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Effective immunoprotection requires rapid recruitment of leuko-
cytes into sites of surgery, wounding, infection, or vaccination. In
contrast to immunosuppressive chronic stressors, short-term acute
stressors have immunoenhancing effects. Here, we quantify leu-
kocyte infiltration within a surgical sponge to elucidate the kinet-
ics, magnitude, subpopulation, and chemoattractant specificity of
an acute stress-induced increase in leukocyte trafficking to a site of
immune activation. Mice acutely stressed before sponge implan-
tation showed 200-300% higher neutrophil, macrophage, natural
killer cell, and T cell infiltration than did nonstressed animals. We
also quantified the effects of acute stress on lymphotactin- (LTN; a
predominantly lymphocyte-specific chemokine), and TNF-a- (a
proinflammatory cytokine) stimulated leukocyte infiltration. An
additional stress-induced increase in infiltration was observed for
neutrophils, in response to TNF-«, macrophages, in response to
TNF-a and LTN, and natural killer cells and T cells in response to
LTN. These results show that acute stress initially increases traf-
ficking of all major leukocyte subpopulations to a site of immune
activation. Tissue damage-, antigen-, or pathogen-driven chemoat-
tractants subsequently determine which subpopulations are re-
cruited more vigorously. Such stress-induced increases in leukocyte
trafficking may enhance immunoprotection during surgery, vacci-
nation, or infection, but may also exacerbate immunopathology
during inflammatory (cardiovascular disease or gingivitis) or au-
toimmune (psoriasis, arthritis, or multiple sclerosis) diseases.

chemokine | psychophysiological stress | surgical sponge | wound
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he experiments described here were designed to model many

natural conditions where acute stressors are experienced
before wounding, surgery, or antigen entry. For example, a
gazelle mounts a stress response before it escapes from a lion but
is often wounded during the escape, a patient experiences stress
just before undergoing surgery, or a toddler is stressed as it sees
a nurse approaching with a vaccine-filled syringe. Short-term
stressors often precede or accompany immune challenges that
occur in the cutaneous or subcutaneous compartment. Because
rapid leukocyte trafficking into sites of immune activation is
critical for effective immunoprotection (1, 2), these experiments
elucidate the effects of acute stress on the magnitude and
subpopulation specificity of leukocyte infiltration to a site of
immune activation.

Stress has been defined as a constellation of events, comprised
of a stimulus (stressor), that precipitates a reaction in the brain
(stress perception), and that activates physiologic fight or flight
systems in the body (stress response) (3). Acute stress is defined
as stress that lasts for minutes to hours, and chronic stress is
defined as stress that lasts for months to years (3). The psycho-
physiological stress response is an important modulator of skin
immunobiology in health and disease (4-7). Whereas chronic
stress is immunosuppressive (8), studies have shown that acute
stress enhances cutaneous immune function (6). A stress-
induced increase in leukocyte trafficking is one mediator of the
immunoenhancing effects of acute stress (6). We have suggested
that on stress perception, the brain sends danger signals to the
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body through the release of neuroendocrine mediators that
prepare the immune system to face challenges (wounding or
infection) that may be imposed by a stressor (attack by a
predator) (7). This increased immune preparedness may be
mediated by more of the body’s soldiers (immune cells) traf-
ficking to potential battle stations (e.g., skin, s.c. compartment,
and skin-draining lymph nodes) during stress (7).

The first hypothesis tested here is that acute stress will increase
the magnitude of leukocyte traffic to the s.c. compartment. The
second hypothesis tested is that whereas all leukocyte subpopu-
lations initially traffic in greater numbers during acute stress,
chemoattractants present at the site of immune activation will
determine which specific subpopulations are further recruited to
the site. Inflammatory challenges that activate innate immune
responses will recruit more neutrophils and macrophages,
whereas challenges that activate lymphocytic responses will
recruit more lymphocytes.

