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Abstract
Background—The systemic response to injury is characterized by massive release of
norepinephrine (NE) into the circulation as a result of global sympathetic activation. Multiple authors
have demonstrated NE-mediated alterations in migration of circulating neutrophils to wounds. We
hypothesized that NE further alters wound neutrophil phagocytic function through adrenergic
signaling pathways.

Materials and Methods—A standard subcutaneous sponge wound model was employed. Murine
wound neutrophils were harvested at 24 and 120 hours after injury and treated with physiologic
(10−9M) and pharmacologic (10−6M) doses of norepinephrine. Phagocytosis of green fluorescent
protein-labeled E. coli was assayed by flow cytometry. The signaling pathways mediating NE
modulation of phagocytosis by wound neutrophils were defined by pharmacologic manipulation of
alpha- and beta-adrenorecptors (ARs) and protein kinase A (PKA).

Results—Pharmacologic-dose NE, but not-physiologic-dose NE, suppressed the phagocytic
efficiency of 120-hour wound neutrophils. This alteration in phagocytic efficiency appears to be
mediated through alpha- and beta-ARs and downstream PKA. Phagocytosis by 24-hour wound
neutrophils was not impacted by NE treatment.

Conclusions—The present study is the first to demonstrate NE-mediated alterations in the process
of phagocytosis by wound neutrophils. We conclude that NE plays a temporally- and dose-defined
immunomodulatory role in cutaneous wound healing through alterations in phagocytosis by wound
neutrophils, and may represent a target for therapeutic manipulation of the innate immune response.
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INTRODUCTION
Neutrophils are highly motile phagocytic cells that constitute the first line of defense of the
innate immune system and are the predominant cellular component of the early inflammatory
phase of wound healing(1). Following injury, they are recruited to the wound site from the
circulation and function to protect the host against infection by phagocytosis of invading
microorganisms, release of proteinases and generation of oxygen metabolites(2). Neutrophils
are critical to the prevention of infection in wounds, playing a central role in host defense
through phagocytosis and killing of pathogens at the site of injury(3).

While the human immune system is traditionally regarded as autonomous, the concept of
nervous system modulation of immune function, or neuroimmunomodulation, dates back over
one hundred years(4). Following wounding, there is destruction of noradrenergic nerve
terminals innervating the injured tissue and release of norepinephrine into the peripheral
circulation(5,6). Further altering the post-injury catecholamine milieu in critically-ill patients
is the routine usage of exogenous norepinephrine as a vasopressor agent for hemodynamic
support in the intensive care unit. While there is considerable inter-patient variability in the
degree of response to norepinephrine infusion because of disparate age, renal function, and
hepatic function, it is clear that norepinephrine administration further increases circulating
catecholamine levels, often to a degree that far exceeds physiologic levels(7). A growing body
of literature indicates that norepinephrine and other adrenergic agonists can modulate many
aspects of the immune response (initiative, proliferative and effector phases), altering
production of and cellular responses to cytokines, lymphocyte proliferation, antibody secretion,
and inflammatory gene expression(8–12). Additionally, the presence of α- and β-
adrenoreceptors on neutrophils is well documented(13,14). Previous studies have
demonstrated that neutrophil adhesion to endothelial cells, requisite for localization to sites of
injury, is inhibited by β-adrenergic stimulation(15,16). Furthermore, adrenergic stimulation
appears to inhibit neutrophil chemotaxis towards complement and lipopolysaccharide(17–
19).

Once activated by tissue damage or infection, wound neutrophils that fail to encounter a
pathogen to phagocytose will release their stored proteases into the extracellular space(20).
This unrestrained activation results in the detrimental aspects of neutrophil infiltration, namely
tissue liquefaction and pus production(2). Previous studies of peripheral blood neutrophils
demonstrate alterations in phagocytosis(21–23) and oxidative burst activity(24) in response to
elevated circulating catecholamines. However, there is increasing evidence in the literature
that wound neutrophils are phenotypically different from their circulating counterparts(25,
26) and changes in the phenotype of wound neutrophils in response to catecholamines are
poorly characterized.

