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Abstract

This project investigated glial-based lymphatic (glymphatic) function and its role in a murine model of decompression sickness
(DCS). DCS pathophysiology is traditionally viewed as being related to gas bubble formation from insoluble gas on decompres-
sion. However, a body of work implicates a role for a subset of inflammatory extracellular vesicles, 0.1 to 1 lm microparticles
(MPs) that are elevated in human and rodent models in response to high gas pressure and rise further after decompression.
Herein, we describe immunohistochemical and Western blot evidence showing that following high air pressure exposure, there
are elevations of astrocyte NF-κB and microglial-ionized calcium-binding adaptor protein-1 (IBA-1) along with fluorescence con-
trast and MRI findings of an increase in glymphatic flow. Concomitant elevations of central nervous system-derived MPs coex-
pressing thrombospondin-1 (TSP) drain to deep cervical nodes and then to blood where they cause neutrophil activation. A new
set of blood-borne MPs are generated that express filamentous actin at the surface that exacerbate neutrophil activation. Blood-
brain barrier integrity is disrupted due to activated neutrophil sequestration that causes further astrocyte and microglial perturba-
tion. When postdecompression node or blood MPs are injected into naïve mice, the same spectrum of abnormalities occur and
they are blocked with coadministration of antibody to TSP. We conclude that high pressure/decompression causes neuroinflam-
mation with an increased glymphatic flow. The resulting systemic liberation of TSP-expressing MPs sustains the neuroinflamma-
tory cycle lasting for days.

NEW & NOTEWORTHY A murine model of central nervous system (CNS) decompression sickness demonstrates that high gas
pressure activates astrocytes and microglia triggering inflammatory microparticle (MP) production. Thrombospondin-expressing
MPs are released from the CNS via enhanced glymphatic flow to the systemic circulation where they activate neutrophils.
Secondary production of neutrophil-derived MPs causes further cell activation and neutrophil adherence to the brain microvascu-
lature establishing a feed-forward neuroinflammatory cycle.

blood brain barrier; microparticles; neutrophil adherence; thrombospondin

INTRODUCTION

Decompression sickness (DCS) pathophysiology is tradi-
tionally viewed as related to gas bubble formation from in-
soluble gas on decompression. However, the inconsistent
presence of bubbles in human studies has prompted investi-
gations focused instead on inflammatory pathways (1–3). A
body of work implicates a subset of extracellular vesicles,
0.1–1 lm microparticles (MPs) that are elevated in humans

and rodent models exposed to high gas pressure and rise fur-
ther after decompression (4–14). MPs initiate a systemic
inflammatory response related to neutrophil activation
(13, 15–17).

DCS is often related to a return to ambient pressure
from deep sea excursions while breathing compressed
air, but also can occur after diving while holding one’s
breath. The prevalence of central nervous system (CNS)
manifestations when DCS occurs ranges from �30% for
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compressed air divers to 56% for commercial fisherman
breath-hold divers who typically make 60 or more �1-min
dives per day to depths of 30–40 m of seawater (1, 18–20).
Theoretical calculations indicate there is a risk for inert
gas supersaturation with these repetitive breath-hold
exposures (21). However, breath-hold divers only rarely
are found to have intravascular bubbles and when found,
they are of low magnitude and clear rapidly from the circula-
tion (4, 21). In a field study of breath-hold human divers, we
reported significant elevations of circulating MPs that bore no
relationship to intravascular bubbles (4).

High pressures of nitrogen and similar gases activate leu-
kocytes via an oxidative stress process that triggers MPs pro-
duction (22). The pathway triggering MP formation also
activates the leukocyte NOD-like receptor, pyrin-containing
3 (NLRP3) inflammasome responsible for producing mature
interleukin (IL)-1b (22, 23). Inflammasome assembly corre-
lates with MP production and the MPs containing high
amounts of IL-1b are the primary factor causing diffuse vas-
cular damage in the murine DCS model (14, 24). When these
MPs are purified and injected into naïvemice, they cause the
same spectrum of injuries as seen in decompressed mice (13,
14, 25).

The glymphatic system drives cerebrospinal fluid (CSF)
into the brain parenchyma via astrocyte aquaporin 4 (AQP4)
water channels followed by passage of interstitial fluid out of
the brain via perivenous channels and ultimately, to deep
cervical lymph nodes (26). These structures are depicted in
the graphical abstract. This facilitates brain fluid clearance
and waste removal in association with advection along me-
ningeal lymphatics (27–33). Neuroinflammation is thought
to perturb glymphatic function with an initial increase of
flow, but this is not well documented (34). We hypothesized
that because of the high-pressure gas effects on leukocytes,
glial cells are perturbed causing a disturbance of glymphatic
function.

Astrocytes respond to oxidative stress with NF-κB activation
which, among other events, results in the generation of TSP-1
and -2 and a variety of extracellular vesicles (35). TSP-1 is a
neurogenic factor and can protect mitochondrial functions,
however, TSP-1 engagement by several varieties of leukocytes
will cause priming, chemotaxis, NLRP3 inflammasome for-
mation/interleukin-1b production, enhance endothelial
attachment, and spreading (36, 37). Our results indicate
that exposure to high-pressure air and decompression
perturb glial cells that increase glymphatic flow along
with the release of inflammatory MPs to the circulation
that perpetuate a neuroinflammatory cycle.

