DOI: 10.1002/JLB.3MA0517-194RR

ARTICLE

JOURNAL OF
J LB LEUKOCYTE
BIOLOGY

Activation of the sympathetic nervous system modulates

neutrophil function

Alyce J. Nicholls |

Centre for Inflammatory Diseases, Depart-
ment of Medicine, School of Clinical Sciences at
Monash HealthMonash University, Australia

Correspondence:

Connie H.Y.Wong, Centre for Inflammatory
Diseases, Department of Medicine, School
of Clinical Sciences, Monash Medical Centre,
Monash University, VIC 3800, Australia.
Email: conniewong@monash.edu

One sentence summary: Sympathetic activation
of neutrophils significantly impairs several criti-
cal host defense functions, including chemotaxis,
phagocytosis and neutrophil-endothelial cell
interactions.
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Abstract

Emerging evidence has revealed that noradrenaline (NA), the main neurotransmitter of the sym-
pathetic nervous system (SNS), regulates a variety of immune functions via binding to adrener-
gic receptors present on immune cells. In this study, we examined the role of NA in the regula-
tion of neutrophil functions. Neutrophils were isolated from the bone marrow of naive mice and
treated with NA at various concentrations to assess the effect on various neutrophil functions.
Additionally, we performed cremaster intravital microscopy to examine neutrophil-endothelial
cell interactions following NA superfusion in vivo. In a separate group of animals, mice were sub-
jected to an experimental model of stroke and at 4 and 24 h neutrophils were isolated for assess-
ment on their ability to migrate toward various chemokines. Treatment of neutrophils with NA
for 4 h significantly impaired neutrophil chemotaxis and induced an N2 neutrophil phenotype
with reduced expression of the genes critical for cytoskeleton remodeling and inflammation. Pro-
longed NA administration promoted neutrophils to release myeloperoxidase and IL-6, but sup-
pressed the production of interferon-y and IL-10, reduced neutrophil activation and phagocy-
tosis. Superfusion of NA over the cremaster muscle almost completely inhibited fMLP-induced
neutrophil adhesion/arrest and transmigration. Furthermore, using a mouse model of stroke, a
pathological condition in which SNS activation is evident, neutrophils isolated from poststroke
mice showed markedly reduced chemotaxis toward all of the chemokines tested. The findings
from our study indicate that neutrophil chemotaxis, activation, and phagocytosis can all be nega-
tively regulated in an NA-dependent manner. A better understanding of the relationship between
sympathetic activation and neutrophil function will be important for the development of effective
antibacterial interventions.
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and foreign pathogens is the sympathetic nervous system (SNS).

Research in the past decade revealed that noradrenaline (NA), the

The nervous system and the immune system are two integrative
systems that work collaboratively to detect threats, provide host
defense, restore homeostasis, and their crosstalk is crucial for main-
taining the health and well-being of the host. One of the major neural

pathways responsible for regulating host defense against injury

main neurotransmitter of the SNS, regulates a variety of immune
functions via adrenergic receptors (ARs) present on immune cells. In
particular, NA is able to regulate immune cell development, survival,
and proliferative capacity,! as well as their level of gene expression

for cytokines and antibodies.2"# Additionally, sympathetic neural
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outflow can influence leukocyte trafficking for immune surveillance
and recruitment and directs the cell surface expression of molecules
important for the cell-to-cell interactions that are necessary for a
coordinated immune response.’> Historically, NA was believed to
have immunosuppressive effects on the immune system.® In fact,
chronic stress studies demonstrated that activation of the SNS impairs
immune cell function, reduces the size of a number of primary immune
organs, and inhibits leukocyte functions or shift them toward an
anti-inflammatory, wound-healing phenotype.”-?

Earlier studies focused mainly on the effect of SNS activation on
the function of the adaptive immune system, primarily due to the
presence and anatomical distribution of sympathetic fibers in the
spleen, various lymph nodes, and bone marrow.1%-12 |n a mouse model
of stroke, we have previously shown that targeted intervention to
inhibit SNS signaling significantly reduced the incidence of poststroke
infections.1314 Clinically, blockade of adrenergic signals via the use of
propranolol was found to be efficacious as an intervention for post-
stroke infection.5®> However, the effect of SNS activation on innate
immune regulation, particularly neutrophil function, and the mecha-
nisms underlying any changes are currently unknown. Neutrophils are
an essential part of the innate immune system. Specifically, circulating
neutrophils in the presence of chemotactic stimuli promptly adhere
to the endothelial cells and transmigrate in a directed fashion into
the extravascular space.!> Moreover, localized remodeling of the
cytoskeleton that ultimately leads to directed migration enables neu-
trophils to arrive at the site of chemoattractant release/production to
undergo phagocytosis, generate a respiratory burst, and secrete a mul-
titude of antimicrobial enzymes and cytokines.16 Being highly motile,
neutrophils are one of the first responders to be rapidly recruited
to sites of infection where their release of antimicrobial factors and
soluble mediators can in turn amplify the inflammatory response.l”
Therefore, neutrophils are not only required for the initial response to
pathogens following an infection, but are indispensable for coordinat-
ing further recruitment of other leukocytes to establish an appropriate
immune response.18

There is accumulating evidence to indicate that neutrophils are
able to take on different phenotypes and functions during various
diseases.1?20 |n fact, it is becoming clear that simply removing neu-
trophils or halting their recruitment following inflammation has the
potential to impact on inflammatory responses in a more complex
fashion than originally believed. Concepts such as “neutrophil het-
erogeneity” and “neutrophil plasticity” have begun to emerge, with
evidence indicating that under pathological conditions, neutrophils
may differentiate into discrete subsets defined by distinct phenotypic
and functional characteristics, namely of “N1” proinflammatory or
“N2” anti-inflammatory nature.?! Given the abundance of neutrophils
within the human body and their critical role in fighting infection,
it is likely that functionally impaired neutrophils contribute toward
an increased susceptibility to bacterial infection. However, whether
the activation of SNS results in neutrophil functional impairment
is currently unknown. In this study, we aimed to examine the role
of NA in the regulation of neutrophil function, including their abil-
ity to migrate toward chemotactic stimuli in both in vitro and in

vivo settings.

2 | MATERIALS AND METHODS

2.1 | Animals

Six-to-twelve-week-old male C57BL/6J wild-type mice were obtained
from the Monash Animal Research Platform and housed in a specific
pathogen-free facility (Monash Medical Centre Animal Facility, Clay-
ton, VIC, Australia). Following transportation, mice were acclimatized
for a minimum period of 7 days before use. LysM-eGFP mice on a
C57BL/6J background were bred and kept under specific pathogen-
free conditions at the Monash Animal Research Platform. Mice were
housed in a 12-h light-dark cycle in a temperature-controlled environ-
ment with free access to food and water. All procedures were approved
by the Monash University Animal Ethics Committee under regulations
which comply with the National Institute of Health guidelines for the

care and use of laboratory animals.