The present study examines the role of norepinephrine in modulation of wound neutrophil
phagocytic function. We demonstrate that pharmacologic doses of norepinephrine suppress
the phagocytic efficiency of wound neutrophils through classical adrenergic receptor pathways.
Additionally, this modulation of wound neutrophil function occurs at a time that correlates
with clinical descriptions of the appearance of wound infections.
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METHODS
Isolation of wound neutrophils

All animal procedures were reviewed and approved by the Loyola University Institutional
Animal Use and Care Committee. To obtain wound neutrophils for in vitro analysis, a standard
subcutaneous sponge model was employed(27). Mice were anesthetized by intraperitoneal
injection of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg). The dorsal side of
the animals was shaved and scrubbed with betadine. A 2 cm longitudinal skin incision was
made through the dermis and panniculus carnosus in a paraspinal location and two polyvinyl
alcohol (PVA) sponges (20 x 5 x 2 mm, Rippey, El Dorado Hill, CA) were placed in dorsal
subcutaneous pockets. The skin edges were approximated and closed with surgical clips. At
24 and 120 hours post-injury, the animals were sacrificed and the sponges retrieved and placed
into 1 mL of Dulbecco’s PBS (D-PBS, Gibco BRL, Grand Island, NY) in a 17 x 100 mm
polypropylene tube. Sponges were manually compressed to free inflammatory cells from the
sponge matrix. The barrel of a 3 mL syringe was inserted into the top of each tube and the
sponges placed into the syringe barrel. The syringe and tube were centrifuged at 200x g for 1–
2 minutes to remove any residual liquid and cells from the sponges. Cells were counted using
a hemocytometer and adjusted to a concentration of 1 x 106 cells/mL in Roswell Park Memorial
Institute (RPMI)-1640 (Gibco BRL) media supplemented with 10% fetal bovine serum and
placed in Teflon-coated tissue culture vials. To maximally simulate the wound environment
and minimize post-harvest phenotypic alterations in cells, no further separation was undertaken
and wound neutrophils were kept in suspension with other wound inflammatory cells (24h:
Gr-1+/F4/80− Neutrophils 45±7.5%, 120h: Gr-1+/F4/80− Neutrophils 6.9±0.7%).

Cell treatment protocols
To determine if norepinephrine modulates phagocytosis by wound neutrophils, cells were
initially divided into three groups (n=6 animals per group) and received no treatment,
physiologic norepinephrine (10−9 M, Sigma, St. Louis, MO), or pharmacologic norepinephrine
(10−6 M, Sigma). Cells were then maintained in culture overnight (18 hours) prior to assaying
phagocytosis. To determine if norepinephrine-mediated changes in phagocytosis were
adrenoreceptor dependent, cells were divided into three groups (n=5–6 animals per group) and
received non-selective α-adrenergic blockade (phentolamine, 10−6 M, Sigma), non-selective
β-adrenergic blockade (propranolol, 10−6 M, Sigma), or combined α- and β-adrenergic
blockade (phentolamine and propranolol). Cells were pre-treated with adrenergic blockade for
two hours prior to norepinephrine treatment as above (total of nine treatment groups). To
determine if norepinephrine-mediated changes in phagocytosis involve the protein kinase A
(PKA) signaling pathway, cells were incubated with H-89 (10−5 M, Sigma), a specific inhibitor
of PKA, for two hours prior to norepinephrine treatment as above. The dosages and treatment
durations employed were chosen to allow ease of comparison with previous studies(22,23,
28).

E.coli Phagocytosis Assay
E.coli K-12 bacteria constitutively expressing green fluorescent protein (GFP-E.coli, a kind
gift from ConjuGon, Inc., Madison, WI) were grown in LB broth containing chloramphenicol
(20 μg/mL) in a shaking incubator at 37°C overnight. The following morning, bacteria were
pelleted (1850x g for 15 minutes) and washed in 1X PBS (30 mL) three times. The bacteria
were then re-suspended and diluted in 1X PBS to a final O.D. of 1.3–1.5 at λ=665 nm (~108

bacteria/mL). The bacteria were kept protected from light at room temperature until used to
assay phagocytosis.

