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Abstract
Plasma gelsolin (pGSN) levels fall in association with diverse inﬂammatory conditions. We hypothesized that pGSN would
decrease due to the stresses imposed by high pressure and subsequent decompression, and repletion would ameliorate injuries
in a murine decompression sickness (DCS) model. Research subjects were found to exhibit a modest decrease in pGSN level
while at high pressure and a profound decrease after decompression. Changes occurred concurrent with elevations of circulating microparticles (MPs) carrying interleukin (IL)-1b. Mice exhibited a comparable decrease in pGSN after decompression along
with elevations of MPs carrying IL-1b. Infusion of recombinant human (rhu)-pGSN into mice before or after pressure exposure
abrogated these changes and prevented capillary leak in brain and skeletal muscle. Human and murine MPs generated under
high pressure exhibited surface ﬁlamentous actin (F-actin) to which pGSN binds, leading to particle lysis. In addition, human neutrophils exposed to high air pressure exhibit an increase in surface F-actin that is diminished by rhu-pGSN resulting in inhibition
of MP production. Administration of rhu-pGSN may have beneﬁt as prophylaxis or treatment for DCS.
NEW & NOTEWORTHY Inﬂammatory microparticles released in response to high pressure and decompression express surface
ﬁlamentous actin. Infusion of recombinant human plasma gelsolin lyses these particles in decompressed mice and ameliorates
particle-associated vascular damage. Human neutrophils also respond to high pressure with an increase in surface ﬁlamentous
actin and microparticle production, and these events are inhibited by plasma gelsolin. Gelsolin infusion may have beneﬁt as prophylaxis or treatment for decompression sickness.
decompression sickness; interleukin-1 b ; microparticles; neutrophils; oxidative stress

INTRODUCTION
Plasma gelsolin (pGSN) is an 84-kDa secreted isoform of a
cytoplasmic actin-binding protein (1). It depolymerizes ﬁlamentous actin (F-actin), binds/sequesters an array of inﬂammatory mediators, and enhances macrophage phagocytosis
and bactericidal actions (2–8). Blood levels fall in numerous
acute and chronic inﬂammatory states. The magnitude of
pGSN reduction parallels the extent of tissue damage, and
depletion precedes and predicts adverse clinical outcomes (9–
15). Protective effects with recombinant human (rhu)-pGSN
administration have been reported in over 20 animal models
of infection, injury, and inﬂammation (16). Its use as treatment
for SARS-CoV-2-related pneumonia is in a phase II clinical trial
(17). Because inﬂammatory responses play a role in the pathophysiology of decompression sickness (DCS), we hypothesized
that a relationship may exist between pGSN and the stress
imposed by high pressure and decompression (18–21).
Inert gases inhaled while breathing are taken up by tissues
in proportion to the ambient pressure. When pressure is

reduced, some of the gas released from tissues forms bubbles
due to the presence of gas cavitation nuclei (22–24). The central place of bubbles as an inciting agent for DCS is widely
accepted. However, because most decompression procedures
generate asymptomatic blood-borne bubbles based on ultrasound studies, additional factors precipitating DCS are under
investigation (25–27). High-pressure gases also trigger formation of small vesicles called microparticles (MPs) (28). The
number of blood-borne MPs doubles in mice and humans
exposed to high gas pressure and rises further after decompression (29–38). Murine studies indicate that MPs play a role in
high-pressure gas pathophysiology and possibly gas bubble
nucleation (37, 39–41). In a mouse model, MPs initiate a systemic inﬂammatory process related to neutrophil activation
(37, 39–41). The pathway triggering MP formation also activates the nucleotide oligomerization domain (NOD)-like receptor, pyrin-containing 3 (NLRP3) inﬂammasome responsible for
producing mature interleukin (IL)-1b (28, 42). Inﬂammasome
assembly correlates with MP release, and MPs produced in
response to high pressure contain high amounts of IL-1b,
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which is the primary factor causing diffuse vascular damage in
a murine DCS model (34, 43). When these MPs are puriﬁed
and injected into naïve mice, they cause the same spectrum of
injury as seen in decompressed mice (34, 37).
The goals of this study were to evaluate levels of pGSN
in plasma from a previously reported human high-pressure exposure study (29) and to investigate pGSN in a murine DCS model. We hypothesized that the pGSN level
would decrease with exposure to high pressure and
decompression, and rhu-pGSN would abrogate vascular
injuries in the murine model.

