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Abstract
Previous studies reported that stress delays wound healing, impairs bacterial clearance, and
elevates the risk for opportunistic infection. Neutrophils and macrophages are responsible for the
removal of bacteria present at the wound site. The appropriate recruitment and functions of these
cells are necessary for efficient bacterial clearance. In our current study we found that restraint
stress induced an excessive recruitment of neutrophils extending the inflammatory phase of
healing, and the gene expression of neutrophil attracting chemokines MIP-2 and KC. However,
restraint stress did not affect macrophage infiltration. Stress decreased the phagocytic abilities of
phagocytic cells ex vivo, yet it did not affect superoxide production. The cell surface expression of
adhesion molecules CD11b and TLR4 were decreased in peripheral blood monocytes in stressed
mice. The phenotype of macrophages present at the wound site was also altered. Gene expression
of markers of pro-inflammatory classically activated macrophages, CXCL10 and CCL5, were
down-regulated; as were markers associated with wound healing macrophages, CCL22, IGF-1,
RELMα; and the regulatory macrophage marker, chemokine CCL1. Restraint stress also induced
up-regulation of IL10 gene expression. In summary, our study has shown that restraint stress
suppresses the phenotype shift of the macrophage population, as compared to the changes
observed during normal wound healing, while the number of macrophages remains constant. We
also observed a general suppression of chemokine gene expression. Modulation of the macrophage
phenotype could provide a new therapeutic approach in the treatment of wounds under stress
conditions in the clinical setting.
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1. Introduction
Wound healing requires the timely orchestration and efficient execution of three major
overlapping phases: inflammation, proliferation and resolution/remodeling. These phases
prevent bacterial infection, repair the damaged tissue and restore tissue function.

Unfortunately many factors, including stress, can hinder a successful outcome. Stress delays
wound healing and impairs bacterial clearance (Padgett et al., 1998; Mercado et al., 2002;
Rojas et al., 2002; Horan et al., 2005; Eijkelkamp et al., 2007; Williams et al., 2012).
Whether the wound is caused by an accident or a surgical procedure, inefficient removal of
bacteria at the site of an injury elevates the risk for opportunistic infection. Infection can
potentially prolong discomfort to the patient, increase the cost of wound treatment and
extend the hospital stay. Neutrophils and macrophages are innate immune system cells
responsible for bacterial clearance at the wound. Previous studies have shown that the
appropriate recruitment and functions of these cells are crucial for efficient removal of
microbial agents (Bullard et al., 1996; Savill, 1997).

After injury, neutrophils and macrophages leave the peripheral blood to reach the wound.
Adhesion molecules on the cell surface (e.g. CD11b) facilitate their migration toward a
gradient of chemoattractant leading to the inflammatory site. Neutrophils arrive following a
trail of chemokines KC and MIP-2 (Engelhardt et al., 1998; Kernacki et al., 2000; Wetzler et
al., 2000). Macrophages recruited by MIP-1α and MCP-1, reach the wound shortly after
(DiPietro et al., 1998; Maus et al., 2001). At the wound site, neutrophils and macrophages
clear bacteria using oxidative burst and phagocytosis. The phenotype and function of the
macrophages vary depending on how they are activated. Pathogen recognition as well as the
cytokines and chemokines in the environment shape macrophage activation. Activated
macrophages can be classified in three groups: classically activated macrophages (CAM),
wound-healing macrophages (WHM) and regulatory macrophages (Edwards et al., 2006;
Mosser and Edwards, 2008). Each sub-population exhibits specific markers and functions.
Classically activated macrophages (CAM) are induced by recognition of microbial patterns
via Toll-like receptors (TLR) (Padgett et al., 1998) and cytokines. These pro-inflammatory
macrophages express CXCL10 and efficiently kill pathogens (Martinez et al., 2008).
Wound-healing macrophages (WHM) arise in response to interleukin-4 (IL-4) and are less
proficient than CAM to clear bacteria. However, WHM secrete components of the
extracellular matrix and express numerous markers of tissue-remodeling, such as Resistin
Like Molecule Alpha (RELMα) and Insulin Growth Factor 1 (IGF-1), which are important
during the proliferation and remodeling phases of wound healing. WHM also limit the
inflammatory response (Rodero and Khosrotehrani, 2010). Finally, regulatory macrophages
also show anti-inflammatory properties, which help in the resolution of inflammation. These
cells express CCL1 and IL-10, a potent anti-inflammatory cytokine (Sironi et al., 2006). The
macrophage phenotype is not static; macrophages retain their plasticity and are responsive to
their environment, which allows them to adapt their phenotype and gene expression profile
as wound healing progresses (Daley et al., 2010; Rodero and Khosrotehrani, 2010).

Given the crucial role of neutrophils and macrophages in the removal of bacteria, any factors
altering their recruitment and function could impair bacterial clearance. Previous reports
have shown that stress modulates neutrophil and macrophage recruitment, chemokine gene
expression and the adhesion molecule expression (Curry et al., 2010; Filep et al., 1997;
Heasman et al., 2003; Mizobe et al., 1997; Viswanathan and Dhabhar, 2005; Zhang et al.,
1998). In addition, stress was reported to alter neutrophil and macrophage microbicidal
functions (Ehrchen et al., 2007; Khanfer et al., 2010; Palermo-Neto et al., 2003). Previous
studies in a murine model of cutaneous healing showed that restraint stress increased
susceptibility to opportunistic infection. Rojas et al. (2002), reported that even though
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bacterial levels were similar at the time of wounding and 6 h post-wounding, under stress,
bacterial clearance was impaired leading to increased bacterial load as early as day 1 after
wounding, and up to a 3-log increase in bacterial counts at day 5 post-wounding.