On the day prior to assay, inflammatory cells were isolated from retrieved subcutaneous
sponges, as described above. Cells were incubated overnight at 37°C in Teflon-coated tissue
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culture vials. On the day of the assay, cells were washed twice with D-PBS and re-suspended
in 1 mL of D-PBS with 0.1% glucose. An aliquot (100 μL) of the bacterial suspension was
added to the cells, the cell-bacteria mixture pelleted (200x g x 5 min) to obtain maximal contact,
and allowed to incubate at 37°C for 1 hour. From the time of addition of bacteria, all steps were
carried out protected from light. The phagocytic process was arrested by the addition of 1 mL
ice-cold PBS. The cells were washed twice with ice-cold PBS, resuspended in lysozyme (1
mg/mL in PBS, Amresco, Solon, OH) and incubated at 4°C for 20 minutes on an orbital shaker
to remove adherent extracellular bacteria. Cells were then washed twice with ice-cold PBS.

For quantitative analysis, cells were stained with rat anti-mouse F4/80-APC (1:50 dilution,
eBioscience, San Diego, CA) and rat anti-mouse Gr-1-PE (1:50 dilution, eBioscience) and
maintained on ice until analyzed by flow cytometry (FACSCalibur or FACSCanto, Becton
Dickinson, San Jose, CA). Neutrophils were identified by flow cytometry as Gr-1+F4/80− cells.
Flow cytometry data analysis (FlowJo v6.4.2, TreeStar, Ashland, OR) included comparison of
the percentage of cells that engaged in phagocytosis as well as comparison of the mean
fluorescence intensity (MFI) of the GFP channel in the phagocytosis-positive cells (Phagocytic
Index; proportional to number of bacteria ingested per cell; normalized to 100% in the control
group to allow comparisons of data from multiple experiments).

For qualitative analysis, the post-phagocytosis cell suspension was centrifuged in a
cytocentrifuge (Shandon Cytospin 2; Shandon, Oakland, CA), mounted with an anti-fade
mounting medium (Vectashield, Vector Laboratories, Burlingame, CA) and maintained at 4°
C until imaged by confocal microscopy (Zeiss LSM 510 microscope, Carl Zeiss, Thornwood,
NJ).

Statistical Analysis
The mean and standard error of mean were calculated for each experimental group. Statistical
analysis was performed using GraphPad Prism (Version 4.0, GraphPad Software, San Diego,
CA). Data that were described over time were analyzed by analysis of variance (ANOVA)
followed by Bonferonni post-comparison testing. Data described at single time points were
analyzed by unpaired Student’s t test. Results with a p value less than 0.05 were considered
statistically significant.

RESULTS
Norepinephrine suppresses wound neutrophil phagocytic efficiency in a temporally defined
fashion

To determine if exogenous norepinephrine is able to suppress neutrophil phagocytosis,
inflammatory cells were isolated from subcutaneous sponges 24 and 120 hours post-wounding
and treated with physiologic norepinephrine, pharmacologic norepinephrine or with no
treatment. After 18 hours of pre-treatment, phagocytosis of GFP-E.coli was assayed by flow
cytometry. Norepinephrine treatment did not affect the viability of neutrophils in vitro (data
not shown). Norepinephrine treatment did not modulate the percentage of neutrophils that
undertook phagocytosis at either time point (24 hour: No Treatment 55 ± 3.2, Physiologic NE
59 ± 2.0, Pharmacologic 55 ± 4.3, p=NS, Figure 1A; 120 hour: No Treatment 29 ± 2.1,
Physiologic NE 28 ± 5.1, Pharmacologic 19 ± 4.0, p=NS, Figure 2A). However, as a group, a
smaller percentage of 120-hour neutrophils undertook phagocytosis as compared to those from
24-hour wounds (p<0.0001). Examination of phagocytic index, a measure of the number of
bacteria ingested per cell, demonstrated that norepinephrine treatment did not alter the
phagocytic efficiency of neutrophils from 24-hour wounds (No Treatment 100 ± 3.3,
Physiologic NE 101 ± 4.6, Pharmacologic NE 102 ± 4.7; p=NS, Figure 1B). In contrast,
pharmacologic NE, but not physiologic NE, decreased the phagocytic efficiency of 120-hour
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wound neutrophils (No Treatment 100 ± 4.1, Physiologic NE 92 ± 10, Pharmacologic NE 73
± 7.1, p<0.05; Figure 2B and C). Due to this modulation, the intracellular mechanism mediating
the suppression of phagocytic efficiency of 120-hour wound neutrophils by pharmacologic NE
was investigated.