METHODS AND MATERIALS
Materials
Chemicals were purchased from Sigma Aldrich (St. Louis,
MO), unless otherwise noted. Compressed gases were purchased from Air Products and Chemicals, Inc. (Allentown,
PA). BioAegis Therapeutics (North Brunswick, NJ) provided
rhu-pGSN. Antibodies and ﬂow cytometry reagents are as
follows: anti-actin (Sigma Aldrich, St. Louis, MO, Cat. No.
A2066), anti-biotin (Sigma, Cat. No. B3640), anti-Ly6G
eFluor450 (eBioscience, San Diego, CA, Cat. No. 48–5931-82),
anti-mouse CD31 BV510 (Becton Dickinson/PharMingen, BD,
San Jose, CA, Cat. No. 563089), annexin V-FITC (BD, Cat. No.
556419), anti-CD41 PerCP Cy5.5 (BioLegend, San Diego, CA,
Cat. No. 133918), anti-CD45 Cy7-A (BioLegend, San Diego,
CA, Cat. No. 103114), anti-gelsolin PE (Abcam, Cambridge,
MA, Cat. No. ab109014), anti-IL-1b (Abcam, Cambridge, MA,
Cat. No. ab9722), and NBD (N-[7-nitrobenz-2-oxa-1,3-thiazol-4yl])-phalloidin (Life Technologies, Cat. No. N354). Veriﬁcations
that anti-actin recognizes b-actin and anti-biotin recognizes biotinylated actin were shown by Western blot and mass spectroscopy in a prior publication (44). All antibodies for ﬂow
cytometry were speciﬁcally for this usage as documented by
the manufacturers and used at the concentrations recommended, and positive staining was determined following the
ﬂuorescence-minus-one control test.

Animals
All aspects of this study were reviewed and approved by
the Institutional Animal Care and Use Committee. C57BL/6J
mice (Mus musculus) were purchased from Jackson
Laboratories (Bar Harbor, ME). They were housed in the university animal facility with a 12/12-h light-dark cycle. Housing
and all experiments were conducted at 22 C–24 C and 40%–
70% humidity. Mice received water ad libitum and were
fed Laboratory Rodent Diet 5001 (PMI Nutritional Inc.,
Brentwood, MO). Mice were left to breathe room air (control,
100 kPa) or subjected to 2-h exposure to 790 kPa (absolute
pressure) air in an 10-L hyperbaric chamber with an air ﬂow
rate of 3 L/min to prevent CO2 buildup, as described in previous publications (37, 41). In prior studies, the role of elevated
N2 partial pressure was shown to be the critical stressor causing pathological changes and not the mild elevations of O2
that occur with 790 kPa air pressure (45). Where mentioned in
the text, mice were injected with a sterile solution of rhupGSN (38.4 mg/mL) at a dose of 27 mg/kg intravenously or
just the carrier buffer, immediately before or following
decompression. At 2 h after decompression, animals were

anesthetized and euthanized for blood and tissue collection
as described previously (37, 41). Randomization of mice for
experimentation was performed by ﬁrst collecting all mice to
be used in a day into a single plastic cage and then randomly
selecting an individual mouse for use as the daily control or
in an intervention group. Studies were done over a span of
4 mo with acclimatized mice purchased in groups of 6–12 at
biweekly intervals and used according to a block design where
individual blocks represented mice selected as control or pressure only and then with further experimentation including
infusion of rhu-pGSN only or rhu-pGSN before or after pressure exposures. Data were scored and analyzed in a blinded
manner such that the scorer did not know an animal’s group
assignment. All mice involved in this project were included in
data analysis.

Human Subjects
All procedures were completed in accordance with the
Declaration of Helsinki and approved by Ethical Committees
of organizations involved with this investigation. Participants
provided informed, written consent. Plasma samples analyzed in this project had been frozen and stored as part of a
recently published study (29). A subgroup from this study
included six male research subjects [34 ± 1.2 (SE) yr old] who
in November 2018 were exposed to air at a pressure
of 300 kPa, equivalent to 30 m of sea water (msw) for
35 min, and then staged decompression following Canadian
Forces Standard Air Decompression Tables (DCIEM). Subjects
remained sitting at rest with no exertion during the exposures
and did not perform any speciﬁc tasks. Pressurization and
decompression were conducted with ﬁltered, pure air, and no
breathing masks were used so as to prevent an elevation of
CO2. Data on MPs and IL-1b from these individuals were
included in a previous publication (29). Blood samples were
obtained 30 min before pressurization, after 25 min at pressure, and 2 h after decompression. Blood (5 mL) was drawn
into Cyto-Chex BCT test tubes that contain a proprietary preservative (Streck Inc., Omaha, NE), shipped to the senior
author’s laboratory, and processed as described previously
(29). Plasma stored at 80 C after a 15,000 g centrifugation
step preceding MP analysis was used for pGSN assays.
For ex vivo human cell studies, heparin-anticoagulated
blood (4 mL) was obtained from healthy human volunteers
and centrifuged through a two-layer preparation of Histopaque
1077 and 1119 (Sigma) at 400 g for 30 min to isolate neutrophils.
The cells were washed in PBS, and a concentration of 9  105
neutrophils/mL of PBS þ 1 mM CaCl2, 1.5 mM MgCl2, and
5.5 mM glucose were exposed at room temperature to either air
at atmospheric pressure (100 kPa) or air at a partial pressure
of 790 kPa following published procedures (46).

Standard Procedures for MP Isolation
All reagents and solutions used for MP isolation and analysis were ﬁltered with 0.1-mm ﬁlter (EMD Millipore, Billerica,
MA). MPs were isolated and prepared for analysis by ﬂow
cytometry as previously described (37, 41). Brieﬂy, blood was
centrifuged for 5 min at 1,500 g. EDTA was added to the supernatant to achieve 12.5 mM to prevent MP aggregation and
centrifuged at 15,000 g for 30 min. The supernatant was used
for MP count and subtype analysis by ﬂow cytometry as
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described previously (37, 41), and samples were frozen at
80 C for later assays of IL-1b and pGSN.

