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A B S T R A C T

We hypothesized that carbon monoxide (CO) establishes an inflammatory cycle mediated by microparticles
(MPs). Mice exposed to a CO protocol (1000 ppm for 40 min and then 3000 ppm for 20 min) that causes neu-
roinflammation exhibit NF-κB activation in astrocytes leading to generation of MPs expressing thrombospondin-
1(TSP-1) that collect in deep cervical lymph nodes draining the brain glymphatic system. TSP-1 bearing MPs gain
access to the blood stream where they activate neutrophils to generate a new family of MPs, and also stimulate
endothelial cells as documented by leakage of intravenous 2000 kDa dextran. At the brain microvasculature,
neutrophil and MPs sequestration, and myeloperoxidase activity result in elevations of the p65 subunit of NF-κB,
serine 536 phosphorylated p65, CD36, and loss of astrocyte aquaporin-4 that persist for at least 7 days. Knock-out
mice lacking the CD36 membrane receptor are resistant to all CO inflammatory changes. Events triggered by CO
are recapitulated in naïve wild type mice injected with cervical node MPs from CO-exposed mice, but not control
mice. All MPs-mediated events are inhibited with a NF-κB inhibitor, a myeloperoxidase inhibitor, or anti-TSP-1
antibodies. We conclude that astrocyte-derived MPs expressing TSP-1 establish a feed-forward neuro-
inflammatory cycle involving endothelial CD36-to-astrocyte NF-κB crosstalk. As there is currently no treatment
for CO-induced neurological sequelae, these findings pose several possible sites for therapeutic interventions.
1. Introduction

Carbon monoxide (CO) is a common world-wide poison estimated to
effect ~137 people per million annually, although incidence is higher in
some developing countries (CDC, 2007; Mattiuzzi and Lippi, 2020; Raub
et al., 2000). Hospital visits in the US number ~50,000/year, with
~1300 deaths (CDC, 2007; Hampson, 2016a,b). Cognitive, psychologi-
cal, vestibular and motor impairments occur in ~25–50% of survivors
from severe CO poisoning (Hampson et al., 2012; Rose et al., 2017). The
etiology for neurological deficits that arise from days to weeks after
poisoning remains unclear, as risk correlates poorly with hypoxic stress
assessed by blood carboxyhemoglobin (COHb) levels (Raub et al., 2000).
Patients with neurological sequelae show gradations of demyelination
and cerebral white matter changes by magnetic resonance imaging (MRI)
with elevations of myelin basic protein (MBP) in cerebrospinal fluid
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et al., 2016). In the US, CO-induced neurological sequelae cost over $1
billion annually for direct hospital care and lost earnings (Hampson,
2016).

Our investigation used a murine model previously shown to involve
MBP alterations leading to neurological dysfunction and explored the
role of inflammatory microparticles (MPs) in CO poisoning (Han et al.,
2007; Thom et al., 2004, 2006). MPs are one of a variety of so-called
extracellular vesicles that play roles in cell-to-cell communication and
inflammation (Mause and Weber, 2010). CO neuropathology can be
transmitted to naïve mice by injections of MPs isolated from the blood of
CO-poisoned mice (Xu et al., 2013). Neutrophils are involved with the
MPs insults because myeloperoxidase (MPO) null knockout mice are
resistant to injuries from MP infusions (Xu et al., 2013). MPs are 0.1–1
μm diameter vesicles generated by the outward budding of plasma
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Fig. 1. Schematic showing sequence of events triggered by CO. CO triggers NF-
κB activation in astrocytes (inhibited by JSH-23). GFAP/TSP-1 bearing MPs are
produced and pass through the glymphatic system, enter the blood stream and
activate endothelium along with neutrophils that, in turn, generate new MPs.
CD36 is involved as the receptor for MPs on endothelium, also probably on
astrocytes and microglia (shown as double arrow). MPO from the newly
generated MPs and sequestered neutrophils cause perivascular oxidative stress
reflected as production of reactive oxygen species (ROS) that is inhibited by
KYC, along with a contribution from endothelial xanthine dehydrogenase (XD)
conversion to oxidase (XO) and lipid peroxidation based on prior studies (Thom,
1992). These events lead to loss of AQP4 and maintenance of the inflammatory
cycle due to continued CD36-mediated NF-κB activation.
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membrane from virtually any cell, and they can be found in all body
fluids. CNS-generated MPs can collect in the deep cervical lymph nodes
and some are liberated to the blood stream (Ruhela et al., 2020).

Neutrophil activation occurs in acutely CO poisoned patients (Thom
et al., 2006). This also occurs in our murine model and drives cerebral
microvascular oxidative stress causing alterations in MBP that, in turn,
lead to an adaptive immunological response and functional neurological
deficits (Han et al., 2007; Thom et al., 2004, 2006). Events are abrogated
by neutropenia, antioxidants or inhibiting neutrophil adherence. There is
no explanation for why neutrophils are activated, why they appear to
target the neurovasculature, nor how neuroinflammation is perpetuated
so that functional deficits are manifested weeks after CO exposure.

CO is well known to cause oxidative stress that is in part due to
mitochondrial dysfunction (Raub et al., 2000). In brain, astrocytes
respond to oxidative stress with NF-κB activation which, among other
events, results in generation of thrombospondin (TSP)-1 and �2 and a
variety of extracellular vesicles (Verkhratsky et al., 2016). TSP-1 is a
neurogenic factor and can protect mitochondrial functions, while TSP-2
plays a role in blood-brain barrier repair (Kang et al., 2018; Lu and
Kipnis, 2010; Tian et al., 2011). However, TSP-1 engagement by several
varieties of leukocytes will cause priming, chemotaxis, NLRP3 inflam-
masome formation/interleukin -1β production, enhanced endothelial
attachment and spreading (Majluf-Cruz et al., 2000; Martin-Manso et al.,
2000).