2.2 | Isolation of bone marrow neutrophils

Neutrophils were isolated from the bone marrow of wild-type mice
using the Ficoll method. Briefly, mice were culled via cervical disloca-
tion, and the femurs and tibia of both hind legs removed. The distal
end of each bone was cut using sterile scissors, and bone marrow cells
were dislodged by 10 s centrifugation at 1000 g room temperature.
Bone marrow cells were suspended in chemotaxis assay buffer (47.5%
Hank's balanced salt solution, 47.5% RPMI, 1% penicillin streptomycin,
2% L-glutamine, and 2% fetal calf serum) and filtered through a 70 um
mesh filter. Cells were resuspended at 5 x 108 cells per 6 ml and over-
layed on 3 ml of Ficoll-Paque Plus solution (GE Healthcare, Chicago, Illi-
nois), and centrifuged for 20 min with no brakes at 600 g, at room tem-
perature. Cell pellets were washed with PBS, and red blood cell were
lysed for 1 min using 1 ml of Ammonium-Chloride-Potassium (ACK)
lysis buffer. Cells were then resuspended in chemotaxis assay buffer
or media and filtered again using a 70 um filter. This method of bone
marrow neutrophil (BMN) isolation enrichment yielded a Ly6G™ purity
of 63.3 + 1.2%.

2.3 | Noradrenaline treatment

The catecholamine was prepared by the dissolution of crystalline NA
(Sigma, St. Louis, Missouri) in PBS to produce a final concentration of
100 nM (1077 M), 1 uM (10=¢ M), or 10 M (10~> M). In this study,
neutrophils were incubated with NA for a total of 4 or 24 h.

2.4 | MTT assay for neutrophil metabolic activity

Neutrophils suspended in chemotaxis assay buffer were seeded into
a 96-well flat-bottom plate at 1 x 105 cells per well and treated with
increasing concentrations of NA for 4 and 24 h. For the 4 h treatment,
0.5 mg/ml MTT (Sigma) was added to each well 1 h prior to NA treat-
ment for a total of 5 h. For the 24 h treatment, MTT was added into the
wells and incubated with the cells during the last 5 h of NA treatment.
Following incubation, the media was removed and replaced with 100 ul
of DMSO and left in the dark at room temperature, until the crystals

were dissolved. After this time, a Sunrise standard 96-well microplate



NICHOLLSET AL.

reader (Tecan, Mannedorf, Switzerland) was used to obtain absorbance
readings for each well. The reference absorbance, measured at 690 nm,
was subtracted from the absorbance value, which was read at 570 nm.
Magellan data analysis software (Tecan) was then used to compute a
final absorbance reading.

2.5 | Neutrophil chemotaxis assays

Using the Ficoll method, neutrophils were isolated from the bone
marrow of wild-type mice. Neutrophils were treated with various
concentrations of NA and incubated in a 37°C, 5% CO,-supplemented
incubator for 4 h before being washed and resuspended in chemotaxis
assay buffer at 2.5 x 106 cells/ml. Cells were then plated into the upper
chamber of a Transwell membrane plate (Corning) and the chemokine
fMLP (Sigma), KC (CXCL1; BioLegend), or complement component 5a
(C5a; R&D Systems, Minneapolis, Minnesota) were loaded into the
bottom chamber of the plate at increasing concentrations. The plate
was then incubated in a 37°C, 5% CO,-supplemented incubator for
3 h. Following incubation, the number of migrated Ly6G™* neutrophils
(~90% of the entire population) was determined by analysis using
a Navios flow cytometer (Beckman-Coulter, Brea, California) and
FlowJo analysis software (version 10).

2.6 | RNA extraction

RNA was extracted from BMNs using TRI reagent (Sigma) as per
the manufacturer's instructions. Isolated neutrophils, untreated or
treated with NA for either 4 or 24 h, were collected, centrifuged, and
the supernatant aspirated and stored for quantification of cytokines
and myeloperoxidase (MPO). Cell pellets were then lysed for 5 min
at room temperature using TRI reagent. 1-Bromo-3-chloropropane
(Sigma) was then added to each sample and shaken vigorously before
being allowed to stand for 5 min. The mixture was then centrifuged
at 500 g at 4°C for 15 min, and the aqueous phase was collected. 2-
Propanol (Sigma) was then added to each sample and allowed to stand
for 10 min before being centrifuged for 10 min at 500 g at 4°C. The
supernatant was then removed, and the sample was washed with 75%
(v/v) ethanol. The supernatant was again removed, the pellet was dried
for 10-15 min in a laminar flow hood, and the pellet was resuspended
in RNase-free water.

2.7 | Reverse transcription

cDNA was synthesized using the Superscript Il first strand synthesis
kit (InVitrogen, Carlsbad, California) and RQ1 DNase (Promega, Madi-
son, Wisconsin) to ensure no genomic DNA contamination. Approxi-
mately 500 ng of RNA was incubated at 37°C for 60 min with 10x
Superscript Il RT buffer, magnesium chloride, and RQ1 RNase-free
DNase. DNase STOP solution (Promega) was then added to each sam-
ple and incubated at 65°C for a further 10 min. Subsequently, ran-
dom hexamers and 10 mM dNTP mix were added and incubated at
65°C for 5 min and chilled on ice. A cDNA synthesis mix was then
prepared using Superscript Il RT buffer, 25 mM magnesium chlo-
ride, 0.1 M DTT, RNaseOUT, and Superscript Il RT. After addition

of the cDNA synthesis mix, the samples were incubated at 25°C for
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10 min, 50°C for 50 min, and 85°C for 5 mins and chilled on ice. The

samples were stored at -80°C until use.

2.8 | Real-time quantitative PCR

Real-time quantitative polymerase chain reaction (RT-qPCR) of AR and
CXC chemokine receptor expression in neutrophils was performed
using Power SYBR Green Master Mix (Applied Biosystems, Foster City,
California) as per the manufacturer's instructions. Briefly, a master mix
was prepared for each gene using 2x Power SYBR Green PCR Mas-
ter Mix, RNase-free H,0O, and 500 nM each of the respective forward
and reverse primers (Bioneer, Kew East, Victoria, Australia) for the
receptor genes Adrala, Adralb, Adrald, Adra2a, Adra2b, Adra2c, Adrb1,
Adrb2, Adrb3, Cxcr1, Cxcr2, Cxcr4, and 18s (Table 1). Nine microliters of
master mix was then added to 1 ul of each cDNA sample in a 384-well
PCR plate (Applied Biosystems). All cDNA samples were performed
in triplicate. RT-qPCR was performed using a 7900HT Fast Real-Time
PCR system (Applied Biosystems). Aninitial 10 min denaturation phase
at 95°C was performed, followed by an annealing stage consisting of 45
cycles of a 15 s step at 95°C and a 1 min step at 60°C. A final dissocia-
tion stage was performed consisting of a 15 min step at 95°C, a 1 min
step at 60°C, and a final 15 s step at 95°C. Expression of each sample

was determined via comparison to the housekeeping gene 18s.