We hypothesized that restraint stress alters recruitment and/or functions of neutrophils and
macrophages during wound healing, thereby impairing bacterial clearance. The effect of
restraint stress on neutrophil and macrophage recruitment and chemokine gene expression
during wound healing was investigated. Anti-microbial functions of neutrophils and
macrophages were assessed. The expression of cell surface markers that are involved in
adhesion and bacterial recognition by macrophages was also examined. Finally, we explored
how restraint stress altered the subpopulations of activated macrophages during wound
healing.

2. Methods
2.1. Animals

For all animal experiments in this study, we selected the SKH-1e mouse strain, which are
hairless. This mouse has been used widely in wound healing models, dermal research/
photosensitivity studies, and safety and efficacy testing. Hairless mice are more susceptible
to wounds from fighting because of their relative lack of fur. Female mice are less
aggressive and are less likely to develop non-experimental wounds inflicted by littermates
during establishment of the litter social hierarchy. Therefore we selected female SKH-1e
mouse for the study. In this study, eight-week old female SKH-1e mice were obtained from
Charles Rivers, Inc. (Wilmington, MA). Mice were housed in conventional cages, five
animals per cage, under a 12:12 light:dark cycle (starting at 18:00), before and throughout
the experiments. Water and food were available ad libitum. Animals were allowed 1–2
weeks to acclimate to the cages 7–10 days before the start of the experiment. Animals were
handled according to a protocol approved by the Institutional Animal Care and Use
Committee.

2.2. Restraint stress
Restraint stress paradigm was used to induce stress in randomly assigned mouse groups.
This model provides a consistent physiological and psychological stress response (Sheridan
et al., 1991; Zhang et al., 1998; Padgett et al., 1998; Rojas et al., 2002). Each mouse
subjected to restraint was placed in a well-ventilated 50 mL conical tube for 12 h/cycle
during the active phase. Mice were restrained for three cycles prior to wounding, and five
additional cycles after wounding as previously described by Williams et al. (2012),
Gajendrareddy et al. (2005). The restraint tubes were cleaned and sterilized between each
restraint cycles. Since animals in the tubes did not have access to food and water, control
mice were deprived of food and water during the same 12 h periods but were allowed to
roam free. As it is well established that restraint stress induces a delay in wound closure
(Padgett et al., 1998; Horan et al., 2005; Eijkelkamp et al., 2007), each wound was
photographed everyday for each animal, beginning on the day of wounding and analyzed by
photoplanimetry. The wound size was determined in order confirm the delay in wound
closure in the stressed group, for each experiment (data not shown).

2.3. Wounding and tissue harvest
Mice were anesthetized with 250 µL doses of ketamine-xylazine-saline soluttion (ratio
4:1:35) consisting of ketamine 100 mg/kg and xylazine 5 mg/kg, administrated intra-
peritoneally. The dorsal skin was cleaned with isopropanol pads and two full-thickness
wounds were created below the shoulder blades using a sterile 3.5 mm biopsy punch (Miltex
Inc., York, PA). Mice were anesthetized and the wounds were harvested one and five days
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post-wounding with a 6 mm biopsy punch (Miltex Inc., York, PA) before the mice were
euthanized.

2.4. Measurement of bacteria load in the wound
Bacterial load at the wound was assessed by methods adapted from Rojas et al. (2002). To
harvest wounds for bacterial assays, mice were anesthetized (as described above) and
wounds were harvested 5 days post-wounding via 6 mm punch biopsy, and homogenized in
1 mL of sterie 1×PBS, using a Tissue-Tearor (Cole-Parmer, Vernon Hills, IL). Serial
dilutions (1:10) were plated, in duplicate, on brain–heart-infusion agar (Becton–Dickinson),
incubated for 24 h at 37 °C, and quantified by counting the number of colonies formed.

2.5. Myeloperoxidase (MPO) assay
As described by Zhou et al. (1996), harvested wounds were homogenized in 1 mL of 50 mM
sodium phosphate buffer, pH 6.0, with 0.5% HTAB (Sigma–Aldrich, St. Louis, MO).
Homogenates were centrifuged at 12,000g for 20 min and underwent 3 cycles of freeze/thaw
for MPO extraction. Supernatants were mixed 1:15 with 80 mM sodium phosphate buffer
pH 5.4, containing 16 mM 3,5,3′,5′-tetramethylbenzidine (TMB) (Sigma) previously
dissolved in dimethylformamide (Sigma–Aldrich, St. Louis, MO). Reactions were started by
adding 0.03% hydrogen peroxide, incubated for 2 min at 37 °C, and stopped by adding 200
mM sodium phosphate buffer pH 3.0. Absorbance was measured at 650 nm for each sample.
Units of MPO per wound were determined by regression analysis using a standard curve
determined with commercial MPO (Sigma–Aldrich, St. Louis, MO), with concentrations of
0.5– 0.0025 units/mL (Schierwagen et al., 1990).