MP Analysis
MPs were analyzed as described previously (37, 41). In brief,
ﬂow cytometry was performed with an eight-color, triple-laser
MACSQuant Analyzer (Miltenyi Biotec Corp., Auburn, CA)
using MACSQuantify software version 2.5 to analyze data.
MACSQuant was calibrated every other day with calibration
beads (Miltenyi Biotec Corp., Auburn, CA). Forward scatter
and side scatter were set at logarithmic gain. Photomultiplier
tube voltage and triggers were optimized to detect submicron
particles. Microbeads of three different diameters, namely,
0.3 mm (Sigma, Inc., St. Louis, MO), 1.0 mm, and 3.0 mm
(Spherotech, Inc., Lake Forest, IL), were used for initial settings and before each experiment as an internal control.
Samples were suspended in annexin binding buffer solution
[1:10 v/v in distilled water, (BD PharMingen, San Jose, CA)]
and antibodies as listed in Materials. Binding by NBD-phalloidin was assessed to probe for the presence of F-actin.
Examples of blood-borne particle analysis have been published previously (46). All reagents and solutions used for MP
analysis were sterile and ﬁltered (0.1-μm ﬁlter). MPs were
deﬁned as annexin V-positive particles with diameters of 0.3–
1 mm. The concentration of MPs in sample tubes was determined by the MACSQuant Analyzer according to exact volume of solution from which MPs were analyzed.
Surface proteins on MPs from control and decompressed
mice were biotinylated using sulfosuccinimidyl 2-(biotinamido)ethyl-1,3-dithiopropionate (NHS-SS-biotin) following
methods similar to those described by others (47). The 15,000 g
plasma supernatant was centrifuged at 100,000 g for 1 h, and
MPs were resuspended in PBS without or with 100 mg/mL rhupGSN. After 30-min incubation at room temperature, ice-cold
NHS-SS-biotin (0.9 mg/mL) was added, and samples were
incubated on ice for 15 min. Biotinylation was quenched by
addition of 100 mM glycine, and MPs were sedimented by centrifugation at 100,000 g for 1 h. The MP pellets were subjected
to Western blotting or the biotinylated proteins were separated
from MP lysates for analysis.
For Western blots, MPs were resuspended in 100 mM phosphate buffer with 2% sodium dodecyl sulfate (SDS), 10% glycerol, 5% b-mercaptoethanol, and 0.00125% bromophenol,
followed by electrophoresis using a 4%–15% gradient polyacrylamide gel (SDS-PAGE), transfer to nitrocellulose paper, and
then proteins probed for biotin, actin, and IL-1b. Alternatively,
following ultracentrifugation, the MP pellets were resuspended
in 100 mL of lysis buffer [20 mM Tris, 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 1 mM EDTA, and 0.1% SDS
(pH 7.5)] with protease inhibitors cocktail (Sigma) and incubated for 30 min on ice. MagVigen Streptavadin magnetic
nanoparticles (Nvigen, Inc., Sunnyvale, CA) were then added
and incubated for 12 h before the biotinylated proteins were
separated for Western blotting using a magnet followed by
washing and magnetic bead separation steps according to the
manufacturer’s recommended procedure.

CA), and endothelium-enriched tissue homogenates were
prepared using colloidal silica following published methods
(37, 41). Vascular permeability, quantiﬁed as perivascular
dextran uptake in the experimental group, was normalized
to a value obtained with a control mouse included in each
experiment.

IL-1 b Measurements
Human or mouse-speciﬁc ELISA kits (eBioscience, San
Diego, CA) that detect pro and mature forms of IL-1b were used
following the manufacturer’s instructions. Measurements were
made using plasma supernatant after blood was centrifuged at
15,000 g as described for ﬂow cytometry studies and in
MPs separated from plasma by centrifugation at 100,000 g
for 60 min. The MPs pellets were placed in 0.3 mL of lysis
buffer, protein content of the sample was measured,
diluted to 5 mg/mL, and 20 mg of protein was used for
analysis.

Gelsolin Assay
Human and mouse-speciﬁc commercial ELISA kits (LSBio,
Inc. Seattle, WA) were used for measuring pGSN following the
manufacturer’s instructions. Serial dilutions in PBS were prepared using the supernatant after 15,000 g centrifugation of
plasma and analyzed concurrent with a range of known pGSN
standards.

Statistical Analysis
Results are expressed as means ± SE for three or more independent experiments. Data were compared by t test or
analysis of variance (ANOVA) and the Newman–Keuls post
hoc test using SigmaStat (Jandel Scientiﬁc, San Jose, CA).
Data from human subjects were compared by repeatedmeasures analysis of variance (RM ANOVA) on ranks. For all
studies, the level of statistical signiﬁcance was deﬁned as
P < 0.05.