We used a clinically relevant model involving a s.c. surgical
sponge implant for studying leukocyte trafficking in vivo. Gelatin
sponges are used in surgical and dental treatment to induce
hemostasis and fill wound cavities (9-12). Surgical sponges are also
used as in vivo immune arenas for studying the kinetics, sequence,
and magnitude of leukocyte infiltration into sites of immune
activation (13, 14). They can be used to locally administer che-
moattractants and retain the resulting cellular infiltrates for further
analyses (15, 16). To test our first hypothesis, we examined the
effects of acute stress on neutrophil, monocyte, natural killer (NK)
cell, and T cell trafficking into a surgical sponge at 6, 24,48, and 72 h
after implantation. Sponges were pretreated with saline just as they
are in clinical practice. To test our second hypothesis, we examined
the effects of acute stress on the kinetics and magnitude of
neutrophil, monocyte, NK cell, and T cell trafficking in response to
a predominantly lymphocyte-specific chemokine, lymphotactin
(LTN), or proinflammatory cytokine, TNF-«. Treating sponges
with these cheomattractants before implantation enabled us to
create a predominantly NK cell- and T cell- (LTN), versus a
neutrophil- and monocyte- (TNF-«) attracting local environment
that allowed us to elucidate interactions between chemoattractant-
and stress-induced effects on leukocyte trafficking in vivo. Intro-
ducing LTN and TNF-« in sponges also provides a model for
examining the effects of stress on leukocyte trafficking into sites of
preexisting immunopathological conditions like psoriasis or der-
matitis. Such an examination is important because psoriasis and
other dermal inflammatory conditions are exacerbated by stress
(17, 18).

A stress-induced enhancement of immune function is likely to
be beneficial in the context of wound healing, vaccination, or
resistance to infection (3, 6, 19). However, it can also precipitate
harmful exacerbation of inflammatory (cardiovascular disease
or gingivitis) or autoimmune (psoriasis, arthritis, or multiple
sclerosis) diseases (4, 17, 20). Therefore, it is hoped that eluci-
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dation of mechanisms by which stress enhances immune re-
sponses will shed light on immunoprotective and immunopatho-
logical conditions affected by stress. Because leukocyte
trafficking has been identified as a critical mediator of the effects
of stress on immune function, here, we elucidate the subpopu-
lation and chemoattractant specificity of a stress-induced in-
crease in leukocyte trafficking into an implanted surgical sponge.

Methods

Animals. Young (6-8 weeks old), male C57BL6 mice (Taconic
Farms) were housed in plastic cages in the accredited Postle Hall
vivarium at Ohio State University. Experiments were conducted
according to protocols approved by the Ohio State University
Institutional Laboratory Animal Care and Use Committee. The
animal room was maintained on a 12-h light-dark cycle (lights on
at 6 a.m.). Animals were given food and water ad libitum.

Experimental Groups. Two groups (n = 10 per treatment group)
of mice were used per time point, and chemokine and cytokine
investigated. Immediately before sponge implantation, one
group was acutely stressed (STR) for 2.5 h, whereas the other
group remained in its home cage as the no-stress (NS) control.

Restraint Stress Paradigm. Acute stress was administered by plac-
ing animals (without squeezing or compression) in well venti-
lated restrainers for a single session of 2.5 h. This procedure
mimics stress that is largely psychological because of the per-
ception of confinement on part of the animals. Acute restraint
activates the sympathetic nervous system and the hypothalamic-
pituitary-adrenal axis and results in the release of cat-
echolamines and corticosterone, and activates adrenal steroid
receptors throughout the body (21, 22).

Sponge Implantation. One week before sponge implantation, mice
were shaved to remove hair from their dorsa. This procedure was
performed to prevent potential shaver-induced cutaneous in-
flammation from confounding the study. On the day of implan-
tation, mice were anesthetized by using methoxyflurane (Meto-
fane, Pitman-Moore, Rochester, NY), and their previously
shaved dorsa were swabbed with 70% ethanol. Sterile gelatin
sponge discs (5 mm in diameter, Gelfoam, Pharmacia and
Upjohn, Kalamazoo, MI) were soaked in sterile 0.9% normal
saline (Baxter Health Care, Mundelein, IL) and implanted s.c.
For experiments investigating the effects of stress on LTN- and
TNF-a-directed leukocyte trafficking, sponges pretreated with
recombinant murine LTN (50 ng, R & D Systems) or recombi-
nant murine TNF-a (10 pg, R & D Systems) were used. The
optimal concentration of LTN and TNF-« was determined from
previous publications (23, 24) and from dose-response studies
performed in our laboratory. Saline-treated sponges served as
controls.