Norepinephrine-mediated suppression of wound neutrophil phagocytosis is adrenoreceptor
dependent

Inflammatory cells were isolated from subcutaneous sponges 120 hours post-wounding and
treated with α- or β-adrenergic blockade for two hours prior to treatment with pharmacologic
norepinephrine. After 18 hours of pre-treatment, phagocytosis of GFP-E.coli was assayed by
flow cytometry. Neither α-adrenergic blockade nor β-adrenergic blockade had any effect on
wound neutrophil phagocytosis (data not shown). Pre-treatment with α-adrenergic blockade
partially blocked the suppression of wound neutrophil phagocytosis by pharmacologic NE
(Untreated Control 100 ± 3.0, Pharmacologic NE 75 ± 5.6, α-Blockade/Pharmacologic NE 81
± 8.5, p=NS vs. Untreated control, Figure 3). Pre-treatment with β-adrenergic blockade
similarly resulted in partial reversal of norepinephrine-mediated suppression of wound
neutrophil phagocytic efficiency (β-Blockade/Pharmacologic NE 82 ± 7.0, p=NS vs. Untreated
Control, Figure 3). Combined α- and β-adrenergic blockade pre-treatment had an additive
effect and resulted in near-total blockade of norepinephrine-mediated suppression (α+β-
Blockade/Pharmacologic NE 92 ± 3.8, p=NS vs. Untreated Control, Figure 3).

Norepinephrine-mediated suppression of wound neutrophil phagocytosis involves protein
kinase A (PKA)

Catecholamine signaling via the α- and β-adrenoreceptors increases intracellular cAMP and
the primary downstream target of cAMP is protein kinase A (PKA). To evaluate whether NE-
mediated suppression of wound neutrophil function involves the cAMP/PKA pathway,
inflammatory cells were isolated from subcutaneous sponges 120-hours post-wounding and
treated with H-89, a potent inhibitor of protein kinase A (PKA), for two hours prior to treatment
with pharmacologic norepinephrine. After 18 hours of pre-treatment, phagocytosis of GFP-
E.coli was assayed by flow cytometry. PKA-inhibition alone, in the absence of norepinephrine,
had no effect on wound neutrophil phagocytosis (data not shown). Pre-treatment with PKA-
inhibitor blocked the suppression of wound neutrophil phagocytosis by pharmacologic NE
(Untreated Control 100 ± 4.1 vs. H-89 + Pharmacologic NE 91 ± 2.9, p=NS vs. Untreated
control, Figure 4).

DISCUSSION
Neutrophils are the first inflammatory cells to arrive to the site of injury where their primary
role is phagocytosis of pathogens and debris(29). While their absolute necessity for the healing
of sterile surgical wounds is debated(30,31), there is clear evidence that neutrophil dysfunction
leads to increased infectious complications(32). Previous studies have demonstrated
phenotypic alterations of circulating neutrophils in response to catecholamine stimulation
(17,21–24,33–38), however the effect of these stimuli on recruited wound neutrophils is
unknown(39). The present study is the first to demonstrate norepinephrine-mediated alterations
in the process of phagocytosis by wound neutrophils.