RESULTS
Human Studies—MPs, pGSN, and IL-1 b
Blood samples from six research subjects were obtained
before, during, and 2 h after exposure to 300 kPa air pressure
in a dry hyperbaric chamber. Figure 1 demonstrates the relationships among MPs, pGSN, and plasma IL-1b. Exposure
resulted in statistically signiﬁcant elevations of MPs and IL1b in plasma and a decrease in pGSN while at pressure with a
further decrease of pGSN levels after decompression.
IL-1b secretion requires unconventional pathways, and a
major route involves packaging into a vesicle to be liberated
to the extracellular milieu (48). Therefore, intra-MP IL-1b
concentrations were assessed as pg/million MPs among the
six human subjects. Values were 24.5 ± 5.4 (SE) before pressure, 98.2 ± 17.5 at pressure, and 126.9 ± 20.8 after decompression (P < 0.05 among all 3 by RM ANOVA).

Murine Model—MPs, pGSN, and IL-1 b
Vascular Permeability Assay
Mice were injected with lysine-ﬁxable tetramethylrhodamine-conjugated dextran (2  106 Da, Invitrogen, Carlsbad,
1606

The impact in mice of exposure to 790 kPa air pressure for
2 h on the number of circulating MPs, pGSN, and IL-1b is
shown in Fig. 2. Statistically signiﬁcant changes were found
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We next evaluated whether rhu-pGSN had an effect on tissue injury in the decompression model. Vascular permeability to rhodamine-labeled dextran was signiﬁcantly elevated
in skeletal muscle and brain at 2 h after decompression
(Table 2). Vascular leakage was abrogated in mice that
received rhu-pGSN before pressurization or immediately after decompression. Permeability was not signiﬁcantly different from control when normal air-exposed mice were
injected with rhu-pGSN.
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with elevations of MPs and plasma IL-1b concurrent with a
decrease in pGSN. These changes were abrogated when mice
were injected intravenously with rhu-pGSN immediately
before pressurization or after decompression. Infusion of the
carrier buffer used for rhu-pGSN injections had no signiﬁcant effect on pressure responses, and infusions of rhupGSN into air-exposed control mice caused no statistically
signiﬁcant changes. The IL-1b concentrations expressed as
pg/million MPs are shown in Table 1. Prophylactic rhupGSN administration did not prevent the increase in intraparticle IL-1b concentration, whereas treatment after
decompression did abrogate the elevation (see 5th and last
lines in Table 1).

(1
1)

0

ol

Figure 1. Changes in blood from human research subjects. The concentrations of pGSN and IL-1b were measured in plasma samples and bloodborne MPs were quantiﬁed preexposure, at-exposure, and postexposure
to 300 kPa as described in METHODS. Individual data points are shown and
below each plot are means ± SE, n = 6 for each sample,  indicates signiﬁcantly different from preexposure, P < 0.05, RM ANOVA. IL-1b, interleukin-1b; MP, microparticles; RM, repeated-measures; pGSN, plasma
gelsolin.

Figure 2. Changes in mice. Male mice were exposed to air at ambient
pressure (control) or for 2 h to 790 kPa air, decompressed and euthanized
2 h later (Deco). Where indicated air-exposed control mice were injected
intravenously with 27 mg/kg rhu-pGSN (Control þ Rhu-pGSN) and euthanized 4 h later. Other mice were injected with rhu-pGSN prior to pressurization (Rhu-pGSN þ Deco) or immediately after decompression
(Deco þ Rhu-pGSN), and others injected intravenously with the carrier
buffer used to suspend rhu-pGSN (Vehicle þ Deco), and these groups
euthanized 2 h after decompression. The concentrations of mouse pGSN
and IL-1b were measured in plasma samples by mouse-speciﬁc ELISAs
and blood-borne MPs were quantiﬁed as described in METHODS. Data are
expressed as means ± SE, the (n) for each sample is shown, indicates signiﬁcantly different from control, P < 0.05, ANOVA. IL-1b, interleukin-1b;
MP, microparticles; rhu-pGSN, recombinant human-plasma gelsolin;
pGSN, plasma gelsolin.
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Table 1. Murine IL-1 b /million MPs
Group

pg/million MPs

Control (19)
Control þ pGSN (18)
Deco (1)
Vehicle þ Deco (29)
pGSN þ Deco (18)
Deco þ pGSN (18)

10.2 ± 1.2
9.6 ± 1.3
35.2 ± 6.1
33.8 ± 5.2
47.9 ± 6.8
13.9 ± 4.0

Data show the concentration of intra-MPs IL-1b (pg/million MPs)
as means ± SE obtained from male mice manipulated as described
in the caption for Fig. 2. The (n) for each group is shown,
indicates signiﬁcantly different from control, P < 0.05, ANOVA.
IL-1b, interleukin-1b; MP, microparticles; pGSN, plasma gelsolin.