Sponge Retrieval, Recovery of Cells, and Determination of Cell Yield.
For experiments examining the effects of acute stress on the time
course of leukocyte trafficking into saline-treated sponges, mice
were euthanized (with CO,) at 6, 24, 48 and 72 h after sponge
implantation. For experiments examining the effects of acute
stress on chemokine- and cytokine-directed leukocyte traffick-
ing, mice were euthanized at 6 h after sponge implantation.
Individual sponges were collected in 500 ul of sterile PBS for
further leukocyte phenotype analysis. Each sponge was squeezed
20 times to gently extrude leukocytes from within the matrix. The
cell suspension thus obtained was washed with PBS and centri-
fuged at 1,600 X g at 4°C for 20 min. The resulting pellet was
resuspended in sterile PBS. Total cell counts were determined on
a hematology analyzer (Hemavet, Oxford, CT).
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Flow Cytometry. Specific leukocyte subtypes were measured by
immunofluorescent Ab staining and analyzed using flow cytom-
etry (FACSCalibur, Becton Dickinson). The sponge cell suspen-
sion was incubated with BD Fc Block (clone 2.4G2, BD Pharm-
ingen, San Diego) for 15 min on ice to inhibit nonspecific
binding. Cells were then incubated with specific mAbs for 30 min
at room temperature, washed with PBS, and read on the
FACSCalibur. Neutrophils, macrophages, and lymphocytes were
identified and gated by using forward- versus side-scatter char-
acteristics. In a separate experiment, we verified that ~99% of
cells in the neutrophil gate were Ly-6G-positive (clone 1A8, BD
Pharmingen), and 95% of cells in the macrophage gate were
F4/80-positive (clone CI:A3-1, Caltag, South San Francisco,
CA). Directly conjugated antibodies were used to identify T cells
(CD3, clone 145-2C11) and NK cells (NK1.1, clone PK136) (BD
Pharmingen) within the lymphocyte gate. Control samples
matched for each fluorochrome and Ab isotype were used to set
negative staining criteria. Approximately 3,000 events were
counted per sample. Data were analyzed by using CELLQUEST
software (Becton Dickinson).

Histological Analysis Using Hematoxylin/Eosin Staining. To dcter-
mine the in situ location of sponge infiltrating leukocytes,
saline-treated sponges and overlying skin were harvested from
animals euthanized at 6 h for histological analyses. Sponge and
overlying skin were fixed immediately upon collection in 4%
paraformaldehyde solution (Sigma-Aldrich, St. Louis) and later
embedded in paraffin, sectioned, processed, and stained with
hematoxylin (Sigma-Aldrich) and eosin (Fisher Diagnostics,
Middletown, VA).

Data Analysis and Statistics. Unpaired Student’s # test was used to
test for significant differences in leukocyte numbers between NS
and STR treatment groups at different time points within the
saline-treated sponges (Fig. 1). One-way ANOVA was used to
test for significance among the saline, LTN, and TNF-« treat-
ment groups at 6 h after implantation (Fig. 3). Tukey’s honestly
significant difference post hoc test was used to identify statisti-
cally significant differences between NS and STR treatment
groups in the context of the saline-, LTN-, and TNF-a-treated
sponges. Data are expressed as means = SEM. Differences were
considered significant when P < 0.05. Means that differed
significantly are indicated by symbols defined in the figure
legends. Each experiment was repeated twice. STATVIEW (SAS
Institute, Cary, NC) and spss (SPSS, Chicago) computer statis-
tics packages were used for statistical analyses.

Results

Acute Stress Increases Leukocyte Trafficking into a Site of Immune
Activation. The numbers of neutrophils, macrophages, NK cells, and
T cells infiltrating the sponge at 6, 24, 48 and 72 h after implantation
were quantified (Fig. 1). The observed sequence and kinetics of
leukocyte trafficking were consistent with those that have been
previously reported (25). Granulocytes and macrophages, which
represent the innate arm of the immune system, spearheaded the
infiltration cascade, were detected in high numbers as early as 6 h,
and attained peak levels at 24 h after implantation. Lymphocytes,
which represent the specific or adaptive arm of the immune system,
were detected in significant numbers at 24 h and attained peak
levels at 48 h. Importantly, sponges from NS and STR animals had
comparable and lower leukocyte numbers at 72 h, indicating
effective resolution of inflammation in both groups.