We hypothesized that early intra-CNS responses to CO would be re-
flected by changes in the MPs that exit the brain via the glymphatic
system. Once these MPs gain access to the blood stream, they could
activate neutrophils due to expression of proteins such as TSP-1. TSP-1
receptors on neutrophils include Toll-like receptor-4, CD47, and integrins
(Greenwalt et al., 1992; Majluf-Cruz et al., 2000). Neutrophil activation
can cause NLRP3 assembly, which is linked to MPs production (Thom
et al., 2014, 2017a, 2017b). Therefore, TSP-1 engagement would
generate additional MPs and perivascular CNS inflammation could be
exacerbated by activated, adherent neutrophils and the new
2

neutrophil-derived MPs, as has been shown for other insults (Thom et al.,
2011). Thus, we hypothesized that astrocyte-generated MPs could drive
neuropathology beyond that due to the direct impact of CO on brain
oxidative metabolism.

Astrocytes are intimately involved with the glymphatic system
(Absinta et al., 2017; Iliff et al., 2012). Cerebrospinal fluid (CSF) enters
the brain parenchyma via aquaporin (AQP)-4 water channels located in
astrocyte end-feet that encircle the brain vasculature. CSF mixes with
parenchymal interstitial fluid, drains via perivenous spaces and ulti-
mately via connections with cervical lymphatic vessels exits through the
deep cervical lymph nodes (Holter et al., 2017). Progressive neuro-
inflammation from a variety of insults leads to loss of AQP4, damaged
lymphatic channels with glymphatic dysfunction, and neurocognitive
deficits that correlate with diminished glymphatic flow (Weller et al.,
2008).

Included in our thinking was a possible role for CD36, a class B
pattern recognition receptor expressed in many tissues and found of
microvascular endothelium, macrophages, B lymphocytes, and platelets
(Greenwalt et al., 1992; Silverstein and Febbraio, 2009; Won et al.,
2008). In healthy brain, CD36 is found predominantly on endothelial
cells and after ischemic insults expression occurs on astrocytes and
microglia over a span of 6 h to 3 days (Cho et al., 2005; Febbraio and
Silverstein, 2007). CD36 expression is increased in brain by oxidative
stress and endothelial engagement enhances NF-κB activation, inflam-
matory pathways and neutrophil recruitment (Bai et al., 2020; Ghosh
et al., 2008; Kim et al., 2015; Kunz et al., 2008). CD36 will bind phos-
phatidylserine (PS) and facilitate MPs adherence to endothelium because
PS is highly expressed on the MPs surface (Bai et al., 2020; Ghosh et al.,
2008). CD36 ligands include TSP-1, polyanionic lipids, lipoproteins, and
advance glycation end products (Febbraio and Silverstein, 2007).

Here we demonstrate that CO poisoning establishes a cyclic, feed-
forward process allowing neuroinflammation to continue for weeks
after an acute exposure. The process develops as follows: CO→ astrocyte
NF-κB →MPs expressing TSP-1 to cervical nodes, then blood → neutro-
phil activation with new MPs → brain endothelium sequesters TSP-1
expressing MPs and neutrophils that exacerbate oxidative stress →
additional CD36 expression maintains astrocyte NF-κB activation and
neuroinflammation. This process is illustrated in Fig. 1 and interventions
we utilized are summarized in the caption. By comparing effects between
CO-exposed mice and naïve mice injected with MPs isolated from the
cervical lymph nodes of CO-exposed mice we demonstrate that these
particles as the proximal mediator of brain-to-blood-to-brain communi-
cations. Given that CO-induced neurological sequelae develop days-to-
weeks after acute poisoning, these findings offer possible interventions
to this currently incurable affliction.

2. Materials and methods

2.1. Materials

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. CO at 1000 or 3000 ppm in air was purchased from Air
Products and Chemicals, Inc. (Allentown, PA). Antibodies were validated
from the purchase 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 # 556421), anti-
actin (Sigma-Aldrich, St. Louis, Mo, cat# A-2066), anti-AQP4 (Milli-
pore/Sigma, St. Louis, MO, cat#ab3594), anti-CD36 (Genetex, Irvine,
CA, cat# GTX20003), anti-Ly6G eFluor450 (Novus Biologicals, Centen-
nial, CO, cat#RB6-8C5), anti-mouse MPO-PE (R & D Systems, Minne-
apolis, MN, cat# AF3667), anti-mouse CD31 BV510 (BD cat#563089),
anti-CD41 PerCP Cy5.5 (BioLegend, San Diego, CA, cat#133918), Anti-
GFAP Brilliant Violet 421 (BioLegend, cat# 644719), anti-TMEM119-
APC (Abcam, Cambridge, UK, cat#ab225494), anti-NPR AF-790 (Santa
Cruz Biotechnology, Dallas, TX cat# sc-390081), anti-MBP PerCP (Novus
Biologicals, cat # NBP2–22121PCP), anti-TSP-1 (Santa Cruz,



Fig. 2. Flow cytometry analyzed MPs showing statistically significant differences from control are shown for cervical lymph nodes (A) and blood samples (B). Data
show the total number of MPs/μl plasma (blood) or uniformly prepared cell suspension (nodes) – see section 2.3 for methods, and the percent of MPs expressing
proteins summarized in section 3.1. The open circles show mean � SE (sample numbers are listed at the bottom of the figure) with * indicating those statistically
significantly different from control (p < 0.05, ANOVA). Solid circles show individual data points for control and samples obtained from mice exposed to CO and then
euthanized immediately, 1.5 h, 7 or 28 days after exposure.

Table 1
MPs subtypes found to not be altered by CO exposure. Data show the percent of
MPs expressing proteins described in section 3.1.