METHODS AND MATERIALS

Materials

Chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted. Antibodies were validated from
the purchased company with indicated host specificity and the
data sheets of each product were supplied as below: anti-
annexin V-PE (Becton Dickinson/PharMingen, BD, San Jose,
CA, Cat. No. 556421), anti-actin (Sigma-Aldrich, St. Louis, MO,
Cat. No. A-2066), anti-AQP4 (Abcam, Cat. No. ab81355), anti-
Ly6G eFluor450 (eBioscience, San Diego, CA, Cat. No. 48–5931-

82), anti-mouse MPO-PE (Hycult Biotech, Plymouth Meeting,
PA, Cat. No. HM1051PE-100), anti-mouse CD31 BV510 (BD Cat.
No. 563089), anti-CD41 PerCP Cy5.5 (BioLegend, San Diego, CA,
Cat. No. 133918), anti-GFAP Brilliant Violet 421 (BioLegend, San
Diego, CA, Cat. No. 644719), anti-TMEM119-APC (Abcam, Cat.
No. ab225494), anti-NPR AF-790 (Santa Cruz Biotechnology,
Dallas, TX, Cat. No. sc-390081), anti-MBP PerCP (Novus
Biologicals, Centennial, CO, Cat. No. NBP2-22121PCP), anti-TSP-1
(Santa Cruz, Cat. No. 393504 and 393504FITC), p65 subunit of
NF-κB (Abcam, Cat. No. ab32536), and anti-p65 subunit of NF-
κB, anti-phosphorylated at serine 536 (Phospho-Ser536) p65 NF-
κB) (Cell Signaling, Danvers, MA, Cat. No. 3031). Verification
that anti-actin recognizes b-actin was shown by Western blot
andmass spectroscopy in a prior publication (25). Antibodies for
flow cytometry and Western blots were specifically for that
usage as documented by themanufacturers andused at the con-
centrations recommended. Positive staining in flow cytometry
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. All
experiments were performed using young, adult (10–12 wk)
mice with approximately equal numbers of males and
females in all experimental groups. C57BL/6J mice (Mus
musculus) were purchased from Jackson Laboratories (Bar
Harbor, ME) and housed in the university animal facility.

Mice 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).
Male and female mice, used in approximately equal num-
bers, were left to breathe room air (control) or subjected to
2-h exposure to air pressure at 790 kPa. No mice died and
none exhibited overt evidence of functional compromise
as may be consistent with decompression sickness, the
same findings as we have made in prior studies with this
model (13, 25).

The mice were anesthetized and euthanized for blood and
tissue collection at times spanning immediately postexposure
to 4 days. Randomization of mice for experimentation was
performed by first collecting all mice to be used on a day into
a single plastic cage and then randomly selecting an individual
mouse for use as the daily control or for an intervention group.
Studies were done over a span of 9 mo with acclimatized mice
purchased in groups of 6–12 at biweekly intervals. Mice were
used according to a block design where individual blocks rep-
resentedmice selected as control or pressure exposure.

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 the data
analysis, and none were excluded. To minimize animal
usage and maximize information gain, experiments were
largely designed to use both blood and tissue from the
same animals. Mice were anesthetized [intraperitoneal
administration of ketamine (100 mg/kg) and xylazine (10
mg/kg)], skin was prepared by swabbing with betadine,
and blood was obtained into heparinized syringes by aor-
tic puncture, before tissue harvesting.
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Cervical Lymph Node MP Acquisition

Cervical lymph nodes were identified and removed from
mice as described previously (38). Two to six nodes from a
mouse were weighed, placed in a petri dish, and finely cut
to pieces with a scalpel. The minced nodes were sus-
pended as 20 lg/mL digestion buffer (DMEM, 2% FBS con-
taining 250 lg dispase) and incubated for 30 min at 37�C
with vortexing at 15-min intervals. Tissue aggregates were
then broken up by repeated passage through a narrow,
flamed tip Pasteur pipette, and 0.1 mL of 50 mM EDTA/mL
of node suspension was added to aid dispersion of the par-
ticles. After 10-min incubation, the suspension was diluted
1.6-fold with PBS and passed through a 40-lm filter. The
suspension was then centrifuged at 600 g for 5 min, the
pellet discarded and recentrifuged at 15,000 g for 30 min.
MPs in the supernatant were then analyzed. Detailed
methods along with representative box plots showing the
enumeration strategy are published (38).

Blood MP Acquisition and Processing

Blood-borne MPs were isolated and prepared for analysis
by flow cytometry as previously described (13, 38). Briefly,
heparinized blood was centrifuged for 5 min at 1,500 g.
EDTA was added to the supernatant to achieve 12.5 mM to
prevent MPs aggregation, centrifuged at 15,000 g for 30 min,
and supernatant was used for analysis.

