with cells 

from gp91phox KO mice, as our prime focus was an assessment of how chemically inert gases 

might trigger oxidative stress. There is, of course, precedence for chemically inert gases to have 

a biological effect – narcosis. In the classical theory, narcotic potency is based on molecular 

size and lipid solubility (oil-water partition coefficient). This process is not operating for MPs 

production because SF6 exhibits a narcotic potency approximately 8.5-fold greater than N2 

whereas that for N2O is 39-fold [37].  

 

Results from this and our prior study indicate that a complex set of events is required for high 

pressure gases to stimulate MPs production, and these include activation of NOX and NOS2. 

Absence of an effect with SF6 and N20 supports a role for singlet O2 as these gases do not 

generate this excited species under high pressure [20]. Inhibition of MPs formation by 

edaravone and ascorbic acid is also consistent with a role for singlet O2, although these agents 

have non-specific effects. The sensitivity and specificity of SOSG for singlet O2 has been 

evaluated [38, 39]. We used DPA endoperoxide detection as an independent method for 
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showing singlet O2 production. It should be pointed out, however, that the DPA technique could 

only detect reactive species that escaped to the surrounding medium. Although not well known, 

singlet O2 can be produced by spontaneous dismutation of superoxide generated by NOX and 

xanthine oxidase, as well as direct addition of potassium superoxide to water [31, 40-42]. 

Technical challenges are present for sensitive and specific assays of singlet O2. There also is 

the problem that superoxide can be both source of singlet O2 and an efficient quencher, 

although the chemistry described requires quite high superoxide concentrations [41, 43]. Given 

the requirement for NOX activity in the present study, it appears that high pressures of N2, Ar 

and He can enhance singlet O2 generation from superoxide. An enhanced electron transfer from 

collision complexes similar to that shown to occur in atmospheric chemistry may explain this 

phenomenon [21, 22, 44].  

 

Others have reported alterations of actin cytoskeleton by singlet O2, which may be operating in 

the MPs-generation process [45]. Singlet O2 has many biological targets [46, 47] and it can act 

directly or through the successive formation of various secondary oxidative species with much 

longer half-lives [48, 49]. Hence, the results do not conclusively indicate that singlet O2, versus a 

myriad of alternative reactive species, is directly required to trigger MPs formation. Interactions 

between .NO and ROS generate species capable of protein nitration and nitrosylation reactions 

[50, 51]. In this regard, there is a recent description of S-nitrosylated actin formation as a 

consequence of singlet O2 in another system [52]. Protein S-nitrosylation, the coupling of a .NO 

moiety to a cysteine thiol group, has emerged as a specific and reversible post-translational 

signaling mechanism. Regulation of platelet function has been reported to involve S-

nitrosylation [53]; .NO nitrosylates N-ethylmaleimide-sensitive factor to regulate α-granule 

secretion, and integrin αIIbβ3 function to inhibit aggregation [54, 55]. Our data show that S-

nitrosylation reactions are required for MPs production by platelets exposed to high gas 
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pressure, but interestingly, we do not see generalized platelet activation manifested as α-

granule mobilization and display of CD62P or thrombospondin on the membrane surface.  

 

The results show that cytoskeletal interactions and actin turnover are required for MPs 

generation. Observations are consistent with reports by us and others showing that activation of 

NOX and NOS2 occur in association with cytoskeletal reorganization [20, 56, 57]. While we 

identified that NOS2 and NOX interact with filamentous actin in platelets, we sought to 

characterize a number of other proteins involved in actin polymerization. Initial actin 

polymerization is slow but can be accelerated by the presence of short actin filaments [58]. 