Node MPs % GFAP %TMEM %NPR

Control (12) 49.8 � 2.8 14.0 � 2.6 21.5 � 1.9
CO-0 H(6) 55.9 � 7.2 17.2 � 5.3 14.7 � 1.6
CO-1.5H(12) 49.4 � 3.8 21.8 � 6.6 25.8 � 2.9
CO-7D (6) 51.8 � 3.7 25.4 � 2.4 22.4 � 1.8
CO28D (6) 63.3 � 1.1 28.9 � 0.4 34.8 � 1.4

Blood MPs % GFAP %NPR %CD41 % ECs

Control (12) 41.2 � 2.0 20.9 � 2.2 8.2 � 1.8 0.9 � 0.3
CO-0 H(6) 48.7 � 4.1 17.3 � 2.6 5.2 � 0.8 1.0 � 0.2
CO-1.5H(12) 47.8 � 3.0 25.2 � 3.3 11.3 � 2.9 1.8 � 0.9
CO-7D (6) 48.2 � 4.4 26.7 � 4.0 6.3 � 1.1 0.7 � 0.2
CO28D (6) 39.6 � 2.6 34.6 � 5.3 9.5 � 2.3 0.9 � 0.3
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cat#393504 and 393504FITC), anti-p65 subunit of NF-κB (Abcam, cat#
ab32536), anti-phosphorylated at serine 536 (Phospho-Ser536) p65 NF-
κB) (Cell Signaling, Danvers, MA, cat# 3031).
2.2. Animals

All aspects of this study were reviewed and approved by the Institu-
tional Animal Care and Use Committee. All experiments were performed
using young, adult (10–12 weeks) 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. CD36 knock-out (KO)
mice were initially purchased from Jackson Labs and a colony was raised
in the University vivarium.

Mice were housed in the university animal facility with a 12/12 h



Fig. 3. Western blots of brain homogenates from control mice and those euthanized 1.5 h after CO exposure. Lanes indicate control (lane 1), post-CO (lane 2), a mouse
injected with the myeloperoxidase inhibitor, KYC then exposed to CO and euthanized 2 h later (lane 3), a mouse injected with the NF-κB inhibitor, JSH-23, then
exposed to CO and euthanized 1.5 h later (lane 4), a naïve mice injected with MPs isolated from cervical lymph nodes of a CO-exposed mouse (CO-MPs, lane 5), a naïve
mouse injected with KYC and then CO-MPs (lane 6), a naïve mouse injected with JSH-23 and then CO-MPs (lane 7), and a naïve mouse injected with CO-MPs that had
been incubated with IgG to TSP-1 (lane 8). This is a representative blot with mean � SE values shown beneath each band expressed as fold-change from control for
replicate studies. Normalization of band densities to β actin in the same samples were performed for daily experiments and then values for experimental groups were
expressed as a ratio against the control value (thus control is shown as 1.0). Replicate sample numbers were: Control, n ¼ 10: CO, n ¼ 10; CO þ KYC, n ¼ 4; CO þ JSH,
n ¼ 4; CO-MPs, n ¼ 5; CO-MPs þ KYC, n ¼ 4; CO-MPs þ JSH, n ¼ 4; CO-MPs þ TSP IgG, n ¼ 5. The * symbol indicates p < 0.05 versus the control, ANOVA.

Fig. 4. Representative images from cerebral cortex of a control mouse and one euthanized 1.5 h after CO exposure. Sections were stained with antibodies to GFAP
(red), NF-κB p65 protein (green) and nuclei using DAPI (blue). The main images are at 60x magnification with the insert as 120x to better show p65 colocalization
with nuclei. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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light-dark cycle. Housing and all experiments were conducted at 22–24
�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) or subjected to 1-h exposure
to CO according to an established model of 1000 ppm for 40 min and
3000 ppm for 20min. In prior studies we demonstrated that this exposure
achieves a blood carboxyhemoglobin level of 54% (Thom, 1990; Thom
4

et al., 2004). COHb assays were not replicated in the current
investigation.

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 months with
acclimatized mice purchased in groups of 6–12 at bi-weekly intervals or



Fig. 5. Representative images from cerebral cortex of a control mouse and one euthanized 1.5 h after CO exposure. Sections were stained with antibodies to TMEM-
119 (red), NF-κB p65 protein (green) and nuclei using DAPI (blue). Images are at 60x magnification. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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in the case of CD36 KOs, when mature. Mice were used according to a
block design where individual blocks represented mice selected as con-
trol or CO-exposure, and then with further experimentation including
infusion of an agent.

Groups of 6–12 mice were anesthetized and euthanized for blood and
tissue collection at times points chosen based on the time course for
events in prior work. Thus, mice were exposed to CO and euthanized
immediately, 90 min, 7 days or 28 days later. Neutrophil sequestration
along the neurovasculature can be documented immediately following
the 1-h exposure followed by oxidant generation, lipid peroxidation and
structural alterations to MBP that occur by 90 min post-exposure, CD4
lymphocyte influx by 1 week and functional neurological deficits are
apparent 28 days after poisoning (Han et al., 2007; Ischiropoulos et al.,
1996; Thom, 1992, 1993; Thom et al., 1995, 1999, 2004, 2006; Xu et al.,
2013). Because pathological events occur promptly in response to CO,
interventions were administered at 30 min prior to CO exposure. These
included intraperitoneal (IP) injections of 3 mg/kg 4-methyl-N1-(3-phe-
nyl-propyl)-benzene-1,2-diamine (JSH-23), an inhibitor of NF-κB nuclear
translocation, or 0.3 mg/kg acetyl-lysyltyrosylcysteine (KYC), a tripep-
tide inhibitor of MPO (Kumar et al., 2011; Shin et al., 2004; Zhang et al.,
2016). Interventions were studied in groups of 4–8 mice.