MPs for Reinjection

MPs donor mice were exposed to the 2-h pressure proto-
col and euthanized 2 h later. Cervical node and blood MPs
were isolated and blood MPs were separated based on F-
actin expression using phalloidin-conjugated magnetic
beads as previously described (38). For both cervical node
and blood MPs, after the initial 15,000 g, the supernatant
was obtained, it was parceled among centrifuge tubes at a
ratio of 250 lL þ 4 mL phosphate-buffered saline (PBS),
and centrifuged at 100,000 g for 60 min (typically 3–4
tubes/experiment were used). Supernatant (4 mL) was
then carefully removed and the pellet containing the MPs
was resuspended in sterile PBS. The MPs were counted
and diluted so that 60,000 MPs in 200 lL of PBS were
intravenously injected via a tail vein into naïve mice.
Recipient mice were then euthanized 2 h later to evaluate
glymphatic flow or vascular permeability and elevations of
brain inflammatory proteins. Where indicated, for some
mice, 30 min before intravenous injections, MPs were first
combined with 5 lg of anti-TSP IgG.

MP Analysis

All reagents and solutions used for MP isolation and analy-
sis were filtered with 0.1-lm filter (EMD Millipore, Billerica,
MA). MPs were analyzed as described previously (13, 16). 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 and side
scatter were set at a logarithmic gain. Photomultiplier tube
voltage and triggers were optimized to detect submicron

particles. Microbeads of three different diameters, 0.3 lm
(Sigma, Inc., St. Louis, MO), 1.0 lm, and 3.0 lm (Spherotech,
Inc., Lake Forest, IL), were used for initial settings and before
each experiment as an internal control. Samples were sus-
pended in annexin-binding buffer solution (1:10 vol/vol in dis-
tilled water; BD PharMingen, San Jose, CA), and antibodies
are as listed above. Examples of blood-borne and cervical par-
ticle analysis have been published previously (38, 39). 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 lm diameter.
The concentration of MPs in sample tubes was determined
by MACSQuant Analyzer according to exact volume of so-
lution from which MPs were analyzed.

Colloidal Silica Endothelium-Enriched Tissue
Homogenates and Vascular Permeability Assay

Mice were anesthetized, exsanguinated, and perfused with
phosphate-buffered saline (PBS) to remove residual blood and
then with lysine-fixable tetramethylrhodamine-conjugated dex-
tran (2� 106 Da, Invitrogen, Carlsbad, CA), followed by colloidal
silica according to published methods (13, 16). After centrifuga-
tion, the endothelium-enriched pellets were obtained for analy-
sis from the brain and leg skeletal muscle. Vascular leakage was
quantified as rhodamine fluorescence after values were normal-
ized to that obtained with a control mouse included in each
experiment because of variability in rhodamine-dextran manu-
facturing as described previously (13). Neutrophil sequestration
was evaluated by performing Western blots on tissue homoge-
nates, probing for Ly6G and myeloperoxidase (MPO), and nor-
malizing band density to b-actin bands on the same blots
following our published procedures (13, 16).

MRI Assessment of Glymphatic Flow

Images were obtained in the University Core Facility
Bruker BioSpec 70/30USR Avance III 7 Tesla horizontal bore
MR scanner. The system is equipped with a BGA12S gradient
system and interfaced to a Bruker Paravision 6.0 console. A
72-mm Bruker linear-volume radio frequency (RF) coil was
used as a transmitter and a Bruker four-element 1H RF array
coil served as a receiver. Mice were anesthetized and then
maintained with 1.75% isoflurane, and a MR-compatible
small-animal gating system was used to monitor respiration
rate and maintain body temperature at 35�C–37�C. After ini-
tial calibration and T2-weighted anatomic acquisitions, para-
magnetic contrast (gadodiamide, Gd, 0.15 mmol (300 lL)/20 g
mouse was injected IV at 50 lL/min and a series of 5 min 3 D
T1-weighted fast low angle shot acquisitions were obtained in
the sagittal view (TR-13.455 ms, TE = 3.82 ms, flip angle = 25�,
average = 4, field of view = 18 � 18 �18 mm3, imaging resolu-
tion = 0.15 � 0.15 � 0.40 mm3). Image processing consisted of
head motion correction and voxel-by-voxel conversion to %
baseline signal.

Cisterna Magna Injections

Mice were anesthetized for surgery 2 or 24 h after pressure
treatment with isoflurane and placed in stereotactic head
holder. After cisterna magna exposure, a 30-gage needle was
inserted that had been attached to PE tubing and microsyr-
inge. Infusion proceeded for 5 min at 2 lL/min with artificial
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CSF (filter sterilized 119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM
KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 10 mm glucose at 37�C)
containing 0.5% ovalbumin (MW 45 kDa) conjugated to Alexa
Fluor 555 and 0.5% cadaverine (MW 0.6 kDa) conjugated to
Alexa Fluor 488. At 30 min after the start of infusion, brains
were perfusion-fixed with 4% paraformaldehyde in PBS,
brains were removed, and postfixed in same solution for 24 h.