A single session of acute stress experienced before sponge
implantation produced a significant increase in infiltrating leu-
kocyte numbers within the sponge. Compared with NS animals,
sponges from STR animals had significantly higher total leuko-
cyte numbers at 6, 24, and 48 h after implantation (Fig. 1). With
respect to specific subpopulations, at 6 h, STR animals had 200%
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Fig. 1.

Acute stress enhances leukocyte trafficking into an implanted surgical sponge. Saline-treated gelatin sponges were s.c.-implanted in NS or STR mice.

Sponges were retrieved at 6, 24, 48, and 72 h after implantation. Compared with NS animals, sponges from STR animals had significantly higher total leukocyte
numbers at 6, 24, and 48 h after implantation. STR animals had ~200% higher macrophage numbers at 6 h, 300% higher neutrophil and macrophage numbers
at 24 h, and 200% higher NK cell and T cell numbers at 48 h after implantation. Sponges from NS and STR animals had comparable and lower neutrophil,
macrophage, NK cell, and T cell numbers at 72 h, indicating resolution of inflammation in both groups. Data are expressed as means = SEM. Statistically significant
differences between means are indicated (*, P < 0.05; **, P < 0.01, Student's t test).

higher macrophage numbers than NS animals but showed no
difference in neutrophil, NK cell, or T cell numbers. At 24 h, STR
animals had 300% higher neutrophil and macrophage numbers
and also showed a small but significant increase in T cell numbers
compared with NS animals. At 48 h, STR animals had ~200%
higher NK cell and T cell numbers and showed a small but
significant increase in macrophage numbers. Interestingly, at
72 h, sponges from NS and STR animals had comparable
neutrophil, macrophage, NK cell, and T cell numbers that were
lower than those observed at the previous time point, indicating
effective resolution of inflammation in both groups.

Histological analysis of hematoxylin/eosin-stained sections of
sponges revealed that compared with NS animals, STR animals
showed dense clusters of leukocytes at the interface between
skin tissue and sponge and a greater extent of infiltration within
the adjacent sponge matrix as early as 6 h after implantation (Fig.
2). These qualitative results (Fig. 2), together with leukocyte
quantification (Fig. 1), indicate that acute stress experienced
before sponge implantation significantly increases the magni-
tude of leukocyte trafficking into a site of surgery while main-
taining the subpopulation specific sequence and kinetics of
leukocyte entry.

Acute Stress Further Enhances LTN- and TNF-«-Directed Leukocyte
Infiltration in a Leukocyte Subpopulation-Specific Manner. In the
next set of studies, we elucidated the effects of stress on early (6
h) leukocyte infiltration stimulated by a predominantly lympho-
cyte-specific chemokine, LTN, and proinflammatory cytokine,
TNF-a. We chose this early time point during the infiltration
cascade because these experiments were designed to mimic many
natural conditions where acute stressors are experienced before
wounding and pathogen entry. For example, a gazelle is stressed
before it escapes from a lion but is wounded during the escape;
similarly, a patient is stressed before undergoing surgery. There-
fore, these experiments were designed to elucidate the effects of
acute stress on the magnitude and subpopulation specificity of
early leukocyte infiltration that sets the stage for longer-term
immunological cascades that follow.

Pretreatment of surgical sponges with LTN or TNF-«a had
leukocyte subpopulation-specific chemoattractive effects (Fig.
3). As expected, the magnitude of LTN-induced infiltration of
NK cells and T cells was greater than that of neutrophils and
macrophages in control NS animals (26). In contrast, the mag-
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nitude of TNF-a-induced infiltration of neutrophils and macro-
phages was greater than that of NK cells and T cells in control
NS animals (27, 28).