2.6. Macrophage quantification
Formalin-fixed wounds were sectioned at 5 µm and incubated overnight at 4 °C with rat
anti-mouse Mac-3 antibody at dilution 1:800 (Pharmingen, San Diego, CA) (Ho and
Springer, 1983). Anti-rat Vectostain ABC kit was used following the manufacturer’s
protocol to allow for detection. The tissues were counterstained with hematoxylin. A blinded
observer counted the number of Mac-3 positive and total cells in three different fields
(magnification ×40) for each section. The average percentage of Mac-3 + cells was
determined and expressed as mean ± SEM as previously described (Engelhardt et al., 1998).

2.7. Total RNA isolation
Harvested tissues were stored in RNAlater® (Sigma–Aldrich, St. Louis, MO) at 4 °C and
later homogenized in TRIzol® (Invitrogen, Grand Island, NY) using a Tissue-Tearor (Cole-
Parmer, Vernon Hills, IL). Total RNA extraction was completed by chloroform extraction,
RNA precipitation in isopropanol, RNA washing with 75% ethanol and dissolving in 20 µL
of DPEC-treated water. Spectrophotometry of RNA samples was done at absorbance
wavelengths of 260 and 280 nm. A260/280 ratios were used to calculate the total RNA
concentration and purity.

2.8. Reverse transcription
Synthesis of cDNA was performed using SuperScript™ First Strand Synthesis System for
RT–PCR (Invitrogen, Grand Island, NY). One microgram total RNA was added to 2 µL of
random hexamers (50 ng/µL) and 1 µL of 10 mM dNTPs and incubated at 65 °C for 5 min in
a GeneAmp® PCR System 2700 (Applied Biosystems). A mixture of 2 µL of 10 × RT
buffer, 4 µL of 25 mM MgCl2, 2 µL of 0.1 M DTT and 1 µL of recombinant ribonuclease
inhibitor was added to each reaction tube, briefly vortexed, centrifuged, and incubated at 25
°C for 2 min. Then, 1 µL of SuperScript™ II RT (reverse transcriptase) was added to the
tubes and thermocycled at 25 °C for 10 min, 42 °C for 50 min, and 70 °C for 15 min. cDNA
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synthesis was completed after digestion with 1 µL of RNase H for 37 °C for 20 min to
remove residual RNA from the cDNA:RNA hybrid.

2.9. Real-time reverse transcription PCR analysis
Amplification of target cDNA was accomplished using the ABI Prism 7000 Sequence
Detection System. Real-time PCR primers and probes were purchased from Applied
Biosystems TaqMan® Gene Expression Assays for mouse MIP-1a (#4331182-
Mm00441259_g1) MIP-2 (#4331182-Mm00436450_m1), MCP-1 (#4331182-
Mm00441242_m1), KC (#4331182-Mm04207460_ m1), CXCL10 (#4331182-
Mm00445235_m1), CCL5 (#4331182-Mm01302427_m1), CCL22 (#4331182-
Mm00436439_m1), RELMα (#4331182-Mm00445109_m1), IGF-1 (#4331182-
Mm00439560_ m1), CCL1 (#4331182-Mm00441236_m1), IL10 (#4331182-
Mm00439614_m1) and CD68 (#4331182-Mm03047340_m1) and GAPDH ((#4331182-
Mm99999915_g1). Two microliters of cDNA diluted 1:10 were added to 12.5 µL of PE
Master Mix (PE Biosystems), 2.5 µL target gene probe-primer mix, 5.5 µL of DEPC-treated
water, and 2.5 µL of GAPDH probe and primer mix. The relative amount of target cDNA in
each sample was determined by measuring fluorescence of the probe specific for each gene
and determining the ΔRn/Ct. Gene expression data were calculated and presented as the
relative difference in mRNA levels compared to control. The value is expressed as a ratio of
mRNA of gene of interest/mRNA of housekeeping gene (GAPDH).

2.10. Preparation of tissue extract
Wounds harvested one and 5 days post-wounding from control and stressed animals were
homogenized on ice using a Tissue-Tearor (Cole-Parmer, Vernon Hills, IL). 1xPBS, 0.5%
Tween-20 and mM EDTA supplemented with Protease inhibitor cocktail (Sigma–Aldrich,
St. Louis, MO, Cat# P-2714). Tissue homogenates were sonicated and centrifuged at 10000
rpm for 5 min. The supernatants were collected, aliquoted. The protein concentrations were
determined by Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).

2.11. Detection of protein levels
The protein concentrations of MIP-2 and CCL5 in the wounds of control and stressed
animals were determined using MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic
Bead Panel (Millipore, Billerica, MA) according to the manufacturer’s instructions. The OD
of IGF-1 per µg of total protein from tissue extract was measured using mouse IGF-1 ELISA
from Signosis, Inc. (Sunnyvale, CA) according to the manufacturer’s instructions.