Coronal 100-lm brain sections were collected in sequence
from 1.7 mm anterior to 0.7 mm posterior of the bregma from
each mouse, mounted on slides, and subjected to epifluores-
cence and later immunohistochemical imaging.

Immunohistochemical preparation involved rinsing slides
three times with PBS followed by permeabilizing and block-
ing by incubation for 1 h at room temperature with PBS
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Figure 1. Glymphatic flow assessment by cisterna magna injections. A shows typical 100-lm coronal brain section fluorescence after injections of oval-
bumin conjugated to Alexa Fluor 555 and cadaverine conjugated to Alexa Fluor 488. B shows quantitative evaluation of protein uptake in control mice
and mice studied 2- or 24-h postexposure to 790 kPa air pressure for 2 h. Values are means ± SD (for control, 3 male and 3 female mice; for 2-h post-air
pressure group, 4 male and 3 female mice; for 24-hour post-air pressure group, 3 male and 3 female mice). Evaluations were performed on 8 brain sec-
tions/mouse; individual data points are also shown. WTDeco, wild-type mouse subjected to pressure/decompression.

Figure 2. Glymphatic flow assessment by gadolinium (Gd) contrast MRI. A shows a typical image highlighting the signal near the vein of Galan and at
deep cervical nodes. Quantified flow was assessed using 1-mm regions of interest at these sites and normalized by including a 60 mM Gd vial beneath
the mouse skull within the scanning field. Images of control and decompressed mice are shown in B. Quantifications (C) were plotted on ordinates show-
ing normalized Gd signal (means ± SD, n = 8 mice/group, �P < 0.05, repeated-measures ANOVA) and abscissa showing sequential 5-min 3 D T1-
weighted fast low angle shot acquisitions obtained after image calibration and injection of paramagnetic contrast [gadodiamide, Gd, 0.15 mmol (300 lL)/
20 g mouse was injected IV at 50 lL/min]. Note that data obtained from mice studied 4 days after decompression demonstrated the same flow
increases as those in C done 2 h after decompression (data not shown). DCS, decompression sickness.
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containing 0.2% (vol/vol) Triton X-100, 0.3% (vol/vol) gly-
cine, 5% (vol/vol) normal goat serum, and 5% (vol/vol) fetal
bovine serum. Slides were then incubated with a 1:200 dilu-
tions of anti-GFAP, NF-κB, or IBA-1 monoclonal IgG antibody
at room temperature for 2 h. After rinsing three times with
PBS, the slides were incubated with a 1:200 dilutions of
Alexa 488-conjugated goat anti-rabbit IgG and Alexa 647-
conjugated goat anti-mouse Ig for 1 h followed in some stud-
ies by counterstaining with 40,6-diamidino-2-phenylindole
(DAPI).

Images were acquired using a Nikon inverted-stage confo-
cal microscope equipped with a Plan-Apochromat 63/1.4 nu-
merical aperture oil objective. Fluorophore excitation was
provided by 405-, 488- and 633-nm laser lines, and resulting
fluorescence was separated using 420–480-, 505- and 650-
nm band pass filters.

Statistical Analysis

Results are expressed as the mean ± standard deviation
(SD) for four or more independent experiments with analysis
using SigmaStat (Jandel Scientific, San Jose, CA). Data nor-
mality was assessed using the Shapiro–Wilk test. Statistical
analysis in each assay is detailed in figure legends. For two
group comparisons, a two-tailed, unpaired Student’s t test
was used. For multiple group comparisons, a one-way analy-
sis of variance (ANOVA) and Newman-Keuls post hoc test
was used. For all studies, we deemed a result to be statisti-
cally significant if P< 0.05.

RESULTS

Cisterna Magna Injections and Glymphatic Flow

We first evaluated glymphatic flow by intracisternal injec-
tions of fluorescent protein tracers. Following decompres-
sion from the standard DCS model (2-h exposure to 790 kPa
air pressure), mice were injected with a solution containing
fluorescent ovalbumin (MW 45 kDa) and cadaverine (MW
640.61 kDa). Ovalbumin passes from the perivascular space
to brain interstitial fluid (ISF) via clefts between astrocytes
(paracellular path) versus smaller cadaverine that can also
enter ISF via astrocytic uptake (transcellular path) (40).
Cadaverine uptake nearly doubled after decompression,
whereas the ovalbumin signal was not statistically signifi-
cantly different (Fig. 1).

Magnetic Resonance Imaging and Glymphatic Flow

To circumvent potential artifacts due to intracranial pres-
sure alterations from puncturing the cisterna magna, more
extensive assessments of glymphatic function were made
with MRI following intravenous injection of gadolinium (Gd)
(41). As shown in Fig. 2A, the Gd signal is robust near the vein
of Galan and at deep cervical nodes. Representative control
and decompression mouse images are shown in Fig. 2B.
We quantified flow using 1-mm regions of interest at the
vein of Galan and deep cervical nodes and normalized the
signal by including a vial containing 60 mM Gd beneath
the mouse skull within the scanning field. Signal intensity
was significantly higher during the first five 5-min meas-
uring periods in decompressed mice (Fig. 2C). The same
increased flow results were observed in mice studied at 24 h

and 4 days postdecompression (data not shown). Because
previous studies have demonstrated a role for neutrophil
activation in decompression pathophysiology (13, 15, 22, 24),
glymphatic flow was also evaluated in neutropenic mice.
Although glymphatic flow was not perturbed when mice
were rendered neutropenic by injections of antibody to the
neutrophil Ly6G protein (data not shown), we found that
glymphatic flow in decompressed mice was also not statisti-
cally significantly different from control, suggesting the
involvement of systemic responses (Fig. 3).