2.9 | RT-qPCR using Fluidigm dynamic array

RT-gPCR was also performed by the Medical Genomics Facility at
Monash Health Translational Precinct using the Fluidigm Biomark sys-
tem. Target genes underwent 14 cycles of preamplification using Tag-
man gene expression assays, including a no template control, and
Biomark real-time PCR was completed on 48.48 dynamic array inte-
grated fluidic circuits. Prior to commencement of the PCR, a uracil N-
glycosylase step was used to prevent carryover of PCR products for
2 min at 50°C and a further hot start for 10 min at 96.5°C. Forty
cycles of denaturation and annealing were then performed at 96°C for
15 s and 60°C for 60 s, respectively. Gene expression was quantified
relative to the housekeeping gene Gapdh and normalized relative to
untreated cells.

2.10 | Quantitation of MPO activity

To measure the activity of MPO within the neutrophils and released
into the media during 24 h NA challenge, samples were immediately
frozen in liquid nitrogen and stored at -80°C until the MPO activity
assay was performed. MPO activity was measured using an assay pre-
viously described and modified to be used in a 96-well plate.1* Briefly,
cells were homogenized by continuous pipetting for 15 s in 100 ul
of hexadecyltrimethylammonium bromide (HTAB) buffer before being
centrifuged for 4 min at 5000 g. The samples were then placed on
ice. Following recording of blank absorbance values of a 96-well flat-
bottom plate, 7 ul from each of the homogenized cell samples and 70
ul of the collected media were added directly to the wells of the plate.
An o-dianisidine hydrochloride solution was added and incubated for 5

min before reading with an absorbance reader at wavelength 405 nm.
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TABLE 1 Primer sequences used for RT-gPCR using 7900HT fast real-time PCR

Gene Forward primer

Adrala 5-GCCCGGGGCTTTTATCCATGA-3
Adralb 5-CTGGTCTTAGCTTCGTGGCA-3’
Adrald 5-CAGGGACACAGAGTAGCAAGG-3'
Adra2a 5-TTTCCCCTGTGCCTAACTGC-3’
Adra2b 5-GAGTCCAAGAAGCCCCATCC-3’
Adra2c 5-AGGACTTCAGGCGCTCTTTC-3’
Adrb1 5-TCATCGTGGTGGGTAACGTG-3'
Adrb2 5/-CAATAGCAACGGCAGAACGG-3’
Adrb3 5-TCCACCGCTCAACAGGTTTG-3’
Cxcrl 5-GCTGGTGCCTCAGATCAAA-3’
Cxcr2 5-CTTCCAGTTCAACCAGCCCT-3
Cxcr4 5-TGCAGCAGGTAGCAGTGAAA-3'
18s 5-CTTAGAGGGACAAGTGGCG-3’

2.11 | Quantification of cytokines using a cytometric
bead array

After 24 h of NA treatment, the supernatant from neutrophils plated
at 2 x 108 cells/well was aspirated and quantified using the Mouse
Th1/Th2/Th17 Cytometric Bead Array assay (BD Biosciences, San
Jose, California). A 1:2 serial dilution for each mouse Th1/Th2/Th17
cytokine standards, reconstituted in assay diluent, was prepared in a
96-well V-bottom plate, beginning with a concentration of 5000 pg/ml.
Fifty ulmicroliters of each supernatant sample was also added to the
plate. A mixture of capture beads was then prepared using 3 ul of each
bead per sample (Mouse IL-2, IL-4, IL-6, IFN-y, TNF, IL-17A, and IL-
10) and 14 ul of assay diluent per sample. Twenty-five microliters of
bead mix and 25 ul of PE detection reagent were then added to each of
the standard wells. The plate was then incubated in the dark at room
temperature for 2 h. The samples were then washed and resuspended
in wash buffer. The cytokines in each sample were detected using a
Navios flow cytometer, and their concentrations were calculated using

FCAP Array software (BD Biosciences).

2.12 | Phagocytosis

Neutrophil phagocytosis was assessed using the pHrodo Bioparticles
Phagocytosis Kit (Life Technologies, Carlsbad, California). Briefly, cells
were isolated and incubated for 24 h with NA before being washed
and resuspended in chemotaxis assay buffer. Cells were then seeded
into a 96-well V-bottom plate at 1 x 105 cells per well. The samples
were incubated for 15 min with 2.5 ul of PE-conjugated Escherichia coli
at either 4 or 37°C. After incubation, cells were placed immediately
on ice and washed with PBS before staining with Brilliant Violet 510-
conjugated anti-mouse Ly6G (1A8, BioLegend, San Diego, California).
Cells were centrifuged and resuspended in FACs buffer (PBS supple-
mented with 2% fetal calf serum and 0.8% EDTA) and examined using
a BD FACSCanto flow cytometer (BD Biosciences) and analyzed using
FlowJo software.

Reverse primer
5-GAAGATGTGGCCTCAGCCAG-3'
5-CTCGCTCGCCTCTAATGGG-3'
5-TGAGGGAACAGAGAACCCAGAG-3’
5-TGGCTTTATACACGGGGCTG-3’
5-GGTGTCCATTAGCCTCTCCG-3'
5-AGAGGGTCATTGCCTGAAGC-3'
5’-ACCAGCAATCCCATGACCAG-3
5'-TCAACGCTAAGGCTAGGCAC-3'
5-TGGGGCAACCAGTCAAGAAG-3'
5-CCAAGAAGGGCAGGGTCAAT-3’
5-CTTAATCCTGCAGTAGTTCTACGA-3’
5-TGTATATACTCACACTGATCGGTTC-3’
5-ACGCTGAGCCAGTCAGTGTA-3'

2.13 | Respiratory burst

Respiratory burst in isolated neutrophils was assessed using the Neu-
trophil/Monocyte Respiratory Burst Assay Kit (Cayman Chemical, Ann
Arbor, Michigan). Following NA treatment, the cells were washed and
resuspended in RPMI supplemented with 50 ul of 1 M calcium and
2% fetal calf serum. Cells were then seeded into a 96-well V-bottom
plate at 2 x 10 cells/ml and incubated with 50 ng of dihydrorho-
damine (DHR) 123 for 15 min in a 37°C, 5% CO,-supplemented incu-
bator. Two hundred nanomolal phorbol myristate acetate (PMA) assay
reagent was then added to each well and incubated for 30 min in a
37°C, 5% CO,-supplemented incubator. Following incubation, the cells
were immediately placed on ice before being washed and resuspended
in respiratory burst assay buffer. Cells were then stained with Bril-
liant Violet 510-conjugated anti-mouse Ly6G (1A8, BioLegend) and
FITC-conjugated anti-mouse CD11b (M1/70, BioLegend). A BD FAC-
SCanto Il (BD Biosciences) flow cytometer was used to examine the
fluorescence of cells. FlowJo software was used to gate the neutrophil
cell population, determine the median fluorescence intensity (MFI) of
DHR 123 for this population, and examine the expression of CD11b

on neutrophils.