Fig. 2. Acute stress increases the magnitude and extent of early leukocyte
infiltration into a surgical sponge. Saline-treated gelatin sponges were s.c.-
implanted and subsequently retrieved and processed for hematoxylin/eosin
staining 6 h after implantation. Compared with NS animals, sponges from STR
animals showed dense clusters of leukocytes at the interface between skin
tissue and sponge, and a greater extent of infiltration into the adjacent
sponge matrix. Arrows point to representative leukocyte clusters. (Scale bar,
100 pm.)
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Acute stress further enhances LTN- and TNF-a-directed leukocyte infiltration in a leukocyte subpopulation-specific manner. Neutrophils, macrophages,

NK cells, and T cells infiltrating saline-, LTN-, and TNF-a-treated sponges at 6 h after implantation were quantified by using flow cytometry. Compared with
sponges from NS animals, sponges from STR animals showed significantly higher macrophage numbers in response to treatment with saline (300% higher), LTN
(300% higher), and TNF-a (200% higher). Sponges from STR animals showed higher neutrophil numbers mainly in response to TNF-a. (200%), and higher NK
cell (70%) and T cell (100%) numbers only in response to LTN. Therefore, a stress-induced increase in infiltration of macrophages was observed in response to
saline, LTN, and TNF-q, but for neutrophils mainly in response to TNF-o, and NK cells and T cells only in response to LTN. Data are expressed as means + SEM.
Statistically significant differences are shown: *, Different from corresponding within-treatment NS group (P <0.05, Tukey’s honestly significant difference post
hoc test); t, different from NS saline group (P < 0.05, Tukey’s honestly significant difference post hoc test).

We observed significant differences in the effects of acute
stress on infiltration of specific leukocyte subpopulations in
response to specific chemoattractants (Fig. 3). ANOVA, fol-
lowed by Tukey’s post hoc analysis (Fig. 3), indicated an overall
effect of acute stress in that saline-, LTN-, and TNF-a-treated
sponges from STR animals showed significantly higher numbers
of total leukocytes than NS animals [ANOVA, F (5, 48) = 32.50,
P < 0.001]. Moreover, total leukocyte numbers in TNF-a-
treated sponges from STR animals were significantly higher than
in saline- and LTN-treated sponges from STR animals
[ANOVA,F (5,48) = 32.50, P = 0.001]. Compared with sponges
from NS animals, sponges from STR animals showed signifi-
cantly higher macrophage numbers in response to treatment with
saline (300% higher), LTN (300% higher), and TNF-a (200%
higher) [ANOVA, F (5, 48) = 9.11, P < 0.001, Fig. 3]. This
finding indicates that acute stress significantly increased macro-
phage infiltration, irrespective of the mediator present in the
sponges. In contrast, sponges from STR animals showed 30%
higher neutrophil numbers in response to saline, 60% higher
neutrophil numbers in response to LTN, and 200% higher
neutrophil numbers in response to TNF-a. These results showed
that the stress-induced increase in neutrophil infiltration was
much greater in response to TNF-a than LTN or saline
[ANOVA, F (5, 48) = 36.68, P = 0.001, Fig. 3].

An examination of NK cell infiltration showed that sponges
from STR animals showed a significant increase (70%) in NK
cell numbers only in response to LTN but not saline or TNF-«
[ANOVA, F (5, 48) = 6.54, P < 0.001, Fig. 3]. Similarly, an
examination of T cell infiltration showed that sponges from STR
animals showed a significant increase (105%) in T cell numbers
only in response to LTN but not saline or TNF-a [ANOVA, F
(5, 48) = 41.12, P < 0.001, Fig. 3]. Thus, acute stress increases
the magnitude and accelerates the kinetics of NK cell and T cell
infiltration in response to LTN. Taken together, these chemoat-
tractant experiments show that acute stress amplifies the che-
moattractive properties of LTN and TNF-« in a leukocyte
subpopulation-specific manner. Stress-induced changes in leu-
kocyte numbers were observed as early as 6 h after sponge
implantation, suggesting that stress-induced immunoenhance-
ment may be established very early during the development of
an immune response.