Evidence of Neuroinflammation

Glial cell activation was evident in brains of decom-
pressed mice based on morphological changes, expression
of IBA-1 and NF-κB p65 (Fig. 4A). Changes in astrocytes and
microglia were diffuse, with no discernible differences among
brain regions. To quantify brain neuroinflammation in an

Figure 3. Glymphatic flow assessment in neutropenic mice and naïve
mice injected with isolated MPs. Normalized Gd signals at the vein of
Galan and deep cervical nodes for control and 2 h post decompression
mice first rendered neutropenic by injections of anti-Ly6G antibodies 4
days prior to study. There were no statistically significant differences
between control (Fig. 2) and decompressed mice. Also shown are normal-
ized Gd signals for naïve mice injected with blood-borne F-actin-positive
or F-actin-negative MPs isolated from 2 h post decompression mice.
�Values for F-actin positive and cervical node MPs isolated from decom-
pressed mice were statistically significantly different by repeated-meas-
ures ANOVA (n = 4/group). Also shown are normalized Gd signals for
naïve mice injected with postdecompression mouse F-actin-positive MPs
first incubated with antibody to TSP-1. Anti-TSP-incubated MPs caused no
statistically significant glymphatic flow elevation. Gd, gadolinium; MP,
microparticle; TSP, thrombospondin-1.
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alternative manner, Western blots were prepared using ho-
mogenates of brains perfused with positively charged col-
loidal silica in a manner, as reported by others, to enrich
samples for endothelium and adjacent glial cells (42). Fig.
4B is a representative blot where, compared with control
(lane 1), at 2 h postdecompression (lane 2), there were ele-
vations of the p65 subunit of NF-κB, serine 536 phospho-
rylated (Phospho-Ser536) p65 NF-κB, Ly6G, MPO, and CD36
with loss of AQP4. Values in neutropenic mice subjected to
pressure/decompression were not significantly different
from control.

Microparticle Analysis

Inflammatory MPs can be found in deep cervical nodes in
response to brain insults (38, 43). MPs were isolated from deep
cervical nodes and blood, and the cells responsible for MP pro-
duction were evaluated by assessing the expression of cell-spe-
cific proteins on the MP surface (Table 1, Node and Blood).
Significant elevations of the total number of MPs occurred in
nodes and blood of mice at 2 h postdecompression. The same
statistically significant increases were also found at 4 days post-
decompression (data not shown). Notably, although neutro-
penic mice subjected to pressure/decompression exhibited

significant elevations of the total number of node MPs and
those expressing GFAP or TSP, no significant MPs elevations
were observed in blood. Prior work has identified elevations of
neutrophil-derivedMPs due to cell activation and production of
MPs expressing filamentous (F-)actin (assessed by phalloidin
binding) that are responsible for diffuse vascular damage (25).
MPs expressing the neutrophil-specific Ly6G protein and those
expressing F-actin were elevated postdecompression (Table 1,
Blood) but not in neutropenic mice. F-actin-expressing MPs
were also assessed in deep cervical nodes but found to not be
statistically significantly different between control [2.9% (SD 3.1,
n = 9)] and decompressedmice [6.0% (SD 5.5, n = 9)]. Activation
of neutrophils by high pressure/decompression was shown as
elevations of membrane-bound myeloperoxidase (MPO) and
the CD18 component of the b2 integrin (Table 1,Neutrophils).

Effects of MP Injection

Prior work has demonstrated that pathological changes
seen with decompression can be recapitulated by injecting
naïve mice with F-actin-positive MPs isolated from the blood
of decompressed mice, whereas injecting F-actin-negative
MPs or MPs from control mice have no effects (13, 14, 25).
Injection of the deep cervical node MPs or blood-borne