2.14 | Intravital microscopy

Migration and function of neutrophils following exposure to NA was
examined using intravital microscopy of the cremaster muscle in LysM-
eGFP mice, as previously described.?2?2 Mice were anesthetized via
intraperitoneal injection of an anesthetic cocktail of 150 mg/kg of
ketamine and 10 mg/kg of xylazine. The left jugular vein was cannu-
lated to administer additional anesthesia. The animal was placed on
a thermal-controlled heating pad, regulating the core temperature to
37°C. The cremaster muscle was dissected free of tissues and exte-
riorized onto an optically clear viewing pedestal. The muscle was cut
longitudinally with a cautery and held flat against the pedestal by
attaching silk sutures to the corners of the tissue. The muscle was

then superfused with bicarbonate-buffered saline and covered with a
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coverslip held in place with vacuum grease (Thermo Fisher Scientific,
Waltham, Massachusetts).

The cremasteric microcirculation was visualized using a spin-
ning disk confocal microscope system (Ultraview VoX; PerkinElmer,
Waltham, Massachusetts) mounted on an upright microscope (Axio-
plan2 Imaging, Oberkochen, Germany) as previously described.2? The
cremasteric microvasculature was visualized through a 20x immersion
objective lenses. Images were detected using a 512 x 512-pixel
electron-multiplying charge-coupled device camera (C9100-13;
Hamamatsu, Shizuoka, Japan). Data acquisition was controlled via
Volocity (Perkin Elmer). Brightfield, and 488 nm of laser excitation was
used in rapid succession with an exposure time of 0.120-0.317 s for
each channel.

Two postcapillary venules (25-40 um in diameter) were selected
in each experiment, and images were recorded at the maximum rate
for 3 min at O min (i.e., baseline before superfusion) and at 30 and
60 min following superfusion of 30 uM fMLP with or without the
presence of 10~> M NA in the superfusion buffer. In addition, to
examine the behavior and migration of transmigrated neutrophils, we
imaged and recorded continuously the activity of neutrophils at 15
frames/min between 30 and 60 min after superfusion. Venular diam-
eter, velocity of noninteracting passing neutrophils, and the number
of adherent/arrested and transmigrated neutrophils were determined
off-line via video playback analysis. Neutrophils were considered
adherent/arrested to the venular endothelium if they remained sta-
tionary for 30 s or longer. Neutrophil transmigration was defined as
the number of extravascular neutrophils visible per microscopic field
centered on a postcapillary venule and was determined by averaging

data derived from two fields per animal.

2.15 | Mouse model of focal ischemia

The midcerebral artery occlusion (MCAQ) was performed as previ-
ously described.2* Briefly, mice were anesthetized via intraperitoneal
injection of an anesthetic cocktail of 150 mg/kg of ketamine and 10
mg/kg of xylazine, and an incision was made into the neck anterior
to the sternum. The common, external, and internal arteries were
isolated, and a monofilament of defined diameter was inserted into the
internal carotid artery, coming to rest at the origin of the midcerebral
artery (MCA). At this stage, a laser Doppler perfusion monitor (Per-
imed AB, Jarfalla-Stockholm, Sweden) on the cranium of each mouse
was used to verify occlusion of the MCA. A drop in the preocclusion
perfusion reading of more than 70% was considered a successful
occlusion. Mice underwent MCAO for 30 or 60 min before removal of
the filament and were monitored following reperfusion. Twenty-four
hours following MCAO, mice were culled and cells were isolated for
study. A sham procedure involved anesthesia and incision into the
neck before parting the salivary glands and replacing them in position
and suturing the wound.

At 24 h after stroke onset, 2,3,5-triphenyl-tetrazolium chloride
(TTC; Sigma) was used to visualize brain infarct following MCAOQ.
The brain of each mouse was excised and placed in iced-cold PBS
for approximately 60 s following cervical decapitation. The brain was

then sliced into 2 mm sections in the coronal plane and incubated in
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50 mg/ml TTC dissolved in PBS, in a 37°C water bath for 5-10 min.
The TTC was then removed, and the brain sections were resuspended
in cold PBS. Both sides of the brain slices were photographed, and the
infarct size was quantified using ImageJ analysis software.

2.16 | Flow cytometry

The surface expression of CXC chemokine receptors on neutrophils
isolated from blood and bone marrow were analyzed. Blood was
collected into heparinized syringes via cardiac puncture, and red blood
cells were lysed and washed with FACs buffer (PBS supplemented
with 2% fetal calf serum and 0.8% EDTA). Cells were then stained
with APC.Cy7-conjugated anti-mouse CD45 (30-F11; eBioscience),
Brilliant violet 510-conjugated anti-mouse Ly6G (1A8, BioLegend) and
PE-conjugated anti-mouse CXCR2 (SA044G4, BioLegend) or CXCR4
(2B11, BD Pharmingen) for 30 min on ice. Cells were then washed and
resuspended in FACs buffer. Cell populations were examined using a
BD FACSCanto Il and further analyzed using FlowJo software.

2.17 | Statistical analysis

Data were statistically analyzed using GraphPad Prism 6.0b using mul-
tiple t-tests, or one- or two-way ANOVA tests with Tukey's or Bonfer-
roni multiple comparisons tests. All results are represented by mean +

SEM. Statistical significance was accepted at P < 0.05.

3 | RESULTS

3.1 | B,-adrenergic receptors are highly abundant
on neutrophils

Recent studies have implicated a role for SNS activation in the sup-
pression of immune cell function; however, whether sympathetic out-
put can directly mediate functional changes in neutrophils is unknown.
First, using RT-gPCR, we confirmed that BMNs express multiple AR
subtypes, with p,-adrenergic receptor (f,-AR) (Adrb2) expression
being significantly higher (Figure 1A). Strikingly, there was a 1000-fold
greater expression of Adrb2 in BMNs compared to other ARs. Circulat-
ing NA represents only a minor fraction (5-10%) of the amount of NA
secreted from sympathetic nerve endings.?> It is highly influenced by
NA reuptake, metabolism, and clearance from the circulation?¢; hence
the precise physiological or pathological levels of NA following SNS
activation has been elusive. Therefore, in this study, we utilized a range
of NA concentrations when assessing its effect on BMN function in
vitro. Additionally, the cytotoxicity potential of NA at various concen-
trations on BMNs was examined to ensure that any observed func-
tional impairment is not merely due to cell death. Treatment of BMNs
with NA concentrations of 100 nM (10~7 M), 1 uM (10=¢ M), or 10
4uM (10=> M) for 4 h did not cause cytotoxicity, and this was confirmed
using propidium iodide staining showing lack of difference in cell via-
bility between the untreated and NA-treated BMNs (data not shown).
Intriguingly, BMNs treated with 10 yM (10> M) demonstrated ele-
vated metabolic activity (Figure 1B).
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3.2 | NA impairs neutrophil chemotaxis and BMNs. Similarly, the expression of another chemoattractant receptor,

negatively regulates proinflammatory gene expression Cer1, demonstrated significant upregulation following NA administra-

tion, whereas Ccr2 reminded unchanged (Figure 2C). In addition, NA

Next, to examine the effect of SNS activation on neutrophil function, induced marked upregulation of Cxcr1 but no change in the expression

we treated BMNs with various concentrations of NA and assessed of Cxcr2 (Figure 2D). These data suggest that the impairment of neu-

their chemotactic function in vitro. We observed a significant reduc- trophil chemotaxis after NA treatment is unlikely to be attributed to

tion in the number of cells migrating toward the potent chemokine
fMLP following 4 h treatment with NA (Figure 2A). Specifically, neu-

reduced expression of chemoattractant receptors.