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, none were excluded. To
minimize animal usage and maximize information gain, experiments
were largely designed to utilize both blood and tissue from the same
animals. Mice were anesthetized [intraperitoneal administration of ke-
tamine (100 mg/kg) and xylazine (10 mg/kg)] skin was prepared by
swabbing with Betadine and blood was obtained into heparinized sy-
ringes by aortic puncture, prior to tissue harvesting.
2.3. Cervical lymph node MPs acquisition and analysis

Cervical lymph nodes were identified and removed from mice as
described previously (Ruhela et al., 2020). Nodes (2–6) from a mouse
were weighed, placed in a Petri dish and finely cut to pieces with a
scalpel. The minced nodes were suspended as 20 μg/ml digestion buffer
(DMEM, 2% FBS containing 250 μg 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
5

pipette and 0.1 ml of 50 mM EDTA per ml of node suspension was added
to aid dispersion of the particles. After 10-min incubation the suspension
was diluted 1.6-fold with PBS and passed through a 40 μm filter. The
suspension was then centrifuged at 600�g for 5 min, the pellet discarded,
and re-centrifuged at 15,000g for 30 min. MPs in the supernatant were
then analyzed. Detailed methods along with representative box plots
showing flow cytometry enumeration strategy are published (Ruhela
et al., 2020).

2.4. Blood MP acquisition and processing

Blood-borne MPs were isolated and prepared for analysis by flow
cytometry as previously described (Ruhela et al., 2020; Thom et al.,
2011). Briefly, heparinized blood was centrifuged for 5 min at 1500 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 used for
analysis. Examples of blood-borne MPs flow cytometry enumeration
strategy have been published previously (Bhullar et al., 2016).

2.5. MPs for re-injection

MPs donor mice were exposed to the 1-h CO protocol and euthanized
1.5 h later. Cervical node MPs were isolated as described in section 2.3.
The 15,000 g supernatant was parceled among centrifuge tubes at a ratio
of 250 μl þ 4 ml phosphate buffered saline (PBS) and centrifuged at
100,000 g for 60 min (typically 3–4 tubes/experiment were used). Su-
pernatant (4 ml) was then carefully removed and the pellet containing
the MPs resuspended in sterile PBS. The MPs were counted and diluted so
that 60,000 MPs in 200 μl PBS was intravenous injected via a tail vein
into naïve mice. Recipient mice were then euthanized 1.5 h later to
evaluate changed in MPs in cervical lymph nodes and blood, vascular
permeability and neutrophil activation as described below. Where indi-
cated, some mice were injected IP with the NF-κB inhibitor, JSH-23, or
the MPO inhibitor, KYC as described in section 2.2, 30 minutes prior to
MPs injections and in other groups, MPs were first combined for 30 min
with 5 μg anti-TSP antibodies.

2.6. MP analysis

All reagents and solutions used for MP isolation and analysis were



Fig. 6. Flow cytometry analyzed MPs counts for cervical lymph nodes (A) and blood samples (B) from wild type control mice, and those exposed to CO without and
with JSH-23 or KYC and euthanized 1.5 h later. The last two columns in each figure show data from CD36 knock-out (KO) mice exposed only to air (Cont ¼ control) or
to CO. Data are mean � SE with the number of replicates shown. The * symbol indicates p < 0.05 versus the control, ANOVA. Box plots rather than dots as in Fig. 2
were used to ease the ability to assess the differences among groups.
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filtered with 0.1 μm filter (EMD Millipore, Billerica, MA). MPs were
analyzed as described previously (Thom et al., 2011; Yang et al., 2012).
In brief, flow cytometry was performed with an 8-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 logarithmic gain.
Photomultiplier tube voltage and triggers were optimized to detect
sub-micron particles. Micro-beads of 3 different diameters 0.3 μm
(Sigma, Inc., St. Louis, MO), 1.0 μm and 3.0 μm (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 above. 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 μm diameter. The concen-
tration of MPs in sample tubes was determined by MACSQuant®
Analyzer according to exact volume of solution from which MPs were
analyzed.
6

2.7. Neutrophil activation analysis

Whole fixed blood (100 μl) was stained for 30 min at room temper-
ature in the dark with optimized concentrations of Ly6G, MPO and CD18
antibodies as listed in section 2.1 following published methods (Thom
et al., 2017b; Yang et al., 2013). After staining 2 ml phosphate buffered
saline (PBS) was added to dilute each sample tube prior to analysis, with
the cytometer acquisition set to use anti-mouse Ly6G as the fluorescence
trigger to recognize mouse neutrophils.

2.8. Colloidal silica endothelium enriched tissue homogenates and vascular
permeability assay

Mice were anesthetized, exsanguinated, perfused with phosphate
buffered saline (PBS) to remove residual blood and then with lysine-
fixable tetramethylrhodamine-conjugated dextran (2 � 106 Da, Invi-
trogen, Carlsbad, CA) followed by colloidal silica according to published
methods (Thom et al., 2011; Yang et al., 2012). After centrifugation the
endothelium enriched pellets were obtained for analysis from the brain



Fig. 7. Flow cytometry analyzed MPs counts for cervical lymph nodes (A) and blood samples (B) from mice injected with 60,000 cervical lymph node MPs and
euthanized 1.5 h later. Columns show results for wild type naïve mice injected with node MPs from wild type control mice (Cont-MPs), those injected with node MPs
isolated from wild type control mice 1.5 h after exposure to CO (CO-MPs), those injected with CO-MPs as well as JSH-23, those injected with CO-MPs as well as KYC,
and those injected with CO-MPs that were first incubated with IgG to TSP-1. The last column in each figure show data from CD36 knock-out (KO) mice injected with
CO-MPs. Data are mean � SE with the number of replicates shown. The * symbol indicates p < 0.05 versus the control, ANOVA.
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and leg skeletal muscle. Vascular leakage was quantified as rhodamine
fluorescence after values were normalized to that obtained with a control
mouse included in each experiment (Thom et al., 2011). Neutrophil
sequestration was evaluated by performing Western blots on tissue ho-
mogenates, probing for Ly6G and MPO and normalizing band density to
β-actin bands on the same blots following our published procedures
(Thom et al., 2011; Yang et al., 2012).
2.9. Statistical analysis

Results are expressed as the mean � standard error (SE) for four or
more independent experiments with analysis using SigmaStat (Jandel
Scientific, San Jose, CA). Data normality 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 analysis of variance
(ANOVA) and Newman-Keuls post-hoc test was used. For all studies, the
level of statistical significance was defined as p < 0.05.
7

3. Results

3.1. CO exposure causes elevations of MPs in cervical node and blood

Mice were exposed to CO as described in section 2.2 and euthanized
immediately, 90 min, 7 days or 28 days later. MPs were identified based
on size and surface expression of annexin V. Proteins probed on the
surface of the MPs included those from neutrophils (Ly6G), platelets
(CD41) and endothelial cells (CD31þ and CD41-dim), astrocytes (glial
fibrillary acidic protein, GFAP), microglia (transmembrane protein119,
TMEM), oligodendroglia (myelin basic protein, MBP) and neurons
(neuronal pentraxin receptor, NPR). As discussed in section 1, we also
were interested in MPs that expressed TSP-1.