MP Surface Protein Expression Patterns
MP subtypes were characterized based on expression of
surface proteins. As in past studies, higher numbers of each
subtype were found in decompressed mice (34–37). Values
can be derived by multiplying total MP numbers by the percentage of each subtype shown in Table 3. However, we
noted that strictly looking at percentage of each type offered
insight into differences in possible cell sources for MPs.
Table 3 demonstrates statistically signiﬁcant differences
from control in fractions of MPs expressing Ly6G (a neutrophil membrane protein) and those with a pattern consistent
with endothelial cells [based on expression of CD31 (plateletendothelial cell adhesion protein) but null for CD41 (a component of platelet-speciﬁc b3 adhesion molecule)] from
decompressed mice and decompressed mice injected with
the carrier buffer. Among mice administered rhu-pGSN
before or after decompression, the fraction expressing Ly6G
was again signiﬁcantly different from control, in contradistinction to the subtype expressing endothelial cell markers
that was nearly at the control level. Hence, administration of
rhu-pGSN prevented generation of endothelial-derived MPs
in response to decompression. As expected, based on prior
reports, when one adds up all the subtypes, the total exceeds
100%, likely indicating that surface proteins are shared
among MPs due to collisions in the bloodstream (37).

Actin Presence on the MP Membrane
The loss of MPs in decompressed mice injected with rhupGSN could indicate that F-actin may be its target on the
particle surface, given that one biochemical action of pGSN
is to bind and then cleave F-actin (5, 11). To investigate this
possibility, we used ﬂow cytometry to evaluate whether ﬂuorescently labeled phalloidin would bind to MPs. As shown in
Table 3, the fraction of MPs that bound phalloidin increased
eightfold in decompressed mice. Phalloidin binding by MPs
was not signiﬁcantly different from control among decompressed mice injected with rhu-pGSN.
Supporting evidence to assess whether actin was present
on the MP surface was sought by selective surface-protein
biotinylation using NHS-SS-biotin (see METHODS). Figure 3 is
a representative Western blot of four replicates showing that
the prominent 43-kDa biotinylated protein band is also recognized by anti-b-actin. In replicate experiments, the 43-kDa
protein band of MPs from decompressed mice was 2.9 ± 0.3fold denser than the band with control MPs (n = 4 replicates,
P < 0.05, ANOVA). When incubated with 200 mg/mL rhu1608

pGSN (comparable with that of normal plasma, see Fig. 1),
the band density of control MPs was reduced by 26.3 ± 4.3%,
whereas with MPs from decompressed mice, the band density was decreased by 61.1 ± 3.2% (P < 0.05). No biotinylated
protein bands were seen at 17 kDa or 31 kDa, where mature
and pro-IL-1b, respectively, are located, nor were bands
detected when Western blots were probed for IL-1b. IL-1b has
been reported to be present inside but not adsorbed to the
surface of MPs from decompressed mice (34). Therefore,
NHS-SS-biotin labeled membrane surface proteins and did
not gain access to internal MP proteins.
Biotinylated proteins were also separated from nonbiotinylated proteins for analysis. Figure 4 shows a representative
Western blot using lysates from biotinylated MPs isolated
from control and decompressed mice probed for biotin and
b-actin. In four replicates, no IL-1b was detected. Furthermore,
the results demonstrate that the majority of MP b-actin is present on the membrane surface and only scant amounts were
detected in the biotin-negative MPs.

Ex Vivo Studies of Rhu-pGSN Incubations with Murine
MPs
When MPs isolated from control and decompressed mice
were suspended in buffer, particle numbers were stable over
a 2-h ex vivo incubation (Fig. 5A). However, if rhu-pGSN was
added to suspensions, the MPs from decompressed but not
control mice were lysed. After each sample was ﬁxed, ﬂuorescent phalloidin and a ﬂuorophore-labeled antibody that
recognizes mouse and human pGSN were added to evaluate
particle surface F-actin and pGSN binding. The Fig. 5B plot
shows that the fraction binding phalloidin decreased for
only the MPs from decompressed mice incubated with rhupGSN. Surface-bound pGSN values for the four groups were
11.5 ± 1.8% for control MPs, 12.1 ± 3.3% (NS) for control MPs
where rhu-pGSN was added, 15.2 ± 3.6 (NS) for MPs from
decompressed mice, and 26.6 ± 4.4 (P < 0.05, ANOVA) for
MPs from decompressed mice where rhu-pGSN was added.
These values did not change signiﬁcantly over the course of
the 2-h study.
Gelsolin can diminish phalloidin binding to F-actin due to
F-actin cleavage and also because of displacement events
(49, 50). We found that the kinetics of MP lysis and pGSN
binding were not changed when experiments were done in
the presence of equal concentrations of nonﬂuorescent and
ﬂuorescent phalloidin (data not shown), suggesting that the

Table 2. Murine vascular leakage of 2  106 Da rhodamine-labeled dextran
Control þ pGSN (18)
Deco (29)
Vehicle þ Deco (29)
pGSN þ Deco (18)
Deco þ pGSN (18)

Brain

Muscle

1.1 ± 0.1
4.8 ± 1.4
4.6 ± 0.9
1.3 ± 0.2
1.4 ± 0.2

1.1 ± 0.1
2.9 ± 1.5
2.3 ± 0.7
1.1 ± 0.2
1.0 ± 0.2

Extravasation of dextran in brain and leg skeletal muscle was
evaluated as described in METHODS in male mice manipulated as
described in the caption for Fig. 2. Data are fold-difference in rhodamine-dextran/mg tissue protein (means þ SE) vs. the values in
control mice processed concurrently with each experimental
group. Sample number is indicated as (n), indicates signiﬁcantly
different from control, P < 0.05, ANOVA. pGSN, plasma gelsolin.
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Table 3. MPs subtypes in mice
Control (19)
Control þ pGSN (1)
Deco (1)
Vehicle þ Deco (1)
pGSN þ Deco (1)
Deco þ pGSN (1)

%Ly6G

%CD14

%CD31

%CD41

%ECs

%Phall.