2.12. Phagocytic activity and superoxide production
Blood was collected by cardiac puncture and aliquoted 0.5 mL in 5 mL tubes containing
final concentration of 10 units/mL of heparin (Elkins-Sinn, Inc., Cherry Hill, NJ).
Phagotest® was used according to the manufacturer’s protocol to quantify the phagocytic
activity of monocytes and granulocytes. This protocol was modified to load neutrophils and
macrophages with the reagent to measure oxidative burst by adding dihydroethidium (DHE)
(Biotium, Inc., Hayward, CA) at 2.5 µg/mL and incubating for 30 min at 37 °C on a shaker.
Live YFP- Escherichia coli (kind gift from Dr. Ye from the College of Medicine, UIC) was
added to test the phagocytic activity. Fluorescence was quenched by adding Trypan blue pH
7.0 at 4 mg/mL for one minute to each tube before analysis with Beckman Coulter Cyan II.

2.13. Cell surface marker analysis
Blood was collected in the presence of heparin as previously described. One volume of
blood was mixed with 20 volumes of pre-warmed 1 × BD™ Phosflow Lyse/Fix buffer (BD
Biosciences) and incubated at 37 °C in a water-bath for 10 min. Samples were centrifuged at

Tymen et al. Page 5

Brain Behav Immun. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



500g for 8 min, the supernatant was aspirated and the pellet washed with 1× PBS. The tubes
were vortexed to loosen the pellets and the appropriate amounts of conjugated antibodies
were added to the tubes (F4/80-APC, CD284-PE, CD11b-FITC (eBioscience, San Diego,
CA), CD206-Alexa Fluor® 488 (BioLegend, San Diego, CA); CD68- Alexa Fluor® 700
(AbD Serotec, Raleigh, NC) following the manufacturer’s protocol and incubated on ice for
30 min. The samples were washed with 1 mL 1 × PBS, and centrifuged for 2 min at 2000
rpm. Each pellet was resuspended in 0.5 mL of 4% paraformaldehyde and analyzed using
Beckman Coulter CyAn II. Cells were gated using SS versus Pulse Width to exclude
aggregates, then gated using SS versus FS to exclude debris and select for appropriate cell
size. Gating selected F4/80 + cells, which were further gated to select cells double-positive
for F4/80 and either CD11b or CD284 or CD68 or CD206.

2.14. Immunohistochemistry and laser capture microdissection
Harvested wounds were embedded in HistoPrep™ (Thermo Fisher Scientific Inc., Waltham,
MA) and stored at −80 °C. Frozen sections were cut at 6 µm thickness and mounted on
Membrane-Slides PEN-Membrane 2.0 µm (MicroDissect GmbH). The Trogan et al. (2002)
staining protocol was followed for immunochemistry staining of macrophages using rabbit
anti-mouse CD68 antibody (Abbiotec, San Diego, CA) and against rabbit Vectastain Elite
ABC kit (Vector Laboratories, Inc., Burlingame, CA). The macrophages were
microdissection using a Leica LMD7000 Laser Microdissection System. Cells harvested by
laser dissection were processed for qRT–PCR using RNAqueous®-MicroKit (Invitrogen,
Grand Island, NY).

2.15. Statistical analysis
Statistics were performed using SPSS. Differences between groups over time were assessed
using repeated-measurement ANOVA Univariate ANOVA analysis was performed to
compare between 2 groups at a single time point. Data represented as mean ± SEM from 3
or more experiments. Statistical significance was determined at p ≤ 0.05 (*), and p-values
approaching significance (0.05 < p < 0.1) were represented as # (ANOVA).

3. Results
To confirm previous study showing that restraint stress impairs bacterial clearance, the
number of bacterial colony forming units present in the wounds in stressed and control
animals was determined 5 days post-wounding (Fig. 1). As expected the bacterial load in
wounds of stressed groups 5 days post-wounding was more than 4 log10 higher than the
bacteria present in control animals (p < 0.000).

3.1. Neutrophils accumulate in the wound site under restraint stress
To assess the effects of stress on neutrophil recruitment, myeloperoxidase (MPO), a marker
of neutrophil infiltration, was quantified by a colorimetric assay in unwounded tissue and in
excisional wounds at 6 h, day 1, day 3, day 5 and day 7 post-wounding. Low levels of MPO
were detected in unwounded skin (Day 0) from control and stressed mice (Fig. 2A). In
control mice, peak MPO levels were found at day 1 (D1) after wounding, with similar levels
in stressed mice. At day 3, stressed mice had significantly increased levels of MPO, while
MPO in control started to decline (p ≤ 0.05). At day 5 (D5) post-wounding, MPO levels
were elevated 4-fold (p ≤ 0.05) in stressed mice as compared to control mice. By day 7,
MPO levels had returned to near control levels in both control and stressed mice.
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3.2. Gene expression of neutrophil-attracting chemokines increases during stress-
impaired wound healing

To determine whether altered kinetics of neutrophil recruitment was due to chemokine
expression, MIP-2 and KC mRNA levels were measured by qRT–PCR in unwounded tissue,
and wounds excised at day 1 and day 5 post-wounding in both control and stressed groups.
In addition, MIP-2 protein concentration was determined in day 5 wounds of control and
stressed animals.