Discussion

The studies described here present some important findings.
First, they show that acute stress initially increases trafficking of
all leukocyte subpopulations to a site of surgery or immune
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activation (Figs. 1 and 2). Whereas stress does not change the
expected sequence of leukocyte entry (neutrophils and macro-
phages precede lymphocytes), it significantly increases the mag-
nitude of infiltration of each leukocyte subpopulation. Second,
these studies show that the stress-induced increase in leukocyte
infiltration is a resolving process, i.e., leukocyte numbers de-
crease by 72 h after implantation. Third, they show that whereas
all leukocyte subpopulations traffic to a site of immune activa-
tion in greater numbers during stress, tissue damage-, antigen-,
or pathogen-driven chemoattractants determine which specific
subpopulations are recruited more vigorously (Fig. 3). Thus,
depending on the primary chemoattractants driving an immune
response, acute stress may selectively mobilize specific leukocyte
subpopulations into sites of surgery, wounding, or immune
activation. Such a stress-induced increase in leukocyte traffick-
ing may be an important mechanism by which acute stressors
alter the course of different (innate versus adaptive, early versus
late, or acute versus chronic) immune responses.

The appropriate distribution of immune cells between organs
in the body is crucial for performance of the surveillance and
effector functions of the immune system. Rapid leukocyte
trafficking into sites of immune activation is critical for effective
immunoprotection (1, 2). The skin is an important barrier that
protects the body from mechanical trauma, chemical agents,
antigens, or pathogens (29). Therefore, enhancing cutaneous
immune responses during injury or infection is likely to be
beneficial. Our previous studies (30) have shown that acute stress
experienced before primary or secondary antigen exposure
induces a significant enhancement of innate and adaptive skin
immune responses respectively. Because a stress-induced in-
crease in leukocyte traffic to skin was identified as a mediator of
this immunoenhancement (30), here, we further elucidate and
quantify the nature of the effects of acute stress on skin-directed
leukocyte trafficking.

These results are appealing when viewed from an evolutionary
perspective. An acute psychophysiological stress response is an
evolutionarily conserved survival mechanism (30, 31). Although
many selection pressures, the chisels of evolution, represent
population-based phenomena, they often act as stressors that are
physiological (scarcity of food or water), physical (wounding or
infection), or psychological (threat perception or fear) at the
level of the individual. One primary function of the brain is to
perceive stressors, warn of danger, and promote survival. Stress-
responsive neurotransmitters and hormones are the brain’s
signals to the body. For example, when a gazelle sees a charging
lion, the gazelle’s brain detects a threat and orchestrates a
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physiologic response that enables the gazelle to flee. Without an
exquisitely mounted psychophysiological stress response, the
gazelle has no chance of surviving the lion’s attack. Such
examples of stress responses enabling survival are seen through-
out nature. Under such conditions, immunoenhancement rather
than immunosuppression is likely to be adaptive. Because ag-
gressive encounters often result in wounding and infection, and
it is unlikely that eons of evolution would select for a system
exquisitely designed to escape the jaws and claws of a lion, only
have it eaten inside out by bacteria infecting a wound. In that
context, acute stress is a protective mechanism enabling survival.
Our results show that an acute stress-induced leukocyte traf-
ficking to the skin may be an important defensive mechanism
whose adaptive function is to enhance immunoprotection during
stressful situations.

These experiments were specifically designed to mimic the
temporal relationship between stressor and antigen exposure that
is often observed in nature and during many clinical situations. The
stressors experienced during many such conditions are acute and
proximal to the time of antigen exposure (e.g., a gazelle is acutely
stressed as it escapes a lion after which it is exposed to antigens and
pathogens that enter wounds that it suffered during its escape). In
our modern societies, stress is an integral part of life and is especially
relevant in a medical environment. For example, when a pediatri-
cian or nurse approaches a toddler with a vaccine-filled syringe, the
toddler remembers its prior painful needle stick and mounts a
full-blown howling stress response before being immunized. Adults
also mount a similar physiological response upon seeing an ap-
proaching syringe (generally minus the howling!). In fact, most
surgical (32, 33) and dental (34, 35) procedures are known to be
stressful. Gelatin sponges are widely used in surgical and dental
treatment to induce hemostasis and fill wound cavities (10—13). Our
findings show that the stress status of a patient may significantly
affect leukocyte infiltration into a clinically implanted surgical
sponge. They suggest that patients who mount a robust psycho-
physiological stress response immediately before or during surgery
will show increased leukocyte traffic into the surgical site. In
contrast to acute stress, other studies have shown that chronic stress
may decrease leukocyte trafficking (3). Therefore, in contrast to
patients who mount a robust acute stress response during surgery,
patients who are chronically stressed may show reduced leukocyte
infiltration into the site of surgery or immune activation.