VASP has been documented as a major component in platelet actin dynamics [59], and has 

been shown to both bundle filaments and nucleate actin polymerization [60]. VASP exhibits 

higher affinity for S-nitrosylated actin than un-modified actin, and we speculate this is why S-

nitrosylation accelerates MPs production [30]. Additionally, FAK has been reported to induce 

NOX activation [61], and we have previously shown that by linking NOS2 to filamentous actin 

FAK accelerates MPs formation by neutrophils [20]. Rho GTPases such as Rac1 are required to 

remodel the actin cytoskeleton and drive the spreading and aggregation of platelets [62]. Rac1 

is the major isoform present in human and murine platelets, and Rac proteins are essential 

components of the NOX enzyme complex [63]. Our cross linking studies demonstrate that high 

gas pressures increase short filamentous actin association with all of these regulatory proteins: 

NOS2, VASP, FAK and Rac1.  

 

In summary, the dose-response reflected by our study of six gases and hydrostatic pressure 

indicate that gas molecular characteristics determine whether platelets generate MPs. The 

graphical abstract depicts the sequence of events we surmise from the data. Formation of 

singlet O2 as a consequence of gas interactions with superoxide from NOX activity appears 
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responsible for the initiation of events. NOS2 activity and production of reactive species that 

generate S-nitrosylated actin advance the sequence with consequent associations of regulatory 

and scaffold proteins. These events may be generalized as reflecting cytoskeletal instability, 

which can enhance phospholipid turnover [64, 65]. This cascade ultimately results in MPs 

production.   
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FIGURE LEGENDS: 

Figure 1. Representative flow cytometry analysis of MPs. After forward (FSC-H) and side 

scatter (SSC-H) interrogation using 0.3, 1 and 3 µm diameter beads in buffer (box a), 

histograms are established (b). This allows evaluating a dot plot for particles (c) and selecting 

those with sizes between 0.3 and 1 µm (d). In separate analyses particles from platelet 

suspensions are evaluated using fluorophore-conjugated antibodies based on the fluorescence-

minus-one (FMO) control test to establish positive staining for Annexin V. Box (e) shows the 

FMO selection area for MPs from a sample after air (control) exposure, box (f) shows MPs from 

a sample after exposure to air + 690 kPa N2. 

Figure 2: MP production by human platelets. MPs were evaluated in platelet suspensions 

after 30 minute exposures to air (control), air plus 186, 345, or 690 kPa of N2 and 690 kPa of 

hydrostatic pressure. Data are mean ± SE, (n) indicate number of independent experiments, * 

indicates significantly different from the air control (p<0.05, ANOVA).  

Figure 3: MP production by murine platelets. MP were counted in platelet suspensions after 

30 minute exposures to air (control), 690 kPa of hydrostatic pressure, or air + 690 kPa He, Ar or 

N2. Data are mean ± SE, (n) indicate number of independent experiments, * indicates 

significantly different from the air control (p<0.05, ANOVA), (a) indicates significantly different 

from all other samples.  

Figure 4: Singlet oxygen sensor green (SOSG) fluorescence in platelet suspensions after 

gas exposure. Platelets incubated with SOSG were exposed to air or air + 690 kPa of N2 for 30 

minutes, then fluorescence monitored for 5 minutes. Where indicated, samples included 1 µM 

edaravone or 3 mM ascorbic acid. Data are mean fluorescence values at each time point for 3 
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independent studies as mean + SE. All values for N2, but not N2 plus ascorbic acid or 

edaravone, are significantly different from air (control) (p<0.05 ANOVA). 

Figure 5: Absorbance spectra of chloroform-extracted product from platelet suspensions 

incubated with glass beads coated with DPA- perylene. Air indicates control sample 

incubated in air for 30 minutes (solid line), N2 sample was incubated with air + 690 kPa N2 prior 

to extraction (dotted line). DPA exhibits a prominent absorbance at 355 nm whereas DPA- 

endoperoxide does not. 

Figure 6: NOS activity. Data show the activity of NOS monitored as [3H] citrulline production for 

murine platelets incubated with substrate [3H] arginine and exposed to air, air + 690 kPa N2 

without or with 1 mM 1400 W. Data are mean + SE for measurements at each time point using 

3 to 5 independent samples* p<0.05 versus air (ANOVA). 