Figure 4. Neuroinflammation in postpressure mouse brains. A shows typical immunohistochemical images with 20-μm scale bars in lower right of each
image. The table below the figure shows means ± SD (n = 6 mice, with 4–6 brain slices quantified per mouse) number of cells in brain slices that demon-
strated IBA-1 concurrent with DAPI nuclear staining and triple staining with GFAP, p65 subunit of NF-κB, and DAPI in control mice, 2 h postdecompres-
sion mice and mice intravenously injected with 60,000 F-actin-positive MPs from mice euthanized 2 h postdecompression. B shows a representative
brain homogenateWestern blot where numbers below each band indicate means ± SD (n = 4–9 mouse brains per lane) band densities relative to b-actin
of control samples from replicate studies. Blots for each protein are contiguous, no cuts/insertions were made. Molecular weight markers for blots are
shown on the right margin. Numbers with an asterisk indicate values statistically significant from control (P < 0.05 ANOVA). Blots were probed for the
p65 subunit of NF-κB, serine 536 phosphorylated p65 NF-κB (labeled phospho-NF-κB), Ly6G, MPO, CD36, and AQP4. Lanes reflect control mice, those
euthanized 2 h postdecompression, neutropenic mice euthanized 2 h postdecompression (note that control neutropenic mice exhibited no statistically
significant differences from normal controls but data not shown), naïve mice injected with 60,000 F-actin-positive MPs frommice euthanized 2 h postde-
compression, naïve mice injected with 60,000 F-actin-negative MPs from mice euthanized 2 h postdecompression, neutropenic mice injected with
60,000 F-actin-positive MPs from mice euthanized 2 h postdecompression, naïve mice injected with 60,000 cervical node MPs from mice euthanized 2
h postdecompression, naïve mice injected with 60,000 F-actin-positive MPs from mice postdecompression that had first been incubated with antibody
to TSP-1. MP, microparticle; MPO, myeloperoxidase; TSP, thrombospondin-1.
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F-actin-expressing MPs from decompressed mice increased
glymphatic flow (Fig. 3), node and blood MPs (Table 1, Node
and Blood), neutrophil activation (Table 1, Neutrophils), and
neuroinflammation assessed by immunohistochemical imag-
ing as well as Western blot (Fig. 4, A and B). These alterations
were not observed in neutropenic mice or following injections
of MPs from control mice. If F-actin-positive MPs were first
incubatedwith antibody to TSP-1, these changes did not occur
(Figs. 3 and 4B, Table 1,Node, Blood, andNeutrophils).

Assessment of Vascular Injury

Vascular integrity in the brain and skeletal muscle of
decompressed mice was evaluated by intravenous injec-
tions of 2,000 kDa rhodamine-labeled dextran (Table 1,
Vasc. Leak). Vascular damage was identified postdecom-
pression and vascular disruption was similar when naïve
mice were injected with cervical node MPs or F-actin-
expressing blood-borne MPs from decompressed mice, but
not when mice were first rendered neutropenic. Notably,
neither vascular leak nor elevations of cervical node or
blood MPs were found when naïve mice were injected with
node MPs from control mice (Table 1, Node, Blood, and
Neutrophils).

DISCUSSION
We interpret these results as showing that exposure to

high-pressure gas and decompression triggers glial cell activa-
tion with an increase of glymphatic flow. The MPs that are
generated drain to cervical nodes and then to blood where the
TSP-expressing CNS-derived MPs cause neutrophil activation
with production of more MPs, some expressing F-actin.
Injections into naïve mice of MPs isolated from deep cervical
lymph nodes or F-actin-expressing blood MPs from decom-
pressed mice will initiate a brain vascular leak, evidence of
neutrophil sequestration (Western blot elevations of neutro-
phil specific-Ly6G and MPO), and neuroinflammation (based
on immunohistochemical changes and Western blot eleva-
tions of the p65 subunit of NF-κB and phospho-Ser536 p65 NF-
κB), elevation of glymphatic flow, and increases of node and
blood MPs. Therefore, we conclude that the TSP-expressing
MPs initiate a feed-forward process that causes persistent
changes postdecompression that last for at least 4 days.

The neuroinflammatory cycle causes CNS damage reflected
by loss of blood-brain barrier integrity and loss of astro-
cyte AQP4. Neutrophils play a central role as these
changes were not found in neutropenic pressure-exposed
mice. The data indicate that one pathway for neutrophil

Table 1. Microparticle counts and vascular leakage

Control Deco (D) LowN D1 LowN IV F1MPs F1MPs/LowN F-MPs F1MP1 IgG DNodeMPs ContMPs

Node
MPs/lL 1,120 (73) 4,088 (979) 1,380 (98) 3,830 (948) 3,805 (578) 1,894 (514) 2,106 (292) 1,440 (208) 2,374 (745) 1,675 (91)
%GFAP 50.1 (6.2) 60.9 (10.4) 53.5 (13.8) 58.5 (13.8) 63.3 (10.3) 45.1 (14.7) 54.1 (12.7) 57.5 (11.1) 59.1 (8.8) 54.8 (4.6)
%TSP 3.0 (1.7) 15.01 (5.0) 5.1 (3.7) 18.1 (5.7) 11.9 (5.1) 1.0 (1.4) 5.4 (3.5) 0.5 (0.5) 11.8 (4.6) 4.7 (1.3)
%TMEM 14.2 (9.2) 31.4 (14.1) 14.3 (3.6) 14.3 (3.6) 36.9 (12.0) 12.1 (9.1) 19.7 (12.4) 13.9 (3.2) 33.3 (3.0) 14.2 (3.9)
%NPR 22.9 (13.3) 27.1 (9.8) 22.0 (9.1) 21.0 (9.1) 33.6 (14.3) 16.4 (5.9) 19.7 (3.1) 15.4 (8.9) 19.2 (7.2) 24.4 (1.3)
%MBP 28.8 (17.2) 39.1 (17.2) 24.4 (8.8) 23.1 (10.9) 32.7 (12.8) 11.9 (12.0) 23.1 (9.2) 8.9 (3.4) 13.0 (4.9) 27.6 (3.4)