Fig. 2 A and B demonstrate the types of MPs in CO-exposed mice that
were found to be statistically significantly different from control in the
deep cervical lymph nodes and blood. TSP-1 expressing MPs in all mice
node and blood samples from control and CO-exposed groups also
expressed GFAP on 85.6 � 1.9% (n ¼ 74) of particles. MPs values in



Fig. 8. CD36 knock-out mouse brain homogenate Western blots were per-
formed for air-breathing control mice, those euthanized 1.5 h after CO exposure,
and 1.5 h after intravenous injections of 60,000 cervical lymph node MPs from a
wild type mouse exposed to CO (CO-MPs). This is a representative single blot
with mean � SE values shown beneath each band expressed as fold-change from
control for replicate studies (n ¼ 6 for each group), as described in the caption
for Fig. 3. There were no significant differences between control and post-
CO samples.
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cervical nodes of all four CO-exposed (0 h, 1.5 h, 7 days and 28 days post-
CO) groups demonstrated statistically significant increases in total
number of particles and for the immediate and 1.5-h post-CO groups
there were increases inMPs expressing TSP1 and co-expressing GFAP and
TSP1. At 1.5 h, 7- and 28-days post-CO there were also significant dif-
ferences from control for MPs expressing MBP. Blood from all CO-
exposed groups exhibited elevations in total MPs number and MPs
expressing Ly6G. At 1.5 h and 7 days post-CO there were also significant
differences from control for MPs expressing TSP1, TSP1 plus GFAP,
TMEM and MBP. At 28 days there were significant differences from
control for MPs expressing TMEM and MBP. The subtypes of MPs that
were not found different between control and CO-exposed groups are
shown in Table 1.
3.2. Brain western blots show multiple protein changes post-CO

We were interested in evaluating the biochemical events related to
early CO responses. Therefore, Western blots were prepared using brains
perfused to remove intracranial blood as described in section 2.8. We
used simple homogenates but found greater differences with homoge-
nates from brains perfused with positively charged colloidal silica in a
manner, as reported by others, to enrich samples for endothelium and
adjacent cells including astrocytes (Beaulieu et al., 1997). Fig. 3 is a
representative blot where, compared to control (lane 1), there were el-
evations of the p65 subunit of NF-κB, serine 536 phosphorylated (Phos-
pho-Ser536) p65 NF-κB, Ly6G, myeloperoxidase (MPO) and CD36 with
loss of AQP4 at 1.5 h post-CO (lane 2). The numbers below the Western
blot bands indicate mean � SE band densities relative to the densities of
control samples from replicate studies. Studies were also done with mice
euthanized at 7 days post-CO. The relative band densities for most pro-
teins at 7 days were virtually the same as at 1.5 h post-CO, except MPO
which was greater than both control and the 1.5-h post-CO value (p <

0.05, ANOVA). Values expressed as fold-change from control at 7 days
post-CO were as follows for 5 replicate studies: For p65 NF-κB, 2.6� 0.2,
for Phospho-Ser536p65 NF-κB, 2.0 � 0.1, for Ly6G, 2.3 � 0.2, for MPO
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6.5 � 0.3, for CD36 2.8 � 0.06 and for AQP4 0.21 � 0.06.

3.3. Immunocytochemical evidence of NF-κB elevations in brain

We used immunocytochemistry to evaluate the cells expressing NF-κB
at 1.5 h following CO exposure. Compared to control, astrocytes promi-
nently displayed greater GFAP and NF-κB p65 expression, and also NF-κB
p65 nuclear co-localization (Fig. 4). The changes were diffuse, with no
discernible differences among brain regions.We also found greater NF-κB
p65 in microglia identified by expression of TMEM-119 (Fig. 5). There
was no discernible NF-κB p65 expression in neurons identified by NPR
expression.

3.4. Effects of inhibitors on CO-induced brain protein and MPs alterations

All brain protein changes identified in CO-exposedmice in Fig. 3 were
abrogated if mice were injected prior to CO exposure with the MPO in-
hibitor, KYC (lane 3) or the NF-κB inhibitor, JSH-23 (lane 4). These in-
terventions had no significant effect on protein content of air-breathing
control mice in three replicate studies (data not shown). MPs elevations
in cervical lymph nodes and blood of CO-exposed mice were also
inhibited by KYC and JSH-23 injections, as shown in Fig. 6.

3.5. Effects of purified cervical node MPs injections

MPs from cervical lymph nodes were isolated from mice as described
in section 2.3 and 60,000 injected via tail vein into naïve mice that had
not been exposed to CO. Injections of node MPs from CO-exposed mice
resulted in similar protein changes in brain as were seen in CO-exposed
mice (Fig. 3, lane 5). Injections of node MPs from air-breathing, con-
trol mice had no significant effect on brain proteins in 3 replicate trials
(data not shown). If node MPs from CO-exposed mice were injected into
mice who had received KYC (Fig. 3, lane 6) or JSH-23 (lane 7) changes
did not occur. Similarly, if MPs were first incubated with anti-TSP-1
blocking antibodies these changes did not occur (lane 8).

MPs injections also caused elevations in cervical lymph node and
blood MPs similar to those seen among CO-exposed mice (Fig. 7).
Notably, no changes in MPs number were identified when nodeMPs from
control mice were injected into naïve mice, and MPs elevations were
abrogated by if mice had received KYC or JSH-23, or when node MPs
were incubated with anti-TSP-1 antibodies prior to injection.