0.1 ± 0.1
1.0 ± 0.5
11.1 ± 1.9
14.3 ± 2.5
3.9 ± 0.9
5.3 ± 0.8

44.3 ± 4.1
45.9 ± 5.1
51.2 ± 3.5
47.1 ± 3.3
50.6 ± 3.2
54.9 ± 6.8

47.8 ± 5.7
36.1 ± 4.9
36.8 ± 3.4
49.4 ± 4.5
38.9 ± 3.6
40.2 ± 8.1

29.1 ± 3.7
23.6 ± 4.4
18.0 ± 3.3
19.7 ± 3.4
21.1 ± 3.5
30.0 ± 5.7

0.6 ± 0.1
0.8 ± 0.2
2.3 ± 0.3
1.7 ± 0.2
0.4 ± 0.1
0.5 ± 0.1

2.3 ± 0.6
3.2 ± 0.7
29.4 ± 3.3
24.5 ± 2.5
4.5 ± 1.0
6.2 ± 2.0

Blood-borne MPs were quantiﬁed in male mice manipulated as described in the caption for Fig. 2 Flow cytometric measurements were
made to quantify the number of all 0.3 to 1 mm diameter Annexin V-positive particles (data in Fig. 2) as well as the fraction of those
expressing proteins speciﬁc to certain cells [Ly6G (mature neutrophils), CD14 (all leukocytes), CD31 (platelets and endothelium), CD41
(platelets), CD31 þ / CD41-dim (endothelium, labeled ECs)] and also those that bound phalloidin (Phall). Data are expressed as means ±
SE, n is shown for each sample; asterisk () and boldface indicates signiﬁcantly different from control, P < 0.05, ANOVA. MP, microparticles; pGSN, plasma gelsolin.

reduction in ﬂuorescent phalloidin bound to decompressed
MPs was due to F-actin cleavage.

Ex Vivo Studies of Rhu-pGSN Incubations with Human
Neutrophils
We examined effects of rhu-pGSN on human neutrophils
because prior studies have shown that neutrophils play a
major role in MP generation and vascular damage in the DCS
model (21, 34, 37, 43). We reported previously that when
human cells are incubated at high gas pressure, MP production is maximal in 30 min with no further production
whether cells remain at pressure or they are decompressed
(28). Human neutrophils (1.5  105 in 200 mL of buffer) generated 1,885 ± 139 (SE, n = 10) MPs/mL over 30 min when
exposed to 790 kPa air pressure. If cells were incubated at
790 kPa in the presence of 200 mg/mL rhu-pGSN, signiﬁcantly fewer MPs, 657 ± 93/mL (n = 10, P < 0.05), were produced. Cell suspensions incubated in air at ambient pressure
had 493 ± 71 MPs/mL at the start of incubations and 538 ± 52

Biotin
Control
Decompression
kDa +pGSN +PBS +PBS +pGSN

MPs/mL at the end (not signiﬁcantly different), and numbers
were unchanged in the presence of rhu-pGSN.
We then investigated neutrophil suspensions that were
ﬁrst incubated in air at ambient pressure or at 790 kPa for
30 min and rhu-pGSN added to each after pressure. Time 0
in Fig. 6 indicates addition of 200 mg/mL rhu-pGSN. At 30min intervals, the cells and MPs in samples were ﬁxed, separated by centrifugation, and analyzed by ﬂow cytometry.
Although rhu-pGSN had no effect on neutrophil number or
viability (data not shown), it did impact surface-staining pattern of decompressed cells. The ﬁrst plot demonstrates the
fraction of neutrophils that stained with ﬂuorescent phalloidin. Control cells exhibited relatively low phalloidin binding
and no signiﬁcant change with time. Phalloidin binding on
cells ﬁrst subjected to pressure was signiﬁcantly different
from control but decreased with time in the presence of rhupGSN. The second plot shows neutrophil staining with gelsolin antibody. Again, control cells exhibited relatively low
staining and no change with time. However, cells that had