MIP-2 mRNA levels increased during the peak of neutrophil recruitment (D1) in controls,
and went back to basal level after 5 days (Fig. 2C). Both MIP-2 mRNA level and protein
concentration were higher in stressed groups as compared to control groups at D5 (Fig. 2C
and D). KC expression level did not significantly vary over time in control groups during
wound healing (Fig. 2B). Similar to MIP-2, KC gene expression increased in stressed mice,
approaching significance at D5.

3.3. Restraint stress does not affect macrophage recruitment or the expression of
macrophage chemokines at the wound site

To assess the effects of restraint stress on macrophage recruitment, wounds excised at day 1
through day 7 post-wounding were prepared for immunostaining with a monoclonal
antibody against murine Mac-3 (Figs. 3 and 4). Fig. 3 shows a representative tissue section
from wounds from stressed and control groups one and five days post-wounding. Mac-3
positive (Mac-3+) and total cells were counted, and the average percentage of Mac-3 + cells
was determined. Both control and stressed mice had similar macrophage wound infiltration
(Fig. 4A). The expression profiles of macrophage chemokines MCP-1 and MIP-1α were
examined by qRT–PCR (Fig. 4B and C). MCP-1 mRNA level did not significantly vary
over time in either control or stressed groups. MIP-1α relative gene expression increased at
D1 compared to unwounded tissue and D5 tissues in control; nevertheless, restraint stress
did not affect the expression of MCP-1 and MIP-1α.

3.4. Restraint stress decreases phagocytic activity, but does not affect oxidative burst
during wound healing

Phagocytosis and oxidative burst are crucial functions of phagocytic cells for killing
pathogens. Phagocytosis activity was assessed by measuring the mean fluorescence intensity
emitted by ingested YFP-E. coli incubated with whole blood harvested one, three and five
days post-wounding (Fig. 5). Interestingly, the mean fluorescence intensity was significantly
reduced by 18–30% in stressed mice at all time points as compared to control, suggesting
that fewer bacteria were phagocytozed during stress-impaired wound healing. Superoxide
production by phagocytic cells was the second key bactericidal function tested. Upon
stimulation with E. coli, the oxidative burst from phagocytic cells was measured as the mean
fluorescence intensity from the release of DHE product. The mean fluorescence intensity did
not vary between control and stressed groups at one, three and five days post-wounding.

3.5. Cell surface expression of CD11b and TLR4 is down regulated in stressed mice
The cell surface expression of monocyte/macrophage markers, adhesion molecules and
TLR4 was measured by flow cytometry at D1 and D5 post-wounding. F4/80 + monocytes
were gated. The mean cell fluorescence for cell surface macrophage marker CD68 did not
significantly change under restraint stress (Fig. 6A), and nor did CD62L, a marker involved
in leukocyte rolling and homing (data not shown). Interestingly, the cell surface expression
of CD11b, which regulates migration and participates in cell adhesion to bacteria, was
lowered by 43% at D1 in stressed animals (p = 0.002) as compared to control. Fig. 6B
represents the shift in the curve of the mean cell fluorescence intensity for CD11b between
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control and stressed groups observed at D1. TLR4 (CD284), which recognizes Gram (−)
bacteria and triggers pro-inflammatory response, was expressed 35% less at D1 in stressed
group as compared to control (p = 0.018) (Fig. 6A). Cell surface expression of mannose
receptor (CD206), which is a marker of alternatively activated macrophages, was not
affected by stress.

3.6. Gene expression of CAM and WHM markers and the regulatory macrophage marker
CCL1 are reduced in stressed groups, whereas IL-10 gene expression increases

To investigate the effect of stress on the phenotype of activated macrophages present at the
wound site, gene expression of markers of CAM (CXCL10, CCL5 and TLR4), WHM
(CCL22, RELMα and IGF-1) and regulatory macrophages (CCL1 and IL10) were measured
by qRT–PCR in unwounded tissue and wounds from D1 and D5. In addition, the protein
concentration of CCL5 relative to total protein concentration at in day1 and day 5 wounds
was determined in control and stressed groups.

Both CXCL10 and CCL5 mRNA levels were down regulated in unwounded tissue and D1
wounds for CCL5, and D1 only for CXCL10 (Fig. 7A and B). Similarly CCL5 protein
concentration was significantly lower in wounds of stressed animals at day 1 compared to
controls (p = 0.004) (Fig. 7C). TLR4 gene expression was not differentially regulated under
stress (data not shown).

mRNA levels of CCL22 and IGF-1, which are markers of WHM, were significantly lower in
stressed mice at D1 and D5 post-wounding with a 6-fold decrease in CCL22, and a 3-fold
decrease in IGF-1 at both D1 and D5 respectively (Fig. 8). IGF-1 relative protein
concentration was similarly lower in the wounds of stressed animals at days 1 and 5 (Fig.
8D).

Interestingly, mRNA levels of RELMα decreased 6-fold in unwounded tissue in stressed
groups as compared to the controls (p ≤ 0.05). The cytokines IL-4 and IL-13, reported to
induce WHM, were not detected by qRT–PCR in the whole wound (data not shown). The
mRNA levels of Arginase-1 did not significantly vary in the wounds of stressed animals
compared to control group (data not shown).