3.6. Responses of CD36 knock-out mice

Fig. 8 demonstrates that CD36-KOmice showed no protein changes in
brain when exposed to CO or when injected with node MPs isolated from
wild type mice that had been exposed to CO. These mice also did not
exhibit elevations of MPs in cervical nodes and blood in response to CO
exposure (Fig. 6) or when injected with node MPs isolated fromwild type
mice that had been exposed to CO (Fig. 7).

3.7. CO causes neutrophil activation

Neutrophils obtained from the blood of mice subjected to CO
exhibited increases in surface staining for CD18 (a component of β2
integrins) as well as myeloperoxidase (MPO), consistent with cell acti-
vation/degranulation (Fig. 9). These changes were inhibited when mice
had been injected with KYC or JSH-23 (Fig. 10 A). Virtually the same
degree of activation was seen when naïve mice were injected with MPs
isolated from cervical nodes of a CO-exposed mouse (Fig. 10 B).
Neutrophil activation did not occur when nodeMPs were injected inmice
who had received KYC, JSH-23 or if MPs were first incubated with anti-
TSP-1 antibodies. We also did not identify activation of neutrophils from
CO-exposed CD36-KO mice, or when CD36-KO mice were injected with
node MPs isolated from wild type mice that had been exposed to CO.



Fig. 9. Neutrophil activation. Neutrophils in whole blood were labeled by incubation with fluorophore-conjugated antibody to Ly6G and cell activation assessed by
flow cytometry as co-expression of CD18 and MPO on the cell surface. Scatter diagrams to the left show the typical analysis approach where all cells are first plotted
based on forward (FSC) and side (SSC) laser scatter (panel A), and the population that is labeled with Ly6G (neutrophils) is identified (panel B). MPO expression in the
neutrophil populations from a control mouse (panel C) and a mouse exposed to CO (panel D) are quantified by the fraction of cells within the boxes. The box areas are
established by control sequences run daily to determine positive staining (the fluorescence-minus-one process). The populations expressing CD18 are similarly shown
in panels E and F.
The two panels on the right show the percent of neutrophils expressing MPO and CD18. The open circles show mean � SE (replicate numbers are listed at the bottom
of the figure) with * indicating those statistically significantly different from control (p < 0.05, ANOVA). Solid circles show individual data points for control and
samples obtained from mice exposed to CO and then euthanized immediately, 1.5 h or 7 days after exposure.
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3.8. Vascular leak occurs in brain and skeletal muscle post-CO

Vascular permeability to rhodamine-labeled dextran was significantly
elevated in brain and skeletal muscle of mice euthanized at 1.5 h post-CO
(Fig. 11). Vascular leakage in brain and muscle was inhibited when mice
had been infused with KYC or JSH-23 prior to CO exposure, consistent
with the absence of MPs elevations. However, Western blots usingmuscle
homogenates failed to detect Ly6G orMPO in four replicate studies (these
data not shown). This differs from Western blots of brain homogenates
(Fig. 3), indicating an absence of neutrophil sequestration in muscle.

Vascular permeability changes were also foundwhen naïvemice were
injected with MPs isolated from cervical nodes of a CO-exposed mouse.
These effects were inhibited when node MPs were injected into mice
receiving KYC, JSH-23 or if MPs were first incubated with anti-TSP-1
antibodies, and no leakage was seen in CD36-KO mice exposed to CO
or when injected with node MPs from a wild type CO-exposed mouse.

4. Discussion

All results from this investigation can be explained by a CO-induced
cyclic neuroinflammatory process depicted in Fig. 1. We believe that
CO first stimulates astrocytes because neutrophils are not directly acti-
vated by CO exposure (Thom, 1993). Astrocyte activation is supported by
9

finding an elevation of GFAP-expressing MPs in the deep cervical lymph
nodes (Fig. 2A). Increases in astrocyte GFAP, NF-κB and nuclear locali-
zation of NF-κB as shown in Fig. 4 are all consistent with cell activation
(Sofroniew and Vinters, 2010).

Fig. 3 demonstrates that CO causes elevations of the p65 subunit of
NF-κB and phospho-Ser536 p65 in brain. Inducible phosphorylation of
NF-κB is considered a key mechanism in the positive regulation of NF-κB
activity (Schmitz et al., 2004). Phosphorylation at serine 536 of the p65
subunit represents the site with the most potent inducible phosphoryla-
tion in response to inflammatory stimuli, and it is highly conserved
among different species (Ghosh and Karin, 2002; Sakurai et al., 1999).
The key role of NF-κB in the CO cycle is supported by the inhibitory ef-
fects of JSH-23. JSH-23 is an inhibitor of NF-κB nuclear translocation
without affecting IκBα degradation (Kumar et al., 2011; Shin et al.,
2004). As shown in Figs. 3, 6, 7, 10 and 11, JSH-23 inhibits all events
triggered by CO exposure.

Exposure to CO increases the number of TSP-1 expressingMPs in deep
cervical lymph nodes and also in blood (Fig. 2 A and B). As over 85% of
TSP-1 MPs also express GFAP, the data suggest that TSP-1 MPs are
generated by astrocytes. It appears that these MPs are responsible for
activating neutrophils, as documented by flow cytometry (Fig. 10),
because antibody to TSP-1 abrogates neutrophil activation associated
with node MP injections. One consequence of neutrophil activation is