Our examination of the effects of stress on chemoattractant
induced trafficking is important because many future immuno-
modulatory therapeutic approaches are likely to involve adminis-
tration of specific cytokines or chemokines to localized areas where
up- or down-regulation of immune function is desired. For example,
studies have shown that local administration of LTN (36), TNF-«
(37, 38), granulocyte/macrophage colony-stimulating factor (39),
or IFN-vy (40) can induce tumor regression. Similarly, it has been
suggested that cytokines and chemokines may be used to promote
wound healing, reduce scar formation (41), and treat infections (42,
43). Our findings suggest that the stress status and stress respon-
siveness of a patient may alter the efficacy of therapeutically
administered cytokines. For example, patients who mount robust
acute stress responses during treatment may require lower doses of
these mediators. Taken together with our earlier findings identify-
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ing corticosterone and epinephrine as mediators of acute stress-
induced changes in blood leukocyte distribution (44) and enhance-
ment of skin immune function (45), our results suggest that stress
hormones administered in physiological concentrations may be
used to enhance leukocyte trafficking to sites of wounding, surgery,
infection, or localized cancer. Physiologic (acute stress) levels of
endogenous stress hormones may also be incorporated within
immunomodulatory treatment strategies to maximize the effects
and minimize the concentrations of administered immunomodu-
lators. Lowering effective concentrations of such mediators is likely
to be beneficial because they often have harmful side effects.

Studies attempting to elucidate the mechanisms by which
acute psychological stress influences leukocyte trafficking have
examined the effects of stress or stress hormones on surface
expression of cell-adhesion molecules on circulating leukocytes.
Leukocytes are known to express a- and $-adrenergic receptors
and glucocorticoid receptors, and to respond to changes in
circulating catecholamine and glucocorticoid levels (44, 46—49).
Stress-induced elevations in catecholamine hormones have been
shown to up-regulate lymphocyte function-associated-antigen 1,
down-regulate L selectin (CD62L) expression on peripheral
blood leukocytes (50-52), enhance integrin CD11b expression
on lymphocytes, and enhance peripheral blood mononuclear cell
chemotaxis to formyl-methionine-leucine-phenylanine and stro-
mal cell-derived factor-1, expressed at sites of infection or
inflammation (53). Studies have also shown that CD11a and
CD11b adhesion molecules may be involved in stress-induced
alterations of T cell distribution, because their expression was
up-regulated in rats subjected to acute stress, and the level of
expression correlated to circulating levels of glucocorticoids
(54). Taken together, these studies suggest that stress hormone-
induced changes in activity or expression of adhesion molecules
on immune cells and/or endothelial cells may mediate stress-
induced changes in leukocyte distribution within the body and
infiltration into tissues.

It is important to keep in mind that a stress-induced increase in
leukocyte trafficking to sites of immune activation is like a double-
edged sword: it may be beneficial for promoting immunoprotection
during surgery, wound healing, vaccination, infection, or localized
cancer. However, it may also mediate stress-induced exacerbations
of inflammatory (e.g., cardiovascular disease or gingivitis) and
autoimmune (e.g., psoriasis, arthritis, or multiple sclerosis) diseases
(18, 19, 55) or graft rejection (56). The studies described here show
for the first time, to our knowledge, that a psychological manipu-
lation can increase leukocyte infiltration into a site of surgery. They
are intriguing because this potentially immunoenhancing manipu-
lation involves stress, which is widely believed to be immunosup-
pressive. These studies are important because they show that it may
be possible to design behavioral or therapeutic interventions that
administer cocktails of physiological mediators to maximally recruit
the body’s soldiers (immune cells) to sites of immune activation.
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