To explore alternative mechanisms by which NA may suppress neu-
trophil migration toward fMLP was significantly impaired even at trophil chemotaxis, we examined the expression of 45 genes in BMNs
using RT-gPCR following a 4 h in vitro challenge with 107 M NA. We

observed significant changes in several groups of genes involved in

the lowest NA concentration examined (10~7 M NA). Furthermore,
this NA-induced chemotaxis impairment was not a result of reduced
expression of the fMLP receptor, Formyl peptide receptor 1, by the
BMNs (Fpr1; Figure 2B). In fact, a 4-fold increase in Fpr1 mRNA expres-

sion was observed following 4 h of 10~7 M NA compared to untreated

N2 neutrophil characterization (Figure 3A), cytoskeleton remodeling
(Figure 3B), and proinflammatory responses (Figure 3C). Specifically,
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there was a ~8-fold increase in the expression of N2 gene Arg1 follow-
ing 10~7 M NA challenge (Figure 3A). Conversely, NA downregulated
genes involved in the Akt/PI3K pathway (Akt1 and Pten; Figure 3B),
which are critical for cells to undergo cytoskeletal rearrangement and
therefore effective migration.?’ It is conceivable that the NA-induced
reduction of Akt1 and Pten expression contributes to the impairment
in the capacity of BMNs to migrate toward fMLP in vitro (Figure 2A),
as well as in vivo from the vasculature toward the site of infection
and into the affected tissue.282? In addition, NA downregulated the
expression of Fas (cell surface death receptor) on BMNs as well as
proinflammatory genes, including Icam1, Myd88, Mmp9, and Tnf (Figure
3C). Other genes that we investigated were unaffected after NA treat-
ment (see Table 2), suggesting a specific regulation of neutrophil func-
tions rather than a global reduction in gene expression following NA
administration. Taken together, these results demonstrate that treat-
ment of BMNs with 107 M NA for 4 h significantly impairs neutrophil
chemotaxis through a mechanism independent of effects on chemoat-
tractant receptor expression. Instead, the NA-induced N2 neutrophil
phenotype, altered expression of the genes critical for cytoskeleton
remodeling, and downregulation of proinflammatory genes are more
likely to contribute to this phenotype.

3.3 | Prolonged NA challenge stimulates neutrophil
release of MPO and IL-6 but reduces IFN-y production

We next examined the effect of prolonged SNS activation on neu-
trophil function by treating BMNs with the tested concentrations of
NA for 24 h in vitro. Similar to the 4 h challenge, we did not observe
any cytotoxicity associated with this treatment at 24 h, but instead
found significant elevation of neutrophil metabolic activity at NA

concentration of 10~¢ and 10~> M compared to untreated BMNs

(Figure 4A). To examine the effect of NA on neutrophil function, we
assessed neutrophil production and release of antimicrobial mediators
at 24 h following NA. MPO is an enzyme abundantly expressed in
neutrophils with an important role in antimicrobial function upon its
release into the extracellular space.3? In the absence of additional
inflammatory or pathogenic stimuli, BMNs exposed to 10=5> M NA
for 24 h were found to potently release MPO (Figure 4B). This was
evident by the significant reduction of cellular MPO units within
BMNs, whereas corresponding elevated MPO levels were found in
the cell culture media at 24 h following NA treatment (Figure 4B).
Furthermore, the cell culture media of BMNs at 24 h following NA
treatment demonstrated significantly increased levels of IL- 6 at all NA
concentrations examined (Figure 4C), and markedly reduced levels of
IFN-y (Figure 4D) and IL-10 (Figure 4E) in response to 10=> M NA. In
contrast, the levels of IL-2 and IL-4 were unchanged after NA challenge
(Figure 4F-G). These data suggest prolonged NA administration alone
promotes neutrophils to release MPO and IL-6 and suppresses the
production of inflammatory mediators including IFN-y and IL-10.

3.4 | Activation of SNS diminishes neutrophil
activation and phagocytosis

Upon infection, neutrophils rapidly migrate toward the invading
pathogens via chemotaxis and undergo phagocytosis to efficiently
engulf and kill the bacteria.3! To assess the effect of SNS activation
on neutrophil phagocytosis, we pretreated the BMNs at various
concentrations of NA for 24 h then challenged these cells with flu-
orescently labeled E. coli. Neutrophil phagocytosis was not affected
at the lower NA concentrations, but a significant impairment in
bacterial phagocytosis was observed at 10~> M NA (Figure 5A). In
separate experiments, we examined the effect of NA administration

on neutrophil activation and capability to generate respiratory burst
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TABLE 2 Tagman GE assays used for Fluidigm Dynamic Array

Gene name
18s

Akt1

Argl
Arp2/3
Atf3
Beta-Actin
Ccl2

Ccl3

Ccl5

Cerl

Cer2

Cer5

Cer7
Cd44
Cd49b/Itga2
Cd62l/Sell
Cdc42
Chil3
Cx3crl
Cxcr2
Cxcr3
Cxcr4

Fas

Gapdh
Icam
IL-10
1112a
1112b

I11b

Itgb1
Itgb2
Mapk14
Mmp9
Mrc1
Myd88
Nwasp
Osteopontin/Spp1
p21/Cdkna
Pparg
Pten

Rac1
RhoA
Rpl13a
Tgfb1

TIr2

TIr4

Tnf

Vegfa

Life Technology Code

Mm04277571_s1

Mm01331626_m1
Mm00475988_m1
Mm00773842_m1
Mm00476032_m1
Mm01205647 g1

MmO00441242_m1
Mm00441259 g1

Mm01302427_m1
Mm00438260_s1

Mm99999051_gH
Mm01216171 m1
Mm00432608_m1
Mm01277163_m1
Mm00434371_m1
Mm00441291_m1
Mm01194005_g1

Mm00657889_mH
Mm02620111 s1

Mm99999117 s1

Mm00438259 m1
Mm01292123_m1
Mm00433237_m1
Mm03302249 g1

Mm00516023_m1
MmO00439614_m1
Mm00434165_m1
Mm00434170_m1
Mm00434228_m1
Mm01253230_m1
MmO00434513_m1
Mm01301009_m1
Mm00442991_m1
Mm00485148_m1
Mm00440338_m1
MmO01136990_m1
Mm00436767_m1
Mm04205640_g1