Fig. 10. Effects of interventions on neutrophil activation. Activation of neutrophils in whole blood from mice processed as described in Fig. 9 are shown as mean � SE
with replicate numbers shown at the bottom of the figure. Box plots are used to ease the ability to assess the differences among groups. Column A data reflect results
from wild type control (air breathing) mice, and those euthanized 1.5 h following exposure to CO without and with JSH-23 or KYC. The last two columns in each figure
show data from CD36 knock-out (KO) mice exposed only to air (Cont ¼ control) or to CO. Column B show results from mice injected with 60,000 cervical lymph node
MPs and euthanized 1.5 h later. Results are shown for wild type naïve mice injected with node MPs from wild type control mice (Cont-MPs), those injected with node
MPs isolated from wild type control mice 1.5 h after exposure to CO (CO-MPs), those injected with CO-MPs and JSH-23, those injected with CO-MPs and KYC, and
those injected with CO-MPs that were first incubated with IgG to TSP-1. The last column shows data from CD36 knock-out (KO) mice injected with CO-MPs. The *
symbol indicates p < 0.05 versus the control, ANOVA.
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MPs production, which was documented as an elevation in blood-borne
MPs expressing Ly6G. It should be acknowledged, however, that not all
Ly6G-expressing MPs need to have been generated by neutrophils. As is
commonly seen (Thom et al., 2011; Yang et al., 2012), data in Fig. 2 A
and B and Table 1 show that the % of MPs expressing proteins that are
specific each cell type add up to well over 100%. Hence, MPs must
interact and share surface proteins.

Neutrophils and MPO are indicated as leading back to astrocyte
activation in Fig. 1 because we found elevations of Ly6G and MPO in
brain homogenates of CO-exposed mice (Fig. 3). In prior studies we re-
ported that immediately after animals are removed from a 1-h exposure
to 1000 ppm CO, or more, MPO is detected in the brain vasculature and
by 90 min β2 integrin-dependent neutrophil sequestration occurs fol-
lowed by protease release with endothelial xanthine dehydrogenase
conversion to oxidase, oxidant production and brain lipid peroxidation
(Ischiropoulos et al., 1996; Thom, 1993; Thom et al., 2006; Xu et al.,
2013). The role of MPO with insult progression is supported by the
inhibitory actions of KYC, a MPO inhibitor (Figs. 3, 6, 7, 10 and 11). In
addition to exacerbating oxidative and nitrosative stresses, MPO at the
vascular wall can also facilitate further neutrophil recruitment due to its
positive surface charge (Klinke et al., 2011). Because neutrophil-derived
MPs carryMPO, we interpret the significant elevation of MPO in excess of
Ly6G in brain at 7 days post-CO, discussed in section 3.3, as indicative of
perivascular MPs sequestration (Slater et al., 2017).

At 7- and 28-days post-CO we also found that MBP-bearing MPs were
increased in cervical lymph nodes and blood (Fig. 2 A and B). This sug-
gests ongoing oligodendrocyte stimulation. Further work will be needed
to assess whether these particles contribute to neuroinflammation, given
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evidence for an adaptive immunological response to MBP post-CO (Thom
et al., 2004, 2006). It appears that oxidant-modified MBP primes lym-
phocytes that along with macrophage/microglial activation and
lymphocyte influx leads to neurological impairments (Han et al., 2007;
Thom et al., 2004, 2006).

CD36 elevations in brain following CO exposure are shown in Fig. 3.
NF-κB activation can enhance CD36 expression and endothelial CD36
engagement enhances NF-κB activation and neutrophil recruitment (Cho
et al., 2005; Kim et al., 2015; Kunz et al., 2008; Panicker et al., 2019). We
show this in Fig. 1 as a double arrow between astrocytes and endothe-
lium. CD36 KO mice were resistant to CO-induced biochemical events in
brain, MPs production and neutrophil activation. These mice demon-
strate the same resistance in response to injections of node MPs from
CO-exposed wild type mice (Figs. 6–8, 10,11). CD36 is a receptor for
TSP-1, and antibodies to TSP-1 inhibited responses triggered by cervical
node MPs injections in wild-type mice. Therefore, the data indicate that
CD36 plays a central role in progression of CO-induced
neuroinflammation.

Finding that MPs injections elevated p65 NF-κB and phospho-Ser536

p65 in brain (Fig. 3) once again supports a cyclic process triggered by CO,
and an astrocyte response to intravenous MPs injections is reflected by
the large increase in cervical node GFAP/TSP-1 expressing MPs (Figs. 2B
and 7). Inhibition of these responses by JSH-23 suggests an endothelium-
to-astrocyte communication, given that there would not be a direct
interaction of MPs with astrocytes to induce NF-κB activation. Future
work with conditional deletion of CD36 on either endothelium or as-
trocytes will be required to discern the roles of endothelium versus as-
trocytes in CO poisoning.



Fig. 11. Vascular leakage of 2 � 106 Da rhodamine-labeled dextran was
assessed for brain and leg skeletal muscle prepared and evaluated as described
in section 2.8. Values reflect the fluorescence from rhodamine normalized to
values for tissues from control mice. Data show mean � SE (open circles) with
individual data points (solid circles) for mice euthanized 1.5 h following
exposure to CO without and with JSH-23 or KYC, wild type naïve mice injected
with 60,000 cervical node MPs from air-breathing control mice (Control-MPs),
wild type naïve mice injected with node MPs from wild type mice 1.5 h after
exposure to CO (CO-MPs), those injected with CO-MPs as well as KYC or JSH-23,
and those injected with CO-MPs that were first incubated with IgG to TSP-1. The
last column shows data from CD36 knock-out (KO) mice injected with CO-MPs.
Data are mean � SE, n is shown for each sample, * indicates significantly
different from control, p < 0.05, ANOVA.
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Reciprocal communications between endothelium and astrocytes can
establish a chronic neuroinflammatory state, as is seen in other disorders
(Hsiao et al., 2013). The presence of CD36 on endothelium and
communication with astrocytes may explain why in response to CO
exposure, neutrophils target the neurovasculature. Vascular damage due
to CO was directly demonstrated as leakage of 2 � 106 Da
rhodamine-dextran (Fig. 11). In prior work we linked CO-induced neu-
rovascular damage to prolongation of neuronal action potential (Xu et al.,
2013). We think it notable that a modest vascular leak was identified in
skeletal muscle, but Western blots did not indicate neutrophil seques-
tration as increases of Ly6G and MPO. Vascular leak in muscle did not
occur in CD36 KO mice or in KO mice injected with cervical node MPs
from CO-exposed wild type mice, thus indicating a role for the CD36
receptor. We conclude that TSP-1 expressing MPs cause skeletal muscle
dextran leakage because it was inhibited when MPs were injected in
combination with anti-TSP antibodies. TSP-1 enhances endothelial
permeability by influencing vascular endothelial growth factor receptor
function and permeability is not increased by TSP-1 in CD36 KO mice
(Zhang et al., 2009). Therefore, our findings indicate that endothelial cell
activation with production of a vascular leak is not a sufficient stimulus
to trigger neutrophil sequestration. Hence, neutrophil sequestration at
the neurovasculature but not at muscle in the peripheral circulation
post-CO appears to be due to the close association between brain endo-
thelium and astrocytes, with inflammatory responses linked to NF-κB.