-Actin
Control
Decompression
+pGSN +PBS +PBS +pGSN

250
150
100
75
50
36

25

Figure 3. Biotinylation of MPs proteins. MPs from control and decompressed male mice were isolated, incubated with 200 mg/mL rhu-pGSN (shown as þ pGSN)
or just PBS, and then biotinylated as described in
METHODS. MPs were then lysed in SDS buffer and protein from 45,500 MPs loaded into each lane for SDSPAGE. Western blots probed for biotin and for b-actin
are shown. Probing for IL-1b did not demonstrate
bands (not shown). Molecular weight standards (in
kDa) are shown at left. IL-1b, interleukin-1b; MP, microparticles; rhu-pGSN, recombinant human-plasma gelsolin; pGSN, plasma gelsolin.
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Figure 4. Biotinylated vs. nonbiotinylated MPs separation: MPs from control and decompressed male mice were isolated, biotinylated, and then
lysed. Samples were incubated with magnetic streptavidin beads as
described in METHODS and passed through a magnet to separate biotinylated (shown as þ Biotin) from nonbiotinylated proteins (shown as
Biotin). Protein from 165,000 MPs was loaded into each lane for SDSPAGE. Western blots probed for b-actin and biotin are shown. Probing for
IL-1b did not demonstrate bands (not shown). Molecular weight standards
(in kDa) are shown at left. IL-1b, interleukin-1b; MP, microparticles.

One biochemical action of pGSN is to bind and then cleave
F-actin, a process that is thought to abrogate intravascular
injuries and organ damage (5, 11). Others have shown a complementary relationship between circulating F-actin and
pGSN levels, the presence of pGSN-actin complexes in
plasma, and depletion of circulating pGSN with local sequestration at injured sites (9, 11, 12, 51). Figures 3 and 4 show that
actin is present on the MP membrane surface, especially those
from decompressed mice, and phalloidin binding (Table 3,
Fig. 5) indicates the presence of F-actin. Similarly, MPs produced by high gas pressure-stimulated human neutrophils ex
vivo also exhibit high phalloidin binding (Fig. 6). When rhupGSN is added to murine or human MP suspensions, it binds
preferentially to pressure-generated MPs, and MPs lyse as the
fraction binding phalloidin drops. Therefore, the data suggest
pGSN is binding to F-actin and cleavage renders the MPs sensitive to osmotic lysis.
We interpret the inverse relationship between circulating
pGSN and MPs in humans and mice with pressure exposure
(Figs. 1 and 2) as arising because pGSN binds to the increasing number of MPs. Moreover, Table 3 demonstrates that the
fraction of MPs binding phalloidin in decompressed mice
injected with rhu-pGSN was not signiﬁcantly different from
control. This observation suggests that MPs lysis is selective
and rhu-pGSN did not destroy MPs exhibiting low phalloidin

A 3500

DISCUSSION
Exposure to high pressure decreases pGSN in blood of
humans and mice concurrently with elevations of MPs and
IL-1b (Figs. 1 and 2). In mice, MPs containing high concentrations of IL-1b are responsible for causing diffuse capillary leak
(34, 43). Surface proteins expressed on MPs in decompressed
mice exhibited signiﬁcantly more CD31 þ /CD41-dim, consistent with endothelial activation/damage, and Ly6G, indicative
of a neutrophil origin (Table 3). Administration of rhu-pGSN
to mice before or after pressure/decompression prevented elevations in the total number of MPs, the IL-1b concentration in
plasma, the MPs subset from endothelium, and capillary leakage (Fig. 2, Table 2). When rhu-pGSN was administered prophylactically, intra-MP IL-1b concentration was elevated after
decompression, whereas rhu-pGSN treatment after decompression resulted in an intra-MP IL-1b concentration that was
not signiﬁcantly different from control (Table 1). We believe
these differences can be explained by the data evaluating the
impact of rhu-pGSN on MPs and neutrophils ex vivo.
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been exposed to high pressure had signiﬁcantly more gelsolin antibody staining, and values decreased over 2 h in parallel with the drop in phalloidin binding.
The next three rows in Fig. 6 show data pertaining to the
MPs present in the suspensions. Addition of rhu-pGSN to
control preparations did not alter the number of MPs, phalloidin binding, or gelsolin antibody binding. In pressureexposed suspensions where rhu-pGSN was added, the number of MPs and fraction with high phalloidin binding
decreased signiﬁcantly with time, whereas the fraction staining with gelsolin antibody increased.
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Figure 5. Effect of rhu-pGSN on MPs from control and decompressed
mice. Blood was obtained from control or decompressed male mice and
centrifuged as described in METHODS. MPs suspensions were divided and
where shown at time 0, 200 mg/mL rhu-pGSN was added. At 30-min intervals, samples were ﬁxed. The number of remaining MPs and the percentage of particles that bound ﬂuorescent phalloidin were quantiﬁed. Data
are expressed as means ± SE, n = 5 for each sample, indicates signiﬁcantly different from the value at time 0, P < 0.05, RM-ANOVA. MP, microparticles; rhu-pGSN, recombinant human-plasma gelsolin; RM, repeatedmeasures; pGSN, plasma gelsolin.
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Figure 6. Effect of rhu-pGSN on human neutrophils and MPs. Neutrophils
were isolated, incubated for 30 min in ambient air or at 790 kPa, and
decompressed. At time 0 time, rhu-pGSN (200 mg/mL) was added and at
30-min intervals portions of samples were ﬁxed and processed as
described in METHODS to quantify MPs, binding of anti-gelsolin antibody
and ﬂuorescent phalloidin. Data are expressed as means ± SE, n = 4 for
each sample, indicates signiﬁcantly different from the value at time 0,
P < 0.05, RM-ANOVA. MP, microparticles; rhu-pGSN, recombinant
human-plasma gelsolin; RM, repeated-measures; pGSN, plasma gelsolin.