The regulatory macrophage marker CCL1 was increased at the mRNA level at D5 post-
wounding in the controls; whereas under restraint stress, its gene expression was 8-fold and
12-fold lower at D1 and D5, respectively (Fig. 9). IL-10 gene expression increased over time
in stressed mice, and at D5 the mRNA level of this anti-inflammatory cytokine was
significantly higher in stressed than control mice (p ≤ 0.05).

To further confirm the previous data from whole wounds, macrophages were harvested from
wound sections of control and stressed mice at D5 using laser capture microdissection,
which allows single cell dissection. Gene expression of IGF-1 was measured and expressed
as a ratio against the macrophage marker CD68 (Fig. 10). As expected, IGF-1 gene
expression from dissected macrophages reflected previous results from the whole wound;
the ratio of IGF-1 mRNA to CD68 mRNA was higher in macrophages from control as
compared to stressed animals.

4. Discussion
Restraint stress has been shown to increase susceptibility to opportunistic infection. This
study investigated the effect of stress on neutrophils and macrophages, which are
responsible for bacterial clearance. The results show that impaired bacterial clearance
observed as early as day one post-wounding under restraint stress (Rojas et al., 2002) cannot
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be attributed to a reduced neutrophil recruitment. Restraint stress did not alter the number of
neutrophils during the early stage of healing (day 1 post-wounding) when the highest
number of neutrophils is found in the control group. However, stress led to increased
neutrophil accumulation at days 3 and five of the healing process. It is well established that
neutrophil infiltration mirrors bacterial number, therefore, the increased bacterial load under
stress may be driving neutrophil recruitment. The pattern of neutrophil presence in the
wound parallels the pattern of bacterial numbers and similar to bacterial numbers,
neutrophils are reduced to control levels by day 7, after stress removal. MIP-2 and KC gene
expression were increased at day 5, which is consistent with prolonged neutrophil
infiltration. Similarly Sakamoto et al. (1996) found increased mRNA expression of the rat
homologue of KC in the brain after immobilization stress. These results are in contrast to the
Rovai et al. (1998), which observed insensitivity of MIP-2 and KC to regulation by the
stress hormone glucocorticoid. Liu et al. (1999) previously demonstrated that
glucocorticoids prolonged neutrophil viability for 12–48 h in vitro. The excessive infiltration
and/or longer retention of neutrophils at the wound might further tissue damage by the
release of oxidants and hydrolytic enzymes from activated neutrophils. In addition, Zheng et
al. (2004), reported that ingestion of apoptotic neutrophils actively suppresses stimulation of
macrophages, which may alter macrophage response. The mechanism(s) resulting in
neutrophil accumulation (increased recruitment and/or longer life-span) should be
investigated. Our data on neutrophil presence in the wound further emphasized the crucial
role of macrophages in bacterial clearance.

Macrophage recruitment and gene expression of chemokines MIP-1α and MCP-1 were not
significantly affected by restraint stress during wound healing. The strong presence of
neutrophils at a later time during which macrophage population in the tissue is unchanged
might overwhelm the macrophages in charge of removing apoptotic neutrophils. This effect
might lead to additional tissue damage and would impair the resolution of inflammation.
Interestingly, studies on the effects of stress on phagocytic cell accumulation have yielded
conflicting results. Bilbo et al. (2002) reported that after 2 h of restraint, increased numbers
of neutrophils and monocytes accumulated in a surgical sponge implanted in a mouse,
whereas Zhang’s team reported that restraint suppressed the migration of neutrophils and
macrophages into the peritoneal cavities after IP inoculation of Listeria monocytogenes
(1998). These differences between studies may come from the type of stress, namely acute
stress (Bilbo et al., 2002) versus chronic stress, as well as the presence of a large number of
bacteria in Zhang’s model of L. monocytogenes infection. The present study measured the
recruitment of macrophages in a naturalistic model wound healing in a model that represents
a more persistent stressor.

Even though stress did not affect macrophage presence in the wounded tissue, how stress
may differentially regulate macrophage phenotype and function in the blood and the wound
during healing was investigated. Our results showed that stress diminished the phagocytic
ability of the inflammatory cell population in the blood during wound healing; yet restraint
stress did not alter the cells’ capacity for oxidative burst. Impairment of phagocytic function
by stress was similarly observed in the Palermo-Neto et al. (2003) during which mice were
exposed to the response delivered by other mice receiving inescapable footshock. Kang et al.
(1997) found that examination stress increases superoxide production (1997). Acute
psychological stress was reported to increase phagocytic ability and reduce superoxide
production of neutrophils in humans (Khanfer et al., 2010), suggesting that the type of stress
experienced has different effects on phagocytic abilities. Our current study did not
distinguish between the contribution from neutrophil and monocyte/macrophage
phagocytosis, which will be investigated later. Harvesting phagocytic cells directly from
wounds could provide information about phagocytic and oxidative burst abilities but the
isolation process may activate the cells. Oxygen, required for oxidative burst, is less
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available at the site of injury due to the disruption of the vascular system and to the stress-
induced activation of the sympathetic nervous system and vasoconstriction. Decreasing
oxygen delivery could potentially impair bacteria clearance, yet preliminary studies do not
indicate that supplementing oxygen systemically decreases bacterial load.