Blood
MPs/lL 651 (39) 2,550 (521) 584 (75) 759 (96.8) 2,258 (309) 580 (221) 772 (311) 584 (75) 2,443 (228) 1,039 (56)
%GFAP 40.1 (11.3) 48.3 (10.1) 44.1 (10.6) 36.3 (5.6) 45.6 (12.1) 31.5 (3.8) 31.5 (3.8) 37.6 (13.1) 44.5 (7.1) 46.2 (5.5)
%TSP 6.1 (5.0) 22.4 (15.7) 5.9 (3.1) 2.5 (1.7) 21.5 (8.4) 2.4 (1.8) 2.4 (1.8) 5.1 (3.3) 13.8 (2.5) 8.1 (3.6)
%TMEM 15.8 (9.4) 24.7 (7.9) 15.4 (4.6) 22.1 (7.9) 23.3 (9.8) 16.7 (6.2) 16.8 (6.2) 13.9 (4.6) 22.2 (6.2) 22.9 (8.5)
%NPR 21.8 (12.9) 30.8 (15.0) 26.1 (8.4) 24.8 (14.9) 22.0 (6.8) 18.3 (9.2) 18.3 (9.2) 16.1 (5.4) 24.7 (5.7) 19.5 (7.8)
%MBP 26.6 (16.7) 37.1 (15.3) 21.2 (9.6) 16.3 (9.0) 32.4 (16.1) 10.4 (7.2) 16.9 (6.4) 16.0 (5.5) 20.3 (8.0) 26.0 (5.7)
%Ly6G 1.9 (1.8) 19.4 (9.4) 0.8 (1.1) 1.2 (1.1) 15.2 (6.8) 1.7 (1.1) 1.3 (1.3) 1.1 (1.1) 11.1 (4.8) 1.8 (1.9)
%Phalloidin 2.1 (2.0) 19.6 (7.8) 1.1 (1.0) 1.4 (1.7) 17.3 (9.9) 1.7 (1.2) 1.2 (1.6) 1.2 (1.2) 10.1 (2.2) 6.6 (4.3)
%CD41a 13.5 (9.4) 12.3 (10.3) 15.3 (8.9) 10.1 (5.7) 8.0 (4.9) 17.5 (13.1) 5.6 (4.4) 14.2 (13.2) 12.8 (6.0) 17.7 (9.4)

Neutrophils
%MPO 0.9 (0.7) 6.9 (2.1) 3.4 (4.7) 3.4 (4.7) 3.8 (1.9) 1.4 (0.9) 1.3 (0.9) 0.6 (0.4) 3.7 (1.7) 1.2 (0.7)
%CD18 2.4 (1.9) 11.1 (2.5) 8.8 (5.7) 8.4 (6.9) 16.1 (5.3) 3.3 (1.9) 0.7 (0.4) 3.7 (2.2) 19.7 (5.1) 2.0 (0.8)

Vasc. Leak
Brain 1.0 (0.0) 3.5 (1.7) 1.0 (0.1) 1.2 (0.3) 2.4 (0.9) 1.2 (0.3) 1.0 (0.1) 1.2 (0.1) 2.5 (0.2) 1.2 (0.1)
Skeletal muscle 1.0 (0.0) 2.0 (1.7) 1.0 (0.2) 1.0 (0.2) 1.8 (0.4) 1.0 (0.3) 1.0 (0.1) 0.8 (0.2) 1.9 (0.1) 1.0 (0.1)