 

Figure 7: DCF fluorescence: Murine platelets were exposed to air or air + 690 kPa N2 for 30 

minutes without or with 10 µM Nox2ds, then combined with 5µM DCF-DA and fluorescence 

monitored for the 15 minutes. Data are mean + SE for measurements at each time point using 3 

independent samples, * p<0.05 versus air (ANOVA). 

 

Figure 8: Actin turnover assessed by free barbed ends (FBE) formation. Murine platelets 

were exposed to air or air + 690 kPa N2 for 30 minutes and actin turnover assessed by adding 

1µM pyrene-labeled rabbit skeletal muscle actin (see Methods). Where indicated platelets were 

co-incubated with 1 mM 1400 W or 10 µM NOX2ds during the initial air or air + N2 exposure. 

Data are mean + SE for measurements at each time point using 3 independent samples, * 

p<0.05 versus air (ANOVA).  
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Figure 9: Western blot showing biotinylated proteins. Murine platelets were exposed to air 

or air + 690 kPa N2 for 30 minutes and cell lysates were prepared according to the biotin switch 

assay. A representative blot is shown. 

 

Figure 10: Protein associations in the Triton soluble short F-actin fraction. Murine 

platelets were exposed to air or air + 690 kPa N2 for 30 minutes, incubated with the membrane 

permeable protein cross-linker DTSP, lysed and the Triton soluble short-F actin fraction 

subjected to Western blotting. This image is one representative of three independent 

experiments. Quantitative data on relative band densities versus the actin band are shown in 

Table 4. 
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Table 1: Gas dose-dependency for MP production by murine platelets. MPs produced per 

murine platelet exposed to air or air + 186, 345, or 690 kPa of N2, or air + 690 kPa N2O or SF6. 

Data are mean ± SE, (n) indicates number of independent experiments, * indicates significantly 

different from the air control (p<0.05, ANOVA).  

 

  

Gas MPs/platelet x102 

Air 3.43 ± 0.27 (21) 

+ 186 kPa N2 5.28 ± 0.27 (3) 

+ 345 kPa N2 6.19 ± 0.77 (3) * 

+ 690 kPa N2 13.1 ± 0.31 (21)* 

+ 690 kPa N2O 3.12 ± 0.17 (3) 

+ 690 kPa SF6 3.08 ± 0.07 (3) 
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Table 2: MP production by murine platelets. Mouse platelets were exposed to air or air plus 

690 kPa N2 for 30 minutes and counts expressed as MPs/platelet x 102. Where indicated 

samples were incubated with 1 mM 1400 W (NOS2 inhibitor), 10 µM NOX2ds (NOX inhibitor) or 

scNox2ds (a scrambled sequence control peptide to NOX2ds), 5 µM cytochalasin D, 1 µM 

edaravone or 3 mM ascorbic acid. NOS 2 KO and gp91phox KO indicate samples of platelets 

from mice lacking NOS2 and active NOX. All values are mean ± SE, (n) indicates number of 

independent trials, * indicates significantly different from control (p<0.05). 

Agent Air N2 

PBS  3.43 ± 0.27  (21)    13.1 ± 0.78  (21) * 

1400 W 3.58 ± 0.25  (8)  3.33 ± 0.70 (8) 

Sc Nox 2ds 4.08 ± 0.34 (3)   12.6 ± 0.52  (6)*  

Nox2ds 4.03 ± 0.51  (3)   5.2 ±1.05  (6)  

Cytochalasin D 3.72 ± 0.21   (3)    4.17± 0.92  (3) 

Ascorbic acid 3.60 ± 0.21  (3)    3.77 ± 0.15   (3) 

Edavarone 3.53 ± 0.15  (3)     3.63 ± 0.23 (3) 

NOS 2 KO 3.97 ± 0.48  (3)    3.46 ± 0.12   (3) 

gp91
phox  

KO 4.02 ± 0.43  (4)     3.88 ± 0.52 (4) 
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Table 3: Potency for different gases to produce SOSG fluorescence. Data show singlet 

oxygen sensor green fluorescence increase/minute after platelets were expose for 30 minutes 

to air or air + 690 kPa He, Ar or N2. Data represent mean ± SE for 3 independent experiments, * 

indicates p<0.05 vs air (control). 