Mm01184322_m1
Mm00477208_m1
Mm01201653_mH
Mm00834507 g1

Mm01612987_gH
MmO00441724 m1
Mm00442346_m1
Mm00445273_m1
Mm00443258_m1
Mm00437304_m1

Assay number
M000833
M000427
M000157
M000757
M000291
M000825
M000212
M000373
M000374
M000862
M000160
M000381
M000166
M000527
M000241
M000243
M000754
M000390
M000153
M000861
M000213
M000026
M000164
M000054
M000700
M000234
M000191
M000195
M000214
M000067
M000068
M000416
M000706
M000155
M000242
M000808
M000135
M000453
M000134
M000269
M000983
M000805
M000223
M000173
M000252
M000154
M000174
M000187

upon stimulation with PMA. Our results demonstrated that BMNs
expression of CD11b significantly decreased in a dose-response
manner at 24 h following NA challenge (Figure 5B, C). Despite this,
PMA-induced respiratory burst by BMNs was not affected following
the activation of SNS (Figure 5D). Taken together, these findings
indicate that prolonged exposure of neutrophils with NA markedly
impairs their capacity to phagocytose bacteria and undergo activation
upon stimulation.

3.5 | Effect of SNS activation on neutrophil
trafficking in vivo

Our datathus far suggest NA treatment impairs a number of neutrophil
functions, including chemotaxis toward fMLP and activation follow-
ing PMA challenge. To investigate whether intravascular trafficking of
neutrophils is also impaired after SNS activation, we superfused the
potent chemoattractant fMLP over the cremaster muscle of the LysM-
eGFP mice, in the presence or absence of NA in the superfusion buffer,
and examined the response in cremasteric postcapillary venules via
intravital microscopy. LysM-eGFP mice express GFP in the regulatory
region of the lysozyme M gene expressed in myeloid cells in which
endogenous neutrophils are easily identifiable.32 We visualized and
quantified the number of adherent/arrested neutrophils in at least 2
vessels per mouse during the 1 h of superfusion. Our results indicated
that fMLP superfusion significantly increased the number of adher-
ent/arrested neutrophils to the vessel wall at 30 and 60 min. However,
this response was almost abolished in the presence of NA (Figure 6A
and Movies 1 and 2). We also measured the number of transmigrating
neutrophils between 30 and 60 min of fMLP superfusion. Transmigrat-
ing neutrophils were clearly visible in mice that were superfused with
fMLP only (Figure 6B), and these cells underwent extravascular migra-
tion of an average distance of 16.5 + 2.3 um (Figure 6C and Movie
1). In contrast, superfusion of fMLP in combination with NA signifi-
cantly reduced the number of transmigrated neutrophils (Figure 6B
and Movie 2). In addition, the only transmigrated neutrophil observed
traveled a distance of only 8.5 um, ~ 50% of the average distance in the
fMLP alone group (Figure 6D). To examine whether superfusion of the
cremaster muscle with NA impact on blow flow or vessel constriction,
we quantified the speed of noninteracting neutrophils passing through
blood vessels (Figure 6E). Neutrophils that have no interaction with
the endothelium, and passing through blood vessels can serve as a sur-
rogate marker for blood flow velocity. We also measured the diame-
ter of the blood vessels in the presence or absence of NA superfusion
(Figure 6F). We found neither the speed of noninteracting neutrophils
nor blood vessel diameter was different following NA challenge, sug-
gesting the reduced neutrophil adhesion/arrest and transmigration
after NA are not due to a lack of cells traveling through the region of
interest over the set time interval.

Emerging evidence from recent studies indicates that dysregulation
of the sympathetic-immune axis contributes to a number of disease
states.3334 |n fact, patients with stroke exhibit markedly increased
plasma NA levels for several days following the ischemic event.3°
Moreover, stroke patients with greater increases in plasma NA dis-

play higher susceptibility to infectious complications and an increased
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FIGURE 4 The effect of prolonged NA treatment on neutrophil function. (A) The metabolic activity of neutrophils treated with NA for 24 h as
measured by the MTT assay. Data represent mean + SEM. N = 8. ****P < 0.0001 compared to control, One-way ANOVA with Bonferroni or Tukey's
multiple comparisons test. (B) MPO activity of neutrophils (2 x 10¢) treated with or without NA for 24 h and the supernatant (70 ul) aspirated from

these cells were quantified. Data represent mean + SEM. N =

8. ****P < 0.0001 compared to control, One-way ANOVA with Bonferroni or Tukey's

multiple comparisons test. Measurement of interleukin 6 (C), IFN-y (D), IL-10, (E) IL-4 (F), and IL-2 (G) released into the cell media following 24 h of
NA challenge, quantified using a cytometric bead array. Data represent mean + SEM. N = 8. *P < 0.05, **P < 0.01, ****P < 0.0001, One-way ANOVA

with Tukey's multiple comparisons test

risk of mortality.3-3? However, the mechanisms surrounding this are
unclear. Therefore, we investigated whether the activation of SNS fol-
lowing stroke impairs the important antibacterial functions of neu-
trophils, rendering the host at a greater risk of infections. To address
this, we investigated neutrophil migration after a mouse model of
stroke (MCAO). Consistent with previous reports, a 30 min MCAO
elicited a mild brain injury in mice whereas 60 min MCAO induced
a more severe cerebral infarct size development at 24 h following
stroke onset (Figure 7A). We isolated BMNs at 24 h following the
cerebral ischemic-reperfusion event and examined the neutrophil
chemotaxis toward a number of potent chemoattractants. Following
MCAO, we observed a significant reduction in the migration of neu-
trophils toward all chemoattractants tested, including fMLP (Figure
7B), KC (Figure 7C), and C5a (Figure 7D). Moreover, this effect was
greater for neutrophils isolated from mice subjected to a 60 min MCAO
(severe stroke), compared with those from mice subjected to a 30 min
MCAO (mild stroke) in response to KC (Figure 7C). Although we can-
not exclude the possibility that reduced neutrophil chemotaxis at 24 h
poststroke may be in part attributable to an exhaustion of the primed
reservoir, BMNs isolated from sham-operated and poststroke mice at a
much earlier time point (4 h) also demonstrated significantly decreased

neutrophil migratory function in vitro (Supplemental Figure 1).