In the blood, CD11b cell surface expression of circulating monocytes/macrophages was
down-regulated at day 1 post-wounding under stress, whereas CD68 and CD62L levels did
not vary. CD11b is involved in leukocytes’ rolling, homing and bacteria recognition. Even
though low CD11b expression may have slowed down cell trafficking, macrophage
recruitment was not altered. Stress also decreased TLR4 (CD284) cell surface expression
during inflammation. Similarly, Du et al. (2010) reported that stress hormones such as
corticosterone and epinephrine induced down-regulation of TLR4 in macrophages in vitro.
CD11b and TLR4 decreased expression could potentially impede bacteria recognition and
binding by macrophages.

TLR4 binding to LPS triggers activation of classically activated macrophages, which are
highly efficient in bacterial killing and in promoting a pro-inflammatory response. In tissue,
TLR4 gene expression was unchanged, however, the mRNA levels of other markers of
classically activated macrophages, such as CXCL10 and CCL5, were decreased in the
stressed group. Our data is in agreement with the study of Ehrchen et al. (2007) that showed
that treatment of human monocytes with glucocorticoids for 2 h led to the down-regulation
of CXCL10 and CCL5 in vitro.

Expression of the markers for wound-associated macrophages CCL22 and IGF-1 declined
under stress at day 1 and day 5 post-wounding. Dissection of macrophages from wounds of
control and stressed mice at day 5 confirmed IGF-1 down-regulation. IGF-1 induces
keratinocyte and fibroblast proliferation and migration (Lee et al., 2010). Over-expression of
IGF-1 in mouse keratinocytes increased their proliferation and migration, which improved
wound healing (Semenova et al., 2008). This suggests that an IGF-1-decreased expression
under stress would have detrimental effects on wound closure and tissue repair. In addition,
lower RELMα expression was observed in the stressed group before wounding occurred,
suggesting that restraint stress also alters the deposition of extracellular matrix. It is worth
pointing out that even though IL4/IL13 were reported to be necessary for the development
of the wound-healing macrophage phenotype (Mosser and Edwards, 2008), IL4 and IL13
could not be detected in the wound in either the control or the stressed groups in this study.
This observation supports similar findings by Daley et al. (2010) and Bryan et al. (2005)
groups.

Stress also dysregulated gene expression of markers of regulatory macrophages, which
promote the resolution of inflammation. The mRNA level of CCL1 decreased at D1 and D5
in the whole wounds of the stressed group, whereas gene expression of IL10 increased as
previously shown by Curtin and Sesti-Costa’s groups (Curtin et al., 2009; Sesti-Costa et al.,
2012).

During normal tissue repair, the macrophage phenotype evolves from a pro-inflammatory
phenotype of CAM to a less-inflammatory/anti-inflammatory phenotype that is
characteristic of WHM and regulatory macrophages. In diabetic db/db mice, the pro-
inflammatory phenotype persisted through 10 days post-injury (Mirza and Koh, 2011). This
group reported that dysregulation of macrophage phenotypes contributes to impaired healing
in a diabetic mouse model. Interestingly, our study shows that stress did not promote a shift
of the macrophage population, but did dysregulate the gene expression of markers of all
three of the macrophage populations present during wound healing without a significant
decrease in macrophage numbers. The mechanism behind this general dampening of
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macrophage phenotype and function is unclear. Macrophage dysregulation by stress, in
addition to the dampening of macrophage function resulting from excessive neutrophil
phagocytosis, could contribute to impaired bacterial clearance.

Studying the expression of markers linked to macrophage activation in the whole wound
enabled the determination of how stress affects the macrophage environment, and influences
the phenotype. The LCM study focused on gene expression of isolated macrophages. Our
work highlights the need to explore multiple markers of macrophage activation in order to
understand the complexity of macrophage phenotypes involved in wound healing.