Gas Fluorescence/min 

Air 7.9 ± 0.2    (3) 

Helium 20.5 ± 0.8  (3) * 

Argon 46.0 ± 0.2  (3) * 

Nitrogen 37.3 ± 0.1  (3) * 
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Table 4: SNO actin/βactin band density ratios. Data are the densities of the 42 kDa band on 

Western blots of lysates from cells exposed to air or air + 690 kPa N2 for 30 minutes subjected 

to the biotin switch assay expressed as a ratio to the cytosolic actin band density of each 

preparation, and normalized to the ratio found for air-exposed platelets for each individual 

experiment. Platelets were incubated with buffer (PBS) only or with buffer plus 1mM 1400 W or 

10µM NOX2ds during air/N2 exposures. UV indicates cells exposed to UV light for 5 minutes 

after air/N2 exposure. Data represent mean ± SE (n= number of independent trials; shown in 

parentheses), *p<0.05 versus PBS-air sample. 

Agent Air Air + 690 kPa N2 

PBS 1.00 ± 0.00 (4) 2.39 ± 0.21 (4) * 

1400W 0.75 ± 0.16 (3) 0.93 ± 0.18 (3) 

Nox2ds 1.03 ± 0.03 (3) 1.24 ± 0.07 (3) 

UV 0.93 ± 0.08 (3) 1.29 ± 0.03   (3) 
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Table 5: Protein associations assessed by DTSP cross-linking in sF-actin, G-actin, and 

Triton-insoluble actin fractions of platelets exposed to air (control) or for 30 min to air + 

690 kPa N2. Values are ratios calculated based on the band densities of the identified protein 

relative to the actin band density in each sample. Values are normalized to air-exposed control 

protein band ratios of individual experiments, thus values greater than 1.0 reflect increases in 

protein associations with actin, whereas values less than 1.0 indicate lower protein associations. 

Data are mean + SE (n= number of independent trials; shown in parentheses), * reflects values 

significantly different from normalized air-exposed control values (p<0.05, ANOVA). 

 NOS2/actin VASP/actin FAK/actin Rac1/actin 

s F-Actin       
 100 psi N2 

1.81 ± 0.07* (4) 1.62 ± 0.04* (3) 1.52 ± 0.03*  (3) 1.41 ± 0.02* (3) 

G-Actin  
 100 psi N2 

0.93 ± 0.02 (4) 1.11 ± 0.04  (3) 0.99 ± 0.04 (3) 1.03 ± 0.05 (3) 

Triton-
insoluble 
 100 psi N2 

1.07 ± 0.03 (4) 1.06 ± 0.04 (3) 1.05 ± 0.06 (3) 1.11 ± 0.03 (3) 
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Table 6. Platelet activation. Mouse platelets were exposed to air or air + 690 kPa N2 for 30 

minutes. Values indicate the percent of the platelet populations expressing CD62P and TSP-1 

above the fluorescence-minus-one threshold for indicating positive staining. Data are mean + 

SE for 4 independent measurements, values are not statistically significantly different. 

Surface Marker Air Air+ 690 kPa N2 

CD62P 2.12 + 0.41 1.90 + 0.51 

TSP 2.41 + 0.61 1.63 + 0.35 

 

 

 

Graphical Abstract: The studies show that high pressures of N2, Ar and He, but not N2O, SF6 

or hydrostatic pressure (HP), will interact with NADPH oxidase (NOX) derived superoxide (O2
.) 

to yield singlet oxygen (O2*). Subsequent interactions with NOS2 derived products result in actin 

S-nitrosylation (SNO-actin) that enhances cytoskeletal turnover ultimately causing microparticle 

(MPs) formation. 

 


