To investigate whether the reduced neutrophil chemotaxis at 24
h is contributed by altered expression of chemokine receptors, we
performed flow cytometric analysis on the surface expression of
CXCR2 and CXCR4 in neutrophils isolated from the bone marrow
and blood after stroke (Supplemental Figure 2). At 24 h following
stroke onset, we found no difference in the expression of CXCR4 on
circulating neutrophils or BMNs between sham-operated and post-
stroke mice (Supplemental Figure 3). Similarly, circulating neutrophils
from sham-operated and poststroke mice demonstrated comparable
CXCR2 expression (Supplemental Figure 3). However, neutrophils iso-
lated from the bone marrow of poststroke mice exhibited signifi-
cantly elevated CXCR2 surface expression compared to their sham-
operated controls (Figure 7E), suggesting the lack of migration toward
the chemokines examined is not attributable to decreased chemokine
receptor expression. In fact, we consistently observed unchanged cir-
culating neutrophil number at 24 h after stroke (Figure 7f), whereas the
elevated proportion of neutrophils in the blood of poststroke mice (Fig-
ure 7g) can be explained by the significant reduction of lymphocytes in
the blood (Figure 7H and Supplemental Figure 4). Taken together, our
findings demonstrate that neutrophil chemotaxis is severely impaired
following in vitro or in vivo following NA challenge, and in a pathologi-
cal condition whereby SNS activation is known to occur.
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FIGURE 5 Prolonged exposure of NA suppresses neutrophil phagocytosis and activation, but not PMA-induced respiratory burst. (A) Quan-
tification of the MFI of E. coli phagocytosed by neutrophils treated with 24 h of various concentrations of NA. Data represent mean + SEM. N > 8. *P
< 0.05, ***P < 0.001, unpaired t-test. (B) Representative flow cytometric plot of PMA-induced CD11b expression on untreated Ly6G* neutrophil
or Ly6G* neutrophil pretreated with 10> M NA for 24 h. (C) Percentage of Ly6G* neutrophils expressing CD11b on the cell surface after 24 h
pretreatment with NA following 30 min stimulation with PMA. Data represent mean + SEM. N > 4. **P < 0.01, ****P < 0.0001 compared to control.
One-way ANOVA with Tukey's multiple comparisons test. (D) Quantification of PMA-induced respiratory burst by neutrophils treated with 24 h of
various concentrations of NA. Data represent mean + SEM. DHR123: Dihydrorhodamine 123. MFI: mean fluorescence intensity

4 | DISCUSSION

There is a growing body of evidence that suggests dysregulation of
the sympathetic-immune axis contributes to a number of disease
states,3334 but the underlying processes have been elusive to date.
Neutrophils are an essential part of the host innate immune system;
however, whether their critical antibacterial defense mechanisms are
affected following the activation of SNS is currently unknown. Clearly,
elucidating the relationship between sympathetic activation and neu-
trophil function during physiological and pathological stress will be
important for the development of novel therapeutic strategies and
to aid in the identification of “at risk” patients for appropriate inter-
ventions. In this study, we assessed a number of neutrophil func-
tions following experimental models of sympathetic activation. We
demonstrated that the f,-AR is highly abundant in neutrophils and
that administration of NA can directly suppress critical antibacterial
functions of neutrophils. In particular, our findings indicated that NA
inhibits the migratory function of neutrophils toward potent chemoat-
tractants in vitro and that in an in vivo model of pathological SNS
activation similar negative regulatory effects on neutrophil function
are observed.

The molecular pathways by which the activation of SNS medi-
ates neutrophil functional impairment are currently unknown. Find-
ings supporting the location of sympathetic nerves and NA release
within the vicinity of immune cells prompted the design of studies to

determine whether ARs were expressed on the immune cell surface.*©

The expression of such receptors would be necessary in order for neu-
ral signals to be delivered to immune cells. There are two types of
receptors that bind NA, namely the a-AR and the g-AR, which are
expressed in a tissue-specific manner and exhibit differing affinities for
NA.#142 Elegant reviews over a decade ago have detailed that the f,-
AR subtype is the primary receptor expressed on immune cells in both
rodents and humans.*3 In fact, bulk populations of CD8* and CD4*
T cells express the f,-AR, as do naive CD4" T cells and murine Th1
cells, whereas clones of murine Th2 cells do not.#4 However, conflict-
ing data exist for human lymphocytes, with studies suggesting both
the presence and absence of expression of ,-AR on human T cells.
Clarity in this area has been hampered by the difficulty in obtaining
purified populations of human IFNy- and IL-4-producing cells. Nev-
ertheless, our data demonstrated that neutrophils also express pri-
marily f,-AR (~1000 fold higher). Moreover, the functional effect of
NA binding to this receptor is striking. Acute exposure (4 h) of NA
to BMN:s significantly impaired neutrophil chemotaxis toward fMLP
in a chemokine receptor expression-independent fashion. Our find-
ings from gene expression study suggest neutrophils treated with
NA upregulate a N2 phenotypic marker, Argl, and downregulate a
number of proinflammatory genes as well as genes associated with
cytoskeleton remodeling important for migratory behavior. Therefore,
consistent with earlier studies examining the effect of sympathetic
outflow on adaptive immune system, results from our study indicate
the activation of the SNS also induces an immunosuppressive effect

on neutrophils.
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FIGURE 6 NAsuperfusionabolishes fMLP-induced neutrophil adhesion and transmigration invivo. (A) The number of adherent/arrested GFP*
neutrophils in LysM-eGFP mice following superfusion of 30 uM fMLP with or without the presence of 10~> M NA was quantified. Data represent
mean + SEM; N > 4 individual mice per group; #P < 0.05, #P < 0.01 vs. 0 min; *P < 0.05, **P < 0.01 vs. corresponding fMLP only, unpaired t-test. (B)
The number of transmigrated GFP* neutrophils in LysM-eGFP mice following superfusion of 30 xM fMLP with or without the presence of 10> M
NA was quantified. Data represent mean + SEM; N > 4 individual mice per group; *P < 0.05 vs. fMLP only, unpaired t-test. (C) Representative images
of fMLP-induced neutrophil transmigration with or without the presence of NA. Yellow arrows denote adherent/arrested neutrophils (it should be
noted that the majority of neutrophils visible in these images are rolling cells), red box and arrows denote transmigrating neutrophils during 10 min
observation periods, and white dotted lines denote the outline of the postcapillary venules. Scale bar = 80 ym. FOV: field of view. (D) The distance
traveled by transmigrated GFP* neutrophils in LysM-eGFP mice following superfusion of 30 uM fMLP with or without the presence of 107> M
NA was quantified. Data represent distance traveled for individual neutrophils; N > 4 individual mice per group. (E) The velocity of noninteracting
GFP* neutrophils in LysM-eGFP mice following superfusion of 30 M fMLP with or without the presence of 10~> M NA was quantified. Data
represent mean + SEM; N > 4 individual mice per group; NS: no statistical significance. (F) The diameter of postcapillary venules before and during
1 h superfusion of 30 M fMLP with or without the presence of 10~> M NA was quantified. Data represent mean + SEM; N > 4 individual mice per
group. NA: noradrenaline