Altogether, our findings suggest that stress-induced impaired bacterial clearance is in part
due to altered phagocytic abilities of neutrophils and macrophages. In addition, stress
impacts macrophage activation by inducing the overall dysregulation of macrophage
response during tissue repair. A better understanding of the mechanisms behind normal
transition of macrophage phenotype during wound healing would provide crucial
information to resolve stress-induced changes in macrophage phenotype with the goal to
dysregulate their activation in order to ameliorate bacterial clearance and wound healing.
Modulation of the macrophage phenotype could provide a new therapeutic approach in the
clinical treatment of impaired wound healing.
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Fig. 1.
Number of bacteria in the wounds of stressed and control animals 5 days post-wounding.
Wounds of stressed and control mice were harvested 5 days post-wounding and
homogenized in 1 mL PBS. Serial dilutions (1:10) were plated, in duplicate, on brain-heart-
infusion agar (Becton-Dickinson), incubated for 24 h at 37 °C. The bacterial load in the
wounds was quantified by counting the number of colonies formed. Data represent mean ±
SEM from 3 experiments. n = 15 mice/group. *p ≤ 0.05 Stressed mice compared to control
(ANOVA).
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Fig. 2.
Neutrophil recruitment and gene expression of chemokines MIP-2 and KC. Mice were
euthanized at 6 h and days 1 through 7 after wounding. Excised wounds and control skin
were subjected to myeloperoxidase (MPO) extraction. MPO was quantitated by a
colorimetric assay and expressed as units of MPO/gram of wound tissue. Data represent
mean ± SEM from 2 pooled experiments. At each time-point, n = 7–12 mice/group, except
for D7 and control skin (n = 3–5). *p ≤ 0.05 compared to control (ANOVA). (B and C)
Unwounded skin and wounds were harvested at 1 and 5 days post-wounding. The gene
expressions of KC (B) and MIP-2 (C) were measured and compared to the housekeeping
gene GAPDH using qRT–PCR. Data represent mean ± SEM from 4 experiments. At each
time point n = 20 mice/group. Fig. 2D represents the protein concentration of MIP-2 in µg/g
of total protein from tissue extract of day 5 wounds of control and stressed mice. Data
represent mean ± SEM from n = 3–4 mice/group. *p ≤ 0.05 and # 0.05 < p< 0.1 compared to
control.
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Fig. 3.
Immunohistochemical sections of skin wounds from stressed and control mice at days 1 (A)
and 5 (B) after wounding. Wounds were paraformaldehyde-fixed and paraffin-embedded.
Wound sections (5 m) were immunostained with a monoclonal antibody specific for
activated murine macrophages (Mac-3) and counterstained with hematoxylin. Black arrows
indicate Mac-3 positive (Mac-3+) cells. Original magnification ×60.
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Fig. 4.
Macrophage recruitment and gene expression of chemokines MCP-1 and MIP-1α. Wounds,
excised from day 1 through 7 post-wounding, were paraffin-embedded, sectioned and
immunostained with a monoclonal antibody against Mac-3. Data represent mean number of
cells and mean percentage of Mac-3 + cells per counting field (±SEM) from two pooled
experiments. At each time point n = 6–7 mice/group, except for D7 (n = 3). Unwounded
skin and wounds were harvested at 1 and 5 days post-wounding. The gene expressions of
MCP-1 (B) and MIP-1α (C) were measured and compared to the housekeeping gene
GAPDH using qRT–PCR. Data represent mean ± SEM from 4 experiments. At each time
point n = 20 mice/group. No significant group differences were found.
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Fig. 5.
Phagocytic activity and superoxide production of phagocytic cells. To measure oxidative
burst, DHE (2.5 µ/mL) was added to the heparinized whole blood harvested at D1 and D5.
Live YFP-E. coli were added to test the phagocytic activity. Mean fluorescence intensity for
YFP and DHE were measured. Data represent mean ± SEM from 2–3 experiments. At each
time point n = 10–15 mice/group. *p ≤ 0.05 Compared to control (ANOVA).
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Fig. 6.
Cell surface expression of F4/80 + cells one day post-wounding. F4/80 + cells were gated
and the mean cell surface expression for CD11b, CD284, CD206 and CD68 was measured
using Beckman Coulter CyAn II. Data represent mean ± SEM from 4 experiments of pooled
blood from n = 5 mice per condition per experiment *p ≤ 0.05 compared to control
(ANOVA). (B) An overlay of the curves of distribution of CD11b mean cell fluorescence
intensity is shown for control (hatched) and stressed groups (solid grey) at D1 as well as a
representative dot-plot showing gated F4/80+/CD11b + cells in control and stressed
groups(C). (D) Overlay of the distribution of unstained cells (grey) and APC-F4/80 stained
cells (hatched) from a representative experiment gated for F4/80 positive cells. The auto-
fluorescence represents less than 0.5% of the histogram.
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Fig. 7.
Markers of classically activated macrophages. Unwounded skin and wounds were harvested
at 1 and 5 days post-wounding. Gene expression of CXCL10 (A), and CCL5 (B) was
measured and normalized to the housekeeping gene GAPDH using qRT–PCR. Data
represent mean ± SEM from 4 experiments. At each time point n = 20 mice/group. (C)
Represents the protein concentration of CCL5 in µg/g of total protein from tissue extract of
Day 5 wounds from control and stressed mice. Data represent mean ± SEM from n = 3–4
mice/group. *p ≤ 0.05 Compared to control.
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Fig. 8.
Markers of wound-healing macrophages. Unwounded skin and wounds were harvested at 1
and 5 days post-wounding. Gene expression of CCL22 (A), RELMα (B), and IGF-1 (C) was
measured and normalized to the housekeeping gene GAPDH using qRT-PCR. Data
represent mean ± SEM from 4 experiments. At each time point n = 20 mice/ group. (D)
Represents the OD for IGF-1 per µg of total protein from tissue extract of Day 1 and 5
wounds of control and stressed mice. Data represent mean ± SEM from n = 4 mice/
group. *p< 0.05 Compared to control (ANOVA).
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Fig. 9.
Markers of regulatory macrophages. Unwounded skin and wounds were harvested at 1 and 5
days post-wounding. Gene expression of CCL1 (A) and IL10 (B) was measured and
normalized to the housekeeping gene GAPDH using qRT–PCR. Data represent mean ±
SEM from 4 experiments. At each time point n = 20 mice/group. *p ≤ 0.05 Compared to
control (ANOVA).

Tymen et al. Page 22

Brain Behav Immun. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 10.
Gene expression of IGF-1 in macrophages isolated by LCM. Tissue sections of wounds
from control and stressed mice at D5 were stained against CD68. Macrophages were
microdissected using LCM and qRT–PCR was performed. Data represent mean from
approximately 4000 cells/sample.
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