Data indicate means ± SD (n = 4–9 mice per lane) and bold numbers are values statistically significantly different from control (P <
0.05 ANOVA). Microparticle (MPs) in deep cervical nodes and blood, neutrophil activation and vascular leak. Flow cytometry was used
to evaluate MP production where MPs were identified based on size (0.3 to 1 lm diameter) and surface expression of annexin V. Proteins
probed on the surface of the MPs included those from astrocytes (glial fibrillary acidic protein, GFAP), microglia (transmembrane protein
119, TMEM), oligodendroglia (myelin basic protein, MBP) and neurons (neuronal pentraxin receptor, NPR), neutrophils (Ly6G), platelets
(CD41a), and those expressing TSP-1 and F-actin that was assessed by fluorescent labeled phalloidin binding. Columns reflect control
mice, those euthanized 2 h postdecompression (deco), neutropenic control mice (LowN), neutropenic mice euthanized 2 h postdecom-
pression (D þ LowN), naïve mice injected with 60,000 F-actin-positive MPs from mice euthanized 2 h postdecompression (IV F þ MPs),
neutropenic mice injected with 60,000 F-actin-positive MPs from mice euthanized 2 h postdecompression (F þ MPs/LowN), naïve mice
injected with 60,000 F-actin-negative MPs from mice euthanized 2 h postdecompression (IV F-MPs), naïve mice injected with 60,000 F-
actin-positive MPs from mice euthanized 2 h postdecompression that had first been incubated with antibody to TSP-1 (F þ MPsþ IgG),
naïve mice injected with 60,000 cervical node MPs from mice euthanized 2 h postdecompression (DNodeMPs), and naïve mice injected
with 60,000 cervical node MPs from control mice (ContMPs). Table 1, neutrophils, shows the % of neutrophils (identified in the flow cy-
tometer based on Ly6G expression) expressing myeloperoxidase (MPO) and CD18 above a threshold value as an index of cell activation.
Table 1, Vasc. leak indicates vascular leakage of 2 � 106 Da rhodamine-labeled dextran assessed for brain and leg skeletal muscle pre-
pared and evaluated as described in METHODS AND MATERIALS. Values reflect the fluorescence from rhodamine normalized to values for
tissues from control mice.
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activation contributing to neuroinflammation is TSP-
expressing MPs, as antibody blocking TSP abrogates the
adverse effects of MP injections. TSP-1 receptors on neu-
trophils include Toll-like receptor-4 (TLR4), CD47, and
integrins (36, 44). In addition, F-actin-positive MPs in
blood that appear from prior publications to be predomi-
nantly derived from neutrophils are an alternative cause
of the ongoing neutrophil activation (25). Note that cervi-
cal node MPs exhibit scant surface F-actin. Recent work
has shown that the rigidity caused by the MPs F-actin shell
allows the phosphatidylserine on the MPs membrane to be
recognized by a complex of neutrophil receptors including
CD36, TLR4, and the receptor for advanced glycation end
products (45). Finally, it is also possible that some MPs
generated by neutrophils are directly due to oxidative
stress from high air pressure exposure, a third pathway for
cell activation (40).

High gas pressure and decompression pose a dual insult.
Studies with human volunteers have demonstrated that eleva-
tions inMPs number and F-actin expression occur while under
pressure and before decompression (5, 25). However, some
MPs contain a gas phase and expand with inert gas uptake on
decompression (15–17). The enlarged particles will also cause
vascular damage and loss of blood-brain barrier integrity.
Furthermore, as a gas phase is present in some MPs in the
blood of control animals at ambient pressure, MPs expansion
may also occur in association with decompression due to alti-
tude. To our knowledge, however, this has not been investi-
gated with regard to altitude DCS. An additional variable arises
due to the effects of oxygen. Studies in humans indicate that
hypoxia and hyperoxia elicit still more complex MP responses
versus other respired gases, and hyperbaric oxygen can influ-
enceMP production in response to decompression (24, 46).

CD36, which based on Western blot data is increased in
response to gas pressure/decompression and to MP injections,
could play several roles in the neuroinflammatory cycle. CD36
is a class B pattern recognition receptor expressed inmany tis-
sues and found in microvascular endothelium, macrophages,
B lymphocytes, and platelets (44, 47, 48). In healthy brain,
CD36 is found predominantly on endothelial cells and shown
to increase in astrocytes and microglia over a span of hours
(49, 50). As phosphatidylserine is a CD36 ligand that is heavily
expressed on MP membrane, this receptor could exacerbate
MP sequestration. CD36 is also expressed in neutrophils where
it plays a role in fatty acid trafficking and, as mentioned
above, is involved with binding MPs (45). Therefore, further
work is needed to elucidate the role of CD36 between endothe-
lium and neutrophil activation.

Human divers exhibit similar elevations of blood-borne
MPs and neutrophil activation as are seen in decompressed
mice (4–14). The numbers of blood-borne MPs are higher in
those with DCS and persist for longer than in asymptomatic,
healthy divers (51). Work is underway to evaluate whether
MPs bearing CNS-specific proteins are elevated in human di-
vers. Because data in this study show that intra-CNS events
can be initiated by systemic injection of MPs, the primary
event leading to the feed-forward cycle could occur either in
the brain or in the systemic circulation. Hence, further work
is needed to evaluate whether MPs contribute to CNS DCS,
where complaints include confusion, lethargy, impaired
concentration, visual, vestibular, and auditory disturbances,

as well as peripheral motor and sensory changes. The basis
for global CNS manifestations remains unclear, whereas de-
velopment of hemisensory deficits and hemiplegia are
thought to occur due to gas embolism (1). A recent popula-
tion-based study demonstrated that those sustaining DCS
have a 5.7-fold increased risk of developing a long-term sleep
disorder (52). This could be related to a glymphatic function
disturbance. Glymphatic function is normally most active
while sleeping, and function is perturbed by lack of sleep
(53). The reverse is also true: impaired glymphatic function
perturbs sleep (54–57).

Finally, the cyclic process we describe with high pressure/
decompression may be a common feature with brain inju-
ries. MPs and other extracellular vesicles generated systemi-
cally can exacerbate traumatic and other causes of brain
injury and reciprocally, CNS-derived MPs cause peripheral
vascular disorders once liberated to the bloodstream (17, 58,
59). Further work is needed to examine the role of extracellu-
lar vessels in CNS pathophysiology.
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