In addition, we observed elevated neutrophil release of MPO associated with increased PMA-induced respiratory burst. Instead,
and IL-6 following prolonged (24 h) exposure of NA alone. Despite neutrophils treated with NA for 24 h showed significantly decreased
previous studies noting that IL-6 has the capacity to prime the neu- production of inflammatory mediators including IFN-y and IL-10,
trophil to undergo respiratory burst in response to an inflammatory impairment of bacteria phagocytosis and a marked reduction of

stimulus,*> NA-stimulated neutrophil production of IL-6 was not CD11b expression upon PMA challenge. Intriguingly, superfusion of
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FIGURE 7 Stroke impairs neutrophil chemotaxis. (A) Representative image of brain infarct size and brain infarct quantification in mice at
24 h after stroke onset. Data represent mean + SEM; N > 3 individual mice per group; *P < 0.05 and ****P < 0.0001 vs. Sham, unpaired t-test. The
migration of BMNs isolated from mice that were sham operated, 30 min MCAO-, and 60 min MCAO-operated toward fMLP (B), KC (C), and C5a (D)
were assessed. Data represent mean + SEM; N > 3 individual mice per group; #P < 0.05, #P < 0.01, ####P < 0.0001 for Sham compared with 30 min
MCAQ; *P < 0.05, ***P < 0.0001 for Sham compared with 60 min MCAQ, two-way ANOVA with Tukey's multiple comparisons test. Cell surface
expression of CXCR2 (E) on Ly6G* neutrophils isolated from bone marrow of sham- and MCAO-operated mice. N > 5 individual mice per group.
Data represent mean + SEM. ***P < 0.001, t-test. The number (F) and percentage (G) of neutrophils from the blood of sham- and MCAO-operated
mice. (H) The percentage of lymphocytes from the blood of sham- and MCAQO-operated mice. N > 12 individual mice per group. Data represent

mean + SEM. ****P < 0.0001, t-test. MCAO: midcerebral artery occlusion

NA was sufficient to abolish fMLP-induced neutrophil-endothelial
interactions in vivo. IL-6 signaling via STAT3 has been shown to limit
the recruitment of neutrophils and potentially represents a critical
event for the termination of the innate immune response.#¢ In light of
our findings showing elevated IL-6 production following NA exposure,
it is feasible that the impaired neutrophil chemotaxis is driven by IL-6
signaling. Collectively, our findings are supportive of an immunosup-
pressive modulatory role for NA on neutrophil function. In fact, the
immunosuppressive effect of sympathetic activation has been widely

demonstrated in the context of both psychological stress models

and exercise science, whereby psychological stressors activating
the “fight or flight” response and high-intensity exercise primarily
impair immune function and increase susceptibility to infection.#7-4?
Numerous studies have observed that elite athletes commonly suffer
symptoms of upper respiratory tract infections.>® Moreover, studies
examining neutrophil function following exercise have also shown
that high-intensity bouts of exercise and exercise for longer durations
result in impaired oxidative burst in response to stimulation.5152
These changes can be seen in an instantaneous manner following

acute high intensity exercise, whereas regular high-intensity exercise
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can lead to chronic suppression of immune function and may therefore
lead to immune deficit, predisposing the individual to infection.51.53

For many years, stroke patients have demonstrated markedly
increased plasma NA levels persistent for several days following the
ischemic event.3> Patients with greater increases in plasma NA levels
display greater alterations in their leukocyte profile, higher susceptibil-
ity to infectious complications, and an increased risk of mortality,36-3?
supporting the notion of animmunosuppressive, and potentially patho-
logical, role of NA. Infact, there is a correlation between the circulating
levels of NA and impairment of neutrophil respiratory burst in stroke
patients.>* A separate research group observed that stroke patients
diagnosed with infection have significantly reduced neutrophil respi-
ratory burst compared with patients with no evidence of infection.>>
Collectively, these studies suggest that the function of neutrophils
may be NA dependent and closely associated with infection incidence
after stroke. In a mouse model of stroke, we demonstrate significant
impairment of neutrophil chemotaxis to both end target chemoattrac-
tants (fMLP and C5a) and intermediary endogenous chemoattractants
(KC) in poststroke mice. Interestingly, the impairment of neutrophil
migratory behavior toward KC was found to be injury severity
dependent. Furthermore, we have shown that BMNs isolated from
sham-operated and poststroke mice at a much earlier time point (4
h) also demonstrated significantly decreased neutrophil migratory
function. Despite this, the possibility that the reduced neutrophil
chemotaxis poststroke may be in part attributable to an exhaustion of
the primed reservoir cannot be excluded. A key defining feature of the
immune system is the migratory capacity of its cellular constituents, an
attribute which allows the deployment of immune effector cells to the
appropriate anatomical location to eliminate pathogen-bearing cells.
We have previously shown the migratory behavior and antibacterial
function of invariant natural killer T cells to be impaired after stroke,
via a mechanism involving SNS activation.14 In the present study, we
provide evidence from three separate models (in vitro NA stimulation,
in vivo NA superfusion, and following a mouse model of stroke) to
demonstrate that the activation of SNS significantly impairs neutrophil
chemotaxis, reduces bacterial phagocytosis, and modulates neutrophil
expression and production of inflammatory mediators, changes likely
to result in inhibition of critical host defense functions.

The findings of our experiments indicate the negative regulation
of neutrophil function after NA is not due to neurotoxicity or NA-
induced cell death. In contrast, we consistently observed enhanced
metabolic activity of neutrophils following NA exposure. The inter-
connecting relationship between immune cell energy metabolism and
function was first reported in the early 1960s, but renewed interest in
recent years has led to the growing understanding of the importance
of metabolic alterations underlying an effective immune response.>®
Emerging research indicates that cellular metabolic pathways serve
three major functions: generation of energy, production of building
blocks necessary for cellular maintenance and proliferation, and mod-
ulation of cellular signaling. Evidence also indicates that the metabolic
alterations in myeloid cells differ depending on the type of stimu-
lus, immune context, and tissue microenvironment.5” Our findings
of NA-induced metabolic activity in neutrophils at the same time as

impaired chemotaxis raise the possibility that activation of ARs on
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neutrophils results in decreased effector function via effects on cellu-
lar metabolism. To our knowledge, this is the first report of enhanced
metabolic activity induced by the activation of SNS in the modulation
of neutrophil function.

Neutrophils are highly abundant within the human body and per-
form critical functions to protect the host from infections. The findings
from this study indicate that a number of neutrophil antibacterial func-
tions are impaired or negatively regulated in a NA-dependent man-
ner. We provide evidence to suggest that the activation of SNS weak-
ens neutrophil migration, activation, and phagocytosis, inhibiting their
critical host defense functions. Accumulating research now indicates
that targeted therapeutics to inhibit SNS signaling may afford host
protection against the development of poststroke infections.14->8-61
In fact, blockade of adrenergic signals via the use of propranolol,
which was found to be efficacious as an intervention for poststroke
infection,2 may improve stroke outcome by restoring neutrophil
responsiveness to signals of infection. Therefore, a better under-
standing of the relationship between sympathetic activation and neu-
trophil function will be important for the development of effective

therapeutic interventions.
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