binding. The same relationship is seen with ex vivo murine
MPs in Fig. 5 and human MPs in Fig. 6. Rhu-pGSN lysed the
phalloidin-positive MPs, leaving the same number of MPs in
the preparations after the 2-h incubations as were present in
the control samples. However, phalloidin binding is not a
quantitative index of susceptibility for lysis by rhu-pGSN.
Approximately 20% of postpressure murine MPs in Fig. 5
and 14% in Fig. 6 exhibited phalloidin binding at time 0, and
the fraction dropped to 4% over the 2-h studies. In this
same period, the total number of MPs dropped by 80%
(from 2,600–2,800/mL to 500–520/mL). This difference may
occur because F-actin binding on some MPs is below the
threshold of detection by ﬂow cytometry or because of additional pGSN ligands such as anionic phospholipids on MPs.

Actin has been detected on the membrane surface of platelets, neutrophils, monocytes, lymphocytes, endothelial cells,
and sympathoadrenal/catecholaminergic cells (52–57). A
recent study found that macrophage MP generation requires
extracellular F-actin, which appears to inﬂuence caspase-1
activation at ﬁlopodia (58). We found that 80% of human
neutrophils exposed to high gas pressure ex vivo exhibited
phalloidin binding versus just 20% of control cells (Fig. 6).
High-pressure inert gases stimulate neutrophils by triggering
oxidative stress (28), and it now appears that F-actin expression on the cell surface is associated with this process. It
seems reasonable that extracellular F-actin is transferred to
the newly generated MPs budding from the cell surface in
response to pressure, explaining why pressure-generated MPs
exhibit higher phalloidin binding and why rhu-pGSN selectively impacts decompressed mouse MPs versus the MPs of
control mice (Figs. 2 and 5) and pressure-generated human
MPs (Fig. 6).
We found that gelsolin antibody will bind to control
mouse and human MPs. With regard to the human neutrophil studies (Fig. 6), MPs are not generated during incubations at ambient pressure, so the MPs present in control
samples were carried through from plasma. The control MPs
appear to have only scant F-actin, as they exhibited relatively low phalloidin binding (3.5%), but pGSN appears to
be present on 40% of the MPs based on antibody binding.
This discrepancy could occur if there is an alternative mechanism for pGSN binding other than F-actin. One possibility
may relate to the high afﬁnity pGSN has for binding to ﬁbronectin. Others have shown that pGSN cell attachment can be
mediated via soluble ﬁbronectin, which will attach to cell
membranes via integrins and glycoproteins (59, 60).
Figure 6 also shows that rhu-pGSN cleaves F-actin on the
postdecompression neutrophil surface, as demonstrated by
the drop in phalloidin binding. Binding by the pGSN antibody decreased in parallel, suggesting that as F-actin is
cleaved, pGSN can no longer bind to the neutrophil membrane. In addition, we found that inclusion of rhu-pGSN
with human neutrophils while exposed to high pressure
inhibits MPs production by 65% (1,885 ± 139 MPs/mL vs.
657 ± 93/mL). Thus, surface F-actin may be needed for MP
generation in response to gas pressure. This reﬂects a separate action in addition to direct MPs lysis, and the effect
could be the basis for differences noted in intra-MPs IL-1b
concentration between mice infused with rhu-pGSN prophylactically versus injection after decompression (see Table 1).
Administration after decompression destroys virtually all
pressure-induced MPs, including the ones carrying high IL1b, whereas prophylactic rhu-pGSN administration impedes
but does not entirely prevent MPs generation.
Results from this study highlight the role of MPs as a cytokine carrier. IL-1b is cleared from the plasma within 2 h after
injection of rhu-pGSN in decompressed mice (Fig. 2). Simply
lysing MPs would not immediately diminish the plasma concentration of IL-1b, but lysis abrogates capillary leak mediated by IL-1b (34, 43). Hence, MPs appear to have an
important role targeting IL-1b to endothelium. This is an
area that remains poorly understood and worthy of future
research. Our results suggest that supplementation with rhupGSN can prevent or reverse DCS by reducing inﬂammatory

J Appl Physiol  doi:10.1152/japplphysiol.01062.2020  www.jap.org
Downloaded from journals.physiology.org/journal/jappl (093.070.101.108) on November 15, 2022.

1611

PLASMA GELSOLIN AND DECOMPRESSION

MPs. This represents a new action for rhu-GSN that may
have relevance to a broad number of inﬂammatory injuries.
Another obvious issue in need of further investigation is
the time course for MP elevations and greater detail on
mechanism for formation. As shown in this study, exposures
of humans (35 min) and mice (2 h) differed yet achieved
similar MP elevations. Prior work has described differences
in MP production rates for mice, humans, and murine and
human neutrophils based on pressure and exposure gas(es)
(28–41).
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