We have demonstrated that exogenous pharmacologic-dose norepinephrine decreased the
phagocytic efficiency of neutrophils isolated from wounds 120 hours post-injury. Our results
also indicate that norepinephrine-mediated suppression of wound neutrophil phagocytosis
involves both the α- and β-adrenergic receptors and intracellular signaling via protein kinase
A, the primary target of cAMP (Figure 5). Previous reports of catecholamine modulation of
neutrophil phagocytosis have focused on exercise as a trigger of the stress response(40–42).
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Studies of peripheral blood neutrophils isolated from human subjects before and after exercise,
as well as examination of exogenous catecholamine treatment on these cells, demonstrate that
norepinephrine stimulates phagocytosis, and that this stimulation involves both α- and β-
adrenoreceptor activation(22,23). Indeed, there is a large body of literature demonstrating
catecholamine-mediated stimulation of adrenoreceptors, elevation of intracellular cAMP and
signaling via its associated protein kinases in neutrophils(13,15,17,24,33,37,38,43,44).

We observed that neutrophils isolated from 24-hour wounds, unlike those from 120-hour
wounds, did not demonstrate norepinephrine-responsiveness of their phagocytic processes.
This is in contrast to circulating 24-hour and 120-hour neutrophils from restraint-stressed
animals, which display quantitatively similar alterations in phagocytosis at both time points
(45). A number of possibilities for this temporal difference in the wound neutrophil response
to norepinephrine exist. When comparing wounds versus time, a smaller percentage of cells
from 120-hour wounds undertook phagocytosis than those at 24-hours. It is possible that this
group of cells represents a subset of total wound neutrophils that exhibit norepinephrine-
responsiveness(46), but does not comprise a large enough percentage of the 24-hour wound
population for this difference to be detected. However, a previous, selective examination of
neutrophil subsets from whole blood failed to demonstrate differences in catecholamine
response(28). Alternatively, there is evidence that the pattern of gene expression of wound
neutrophils differs from that of circulating cells, and these changes may evolve over time in
the wound(26). Additionally, a temporal difference in catecholamine response may reflect a
change in the neutrophils’ function in the wound over time. There is evidence that macrophage-
produced tumor necrosis factor primes neutrophils for enhanced responsiveness to IL-8 through
negative modulation of cAMP(47). In wound neutrophils from later time points, the altered
catecholamine-responsiveness of phagocytosis may reflect these changes in cAMP signaling.
The molecular basis for this difference between circulating and tissue neutrophils is unclear,
but may be related to inflammatory priming(48). Circulating neutrophils demonstrate increased
surface expression of L-selectin, a marker of cellular maturity, in response to catecholamines.
However, there is shedding of this marker upon infiltration to the wound and during ongoing
inflammation(49).

The model that we employed in order to investigate the catecholamine response of wound
neutrophils is likely to influence the results that we have observed. In this system, wound
inflammatory cells are isolated in aggregate, and no further attempts are made to separate
individual cell types. As would be expected, neutrophils were the predominant cell type in the
wounds at 24 hours (45±7.5%), with macrophages predominating at 120 hours (41±2%). While
this is likely a better model of in vivo effects of catecholamines on these cell types, it does
make comparison of our results to those of groups employing purified cell populations less
straightforward. Injury and sepsis result in the production of marked amounts of both pro- and
anti-inflammatory cytokines by neutrophils and macrophages and multiple studies have
demonstrated alterations in the production of pro-inflammatory cytokines in response to
catecholamines(50). While it is difficult to develop a consistent framework of catecholamine/
cytokine/phagocytosis interactions because of the heterogeneity of cell types and doses used
in various studies, recent work indicates that catecholamine effects on target cells are dependent
upon the cellular level of cyclic AMP and alteration of gene transcription via cAMP-reponse
element binding (CREB) protein(51–54).