Others have reported CD36 elevations intrinsic to endothelial cells
andmicroglia at 24–72 h following ischemia-reperfusion, whereas we see
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changes within 1.5 h (Cho et al., 2005). We suspect the elevation
following CO is related in part to local production by endothelium, as-
trocytes and microglia, but the rapid increase is likely due to recruited
monocytes as they normally carry CD36. CD36 elevations in brain due to
leukocyte influx is a process that has been described by others (Kim et al.,
2012), and we have reported macrophage/microglial and lymphocyte
activation and leukocyte influx into brain occurs with CO poisoning
(Thom et al., 2004). Neutrophil sequestration cannot explain the rapid
elevation of CD36 in brain because these cells normally express little
CD36 and increased cell production is variable among alternative stimuli
(Ericson et al., 2014; Greenwalt et al., 1992).

Progressive neuroinflammation leads to loss of AQP4 or at least
diminished antibody recognition with CO poisoning (Fig. 3), a phe-
nomenon also reported by others (Wei et al., 2019). As this was inhibited
by KYC, we interpret the change in AQP4 as a response to perivascular
oxidative and nitrosative stress triggered by neutrophil sequestration and
MPO activity. Perturbation of AQP4 is expected to disturb glymphatic
function and we are investigating whether this occurs post-CO. AQP4
impairment leads to glymphatic dysfunction in aging, traumatic brain
injury, Alzheimer's disease, ischemic and hemorrhagic stroke (Rasmus-
sen et al., 2018). Occult glymphatic dysfunction is speculated to be the
basis for a variety of demyelinating diseases (Barz et al., 2017). MRI
changes common to CO poisoning are often seen in those with glym-
phatic dysfunction (Jeon et al., 2018; Varrassi et al., 2017). It remains to
be determined whether such changes relate to the elevation of
MBP-containing MPs seen 1–4 weeks following CO exposure (Fig. 2 A
and B).

Others have commented that processes extrinsic to brain structures
could contribute to delayed leukoencephalopathy with CO and other
agents (Beppu, 2014; Sprecher and Mehta, 2010). The role for neutro-
phils in CO-induced neuroinflammation is consistent with these obser-
vations. The cycle described in Fig. 1 may explain why COHb is a poor
index of neurological risk. As MPs elevations in response to CO persist for
at least 4 weeks (Fig. 2 A and B), neuroinflammation appears to be an
ongoing process. These data offer a possible explanation for why
neurological dysfunction sometimes appears in a delayed fashion, as
long-term neuroinflammation is viewed as a central factor in neurotox-
icity of many disorders (Block et al., 2007). So-called delayed neuro-
logical deterioration can be ascribed to CO poisoning for up to 5–6 weeks
post-exposure (Sprecher and Mehta, 2010).

One aspect of our findings that is not well explained is the absence of
neutrophil activation when CD36 KO mice are injected with cervical
nodeMPs from CO-exposed wild typemice (Fig. 10B). CD36 expression is
negligible on unstimulated neutrophils (Ericson et al., 2014; Greenwalt
et al., 1992), but there are multiple other TSP-1 receptors on these cells,
so we had expected the MPs to activate KO mouse neutrophils. Absence
of this response could arise if, rather than occurring due to TSP-1
expressing MPs, neutrophil activation following MPs injections is actu-
ally due to alternative pro-inflammatory agents generated after endo-
thelial CD36 engagement when the cyclic neuroinflammatory process is
initiated. Endothelial CD36 engagement leads to expression of gran-
ulocyte colony-stimulating factor that is responsible for neutrophil
neurotoxicity in relation to ischemic brain injury (Garcia-Bonilla et al.,
2015). As shown in Figs. 6 and 7, brain inflammatory responses such as
the myriad MPs expressing brain-specific proteins are not generated in
CD36 KOmice exposed to CO or when KOmice are injected with cervical
node MPs from wild type CO-exposed mice. Further work is needed to
resolve this question.

Finally, the cyclic process illustrated in Fig. 1 may be a common
feature with brain injuries and not unique to CO. MPs and other extra-
cellular vesicles generated systemically can exacerbate traumatic and
other causes of brain injury and reciprocally, CNS-derived MPs cause
peripheral vascular disorders once liberated to the blood stream (Kumar
et al., 2017; Yang et al., 2013; Zhao et al., 2017). Further studies are
required to provide experimental evidence for this hypothesis.

The translational relevance of our study is obviously limited because a
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murine model was used. However, this model does demonstrate the role
of MBP in CO-induced neuroinflammation (Thom et al., 2004). MBP has
since been implicated in development of delayed neurological sequelae
in humans based on its appearance in the cerebrospinal fluid of symp-
tomatic patients (Beppu et al., 2012; Ide and Kamijo, 2009; Kamijo et al.,
2007; Kuroda et al., 2016). Plans are underway to investigate
blood-borne MPs in CO-poisoned patients using some of the same
methods we have used in other clinical studies (Thom et al., 2015).
Importantly, results from the current study suggest a number of possible
therapeutic opportunities because of the on-going nature of CO-induced
neuroinflammation lasting weeks and the cyclic mechanism between
blood-borne and CNS leukocytes. Currently, there is no effective treat-
ment for CO-induced neurological sequelae.
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