A handful of studies have examined alterations in neutrophil phagocytosis following
sympathectomy(55–57). While these studies differ in the technique of sympathectomy
employed, in all cases the phagocytic function of peripheral blood neutrophils was assessed
and compared between sympathectomized subjects and un-treated controls. Each group of
investigators observed a decrease in phagocytosis by neutrophils in the sympathectomy group.
These results further augment the observation that exogenous catecholamines enhance
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peripheral blood neutrophil phagocytic function(23). Additionally, these studies provide a nice
counterpoint for our observation that, following sympathectomy, wound neutrophils
demonstrated increased phagocytosis (unpublished observation), which is consistent with the
present finding that exogenous norepinephrine suppresses wound neutrophil phagocytic
function.

Following phagocytosis, neutrophils kill pathogens with antimicrobial proteins and production
of reactive oxygen species such as superoxide, hydrogen peroxide and hypochlorous acid
(29). Because these same fundamental biochemical processes that govern microbial killing by
neutrophils are capable of damaging host cells and tissue(20), neutrophils are implicated as the
mediators of tissue injury in a variety of inflammatory disorders(58). In addition to modulating
the process of phagocytosis, catecholamines may represent a target for the manipulation of
these potentially detrimental neutrophil functions(24), and further investigation of these
processes is warranted.

Our results reinforce a role for norepinephrine in the modulation of the phagocytic processes
of neutrophils. Importantly, our observations in concert with those of other groups, point
towards important functional differences between circulating and wound neutrophils as well
as temporal differences between early and late wound neutrophils. Examination of associated
neutrophil functions, such as production of reactive oxygen species, as well as changes in the
neutrophil transcriptome as a potential final common pathway for alterations in phagocytosis
and catecholamine-responsiveness may yield targets for future work in the therapeutic
manipulation of innate immunity to influence wound healing.
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Figure 1. Norepinephrine does not modulate the phagocytic function of neutrophils from 24 hour
wounds
Animals (n=6 per group) underwent cutaneous incisional wounding with implantation of
subcutaneous PVA sponges. Wound neutrophils were isolated from sponges harvested at 24
hours post-injury, placed in culture for 18 hours with media alone (Control), physiologic NE
(Phys NE, 10−9 M) or pharmacologic NE (Pharm NE, 10−6 M), and phagocytosis of GFP-
E.coli was assessed by flow cytometry. (A) Norepinephrine-treatment did not alter the
percentage of neutrophils that engaged in phagocytosis (p=NS). (B) Representative
phagocytosis histograms for control, physiologic NE-treated and pharmacologic NE-treated
wound neutrophils. The height of each curve is proportional to the number of neutrophils

Gosain et al. Page 11

J Surg Res. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ingesting GFP-E.coli of a given mean fluorescence intensity (MFI), where MFI increases in
proportion to the number of bacteria. A shift in this curve to the right indicates more bacteria
ingested per phagocyte and a shift to the left indicates fewer bacteria ingested per phagocyte.
The geometric mean of each curve is calculated to provide the phagocytic index (C) and is
analyzed by two-way ANOVA (p=NS).
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Figure 2. Norepinephrine suppresses the phagocytic efficiency of neutrophils from 120-hour
wounds
Animals (n=6 per group) underwent cutaneous incisional wounding with implantation of
subcutaneous PVA sponges. Wound neutrophils were isolated from sponges harvested at 120
hours post-injury, placed in culture for 18 hours with media alone (Control), physiologic NE
(Phys NE, 10−9 M), or pharmacologic NE (Pharm NE, 10−6 M), and phagocytosis of GFP-
E.coli was assessed by flow cytometry. (A) Norepinephrine-treatment did not alter the
percentage of neutrophils that engaged in phagocytosis (p=NS). (B) Representative
phagocytosis histograms for control, physiologic NE-treated and pharmacologic NE-treated
wound neutrophils. Pharmacologic-dose norepinephrine treatment resulted in a shift of the
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phagocytosis curve to the left, indicating fewer bacteria ingested per cell. The geometric mean
of each curve was calculated to provide the phagocytic index (C) and was analyzed by two-
way ANOVA followed by Bonferonni post-comparison testing. Pharmacologic-dose
norepinephrine suppressed the phagocytic efficiency of 120-hour wound neutrophils
(*p<0.05).
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Figure 3. Norepinephrine-mediated suppression of wound neutrophil phagocytosis is
adrenoreceptor dependent
Animals (n=6 per group) underwent cutaneous incisional wounding with implantation of
subcutaneous PVA sponges. Wound neutrophils were isolated from sponges harvested at 120
hours post-injury and received pre-treatment with alpha-adrenergic blockade, beta-adrenergic
blockade, or combined alpha- and beta-adrenergic blockade. Following pre-treatment for two
hours, cells were placed in culture for 18 hours with pharmacologic NE (10−6 M), and
phagocytosis of GFP-E.coli was assessed by flow cytometry and compared to cells that were
incubated in media alone, or with pharmacologic NE alone. (A) Representative phagocytosis
histograms for control, pharmacologic NE only-treated, alpha-blockade & pharmacologic NE-
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treated, beta-blockade & pharmacologic NE-treated, and combined alpha/beta-adrenergic
blockade & pharmacologic NE-treated wound neutrophils. Pharmacologic-dose
norepinephrine treatment resulted in a shift of the phagocytosis curve to the left, indicating
fewer bacteria ingested per cell. Neither alpha- nor beta-adrenergic blockade alone altered
wound neutrophil phagocytosis (p=NS, data not shown). Alpha-adrenergic blockade alone and
beta-adrenergic blockade partially prevented the suppression of wound neutrophil
phagocytosis by pharmacologic norepinephrine (p=NS vs. Untreated Control). Combined
alpha- and beta-adrenergic blockade resulted in near-total abrogation of norepinephrine-
mediated suppression of wound neutrophil phagocytosis (p=NS vs. Untreated Control). (B)
Quantitative representation of the results in (A), determined by calculating the geometric mean
fluorescence intensity of GFP-E.coli and analyzed by two-way ANOVA followed by
Bonferonni post-comparison testing (*p<0.05 vs. Untreated Control).
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Figure 4. Norepinephrine-mediated suppression of wound neutrophil phagocytosis involves protein
kinase A (PKA)
Animals (n=6 per group) underwent cutaneous incisional wounding with implantation of
subcutaneous PVA sponges. Wound neutrophils were isolated from sponges harvested at 120
hours post-injury and received pre-treatment with the PKA inhibitor H-89. Following pre-
treatment for two hours, cells were placed in culture for 18 hours with pharmacologic NE (H-89
+NE, 10−6 M), and phagocytosis of GFP-E.coli was assessed by flow cytometry and compared
to cells that were incubated in media alone (Control), or with pharmacologic NE alone (Pharm
NE). (A) Representative phagocytosis histograms for control, pharmacologic NE only-treated,
and PKA-blockade & pharmacologic NE-treated wound neutrophils. Pharmacologic-dose
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norepinephrine treatment resulted in a shift of the phagocytosis curve to the left, indicating
fewer bacteria ingested per cell. PKA-blockade alone had no effect on wound neutrophil
phagocytosis (p=NS, data not shown). PKA inhibition prevented norepinephrine-mediated
suppression of wound neutrophil phagocytosis (p=NS vs. Untreated Control). (B) Quantitative
representation of the results in (A), determined by calculating the geometric mean fluorescence
intensity of GFP-E.coli and analyzed by two-way ANOVA followed by Bonferonni post-
comparison testing (*p<0.05 vs. Untreated Control).
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Figure 5. Putative model of norepinephrine-mediated alterations in 120-hour wound neutrophil
phagocytosis
Based on the results of experiments including stimulation of neutrophils with norepinephrine
and pharmacologic blockade of both α- and β-adrenergic subtypes, as well as the PKA signaling
cascade, a putative model of norepinephrine-mediated modulation of wound neutrophil
phagocytic efficiency is proposed. At a pharmacologic dose of NE, both adrenergic receptor
subtypes appear to be involved in the reduction of wound neutrophil phagocytic efficiency,
and the intracellular effects of NE treatment appear to be mediated via PKA. Future
experiments to determine the mechanistic changes downstream of PKA that lead to alterations
in phagocytic efficiency are warranted.
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