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Summary

Background: The surveillance and effector functions of the immune system are critically depen-
dent on the appropriate distribution of immune cells in the body. An acute or short-term stress
response induces a rapid and significant redistribution of immune cells among different body
compartments. Stress-induced leukocyte redistribution may be a fundamental survival response
that directs leukocyte subpopulations to specific target organs during stress, and significantly
enhances the speed, efficacy and regulation of an immune response. Immune responses are
generally enhanced in compartments (e.g., skin) that are enriched with leukocytes, and sup-
pressed in compartments that are depleted of leukocytes during/following stress. The experi-
ments described here were designed to elucidate the: (1) Time-course, trajectory, and
subpopulation-specificity of stress-induced mobilization and trafficking of blood leukocytes.
(2) Individual and combined actions of the principal stress hormones, norepinephrine (NE),
epinephrine (EPI), and corticosterone (CORT), in mediating mobilization or trafficking of specific
leukocyte subpopulations. (3) Effects of stress/stress hormones on adhesion molecule, L-selectin
(CD62L), expression by each subpopulation to assess its adhesion/functional/maturation status.
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Methods: Male Sprague Dawley rats were stressed (short-term restraint, 2—120 min), or adre-
nalectomized and injected with vehicle (VEH), NE, EPI, CORT, or their combinations, and blood
was collected for measurement of hormones and flow cytometric quantification of leukocyte
subpopulations.

Results: Acute stress induced an early increase/ mobilization of neutrophils, lymphocytes, helper T
cells (Th), cytolytic Tcells (CTL), and B cells into the blood, followed by a decrease/ trafficking of all
cell types out of the blood, except neutrophil numbers that continued to increase. CD62L expression
was increased on neutrophils, decreased on Th, CTL, and natural killer (NK) cells, and showed a
biphasic decrease on monocytes & B cells, suggesting that CD62L is involved in mediating the
redistribution effects of stress. Additionally, we observed significant differences in the direction,
magnitude, and subpopulation specificity of the effects of each hormone: NE increased leukocyte
numbers, most notably CD62L—/+ neutrophils and CD62L— B cells. EPI increased monocyte and
neutrophil numbers, most notably CD62L—/+ neutrophils and CD62L— monocytes, but decreased
lymphocyte numbers with CD62L—/+ CTL and CDé62L+ B cells being especially sensitive. CORT
decreased monocyte, lymphocyte, Th, CTL, and B cell numbers with CD62L— and CD62L+ cells being
equally affected. Thus, naive (CD62L+) vs. memory (CD62L—) T cells, classical (CD62L+) vs. non-
classical (CD62L—) monocytes, and similarly distinct functional subsets of other leukocyte popula-
tions are differentially mobilized into the blood and trafficked to tissues by stress hormones.
Conclusion: Stress hormones orchestrate a large-scale redistribution of immune cells in the body.
NE and EPI mobilize immune cells into the bloodstream, and EPI and CORT induce traffic out of the
blood possibly to tissue surveillance pathways, lymphoid tissues, and sites of ongoing or de novo
immune activation. Immune cell subpopulations appear to show differential sensitivities and
redistribution responses to each hormone depending on the type of leukocyte (neutrophil,
monocyte or lymphocyte) and its maturation/functional characteristics (e.g., non-classical/resi-
dent or classical/inflammatory monocyte, naive or central/effector memory T cell). Thus, stress
hormones could be administered simultaneously or sequentially to induce specific leukocyte
subpopulations to be mobilized into the blood, or to traffic from blood to tissues. Stress- or stress
hormone-mediated changes in immune cell distribution could be clinically harnessed to: (1) Direct
leukocytes to sites of vaccination, wound healing, infection, or cancer and thereby enhance
protective immunity. (2) Reduce leukocyte traffic to sites of inflammatory/autoimmune reactions.
(3) Sequester immune cells in relatively protected compartments to minimize exposure to cytotoxic
treatments like radiation or localized chemotherapy. (4) Measure biological resistance/sensitivity
to stress hormones in vivo. In keeping with the guidelines for Richter Award manuscripts, in addition
to original data we also present a model and synthesis of findings in the context of the literature on
the effects of short-term stress on immune cell distribution and function.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Regulated redistribution of immune cells among different
body compartments is essential for effective immune surveil-
lance and salubrious immune function (Butcher, 1990; Sprent
and Tough, 1994). The blood is a critical compartment through
which immune cells must pass in order to maintain their
normal surveillance pathways and to rapidly reach sites of
de novo immune activation (e.g., wounding, sterile tissue
damage and inflammation, or antigen or pathogen entry)
(Springer, 1994). Therefore, the numbers and proportions of
leukocytes in the blood provide an important representation
of the state of distribution of leukocytes in the body and of the
state of activation of the immune system. Numerous studies
have shown that stress can significantly affect immune cell
distribution and function (for review see: Butts and Sternberg,
2008; Chrousos, 2010; Dhabhar, 2009b; Dhabhar and McEwen,
1997; Glaser and Kiecolt-Glaser, 2005). Stress has been defined
as a constellation of events, consisting of a stimulus (stressor),
that precipitates a reaction in the brain (stress perception),
that in turn activates physiological fight-or-flight systems in
the body (biological stress response) (Dhabhar and McEwen,
1997). It is important to recognize that the only mechanism

through which a stressor can affect the brain or body is by
inducing biological changes in the organism, which highlights
the critical importance of stress hormones and physiological
stress response. While stress can be harmful when it is chronic
or long lasting (Chrousos and Kino, 2007; Glaser and Kiecolt-
Glaser, 2005; Irwin et al., 1990; McEwen, 1998), it is often
overlooked that a stress response has salubrious adaptive
effects in the short run (Dhabhar and McEwen, 2007; Dhabhar
and Viswanathan, 2005; Rosenberger et al., 2009). Therefore,
a major distinguishing characteristic of stress is duration:
Acute or short-term stress has been defined as stress that
lasts for a period of minutes to hours, and chronic stress as
stress that persists for several hours per day for weeks or
months (Dhabhar and McEwen, 1997).

It is well known that acute or short-term stress induces a
large-scale redistribution of immune cells in the body (for
review see: Dhabhar, 1998, 2009a,b). This redistribution is
similar across many species, including humans, which sug-
gests that it is evolutionarily significant and likely to confer
an adaptive advantage (Dhabhar, 1998, 2009a,b). Given the
rapid time course and large magnitude of stress-induced
immune cell redistribution, these effects of stress are impor-
tant to take into account while measuring immune function,
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therapeutically administering stress hormones, and collect-
ing, analyzing, and interpreting experimental and clinical
data. Surprisingly, in spite of its importance, immune cell
redistribution has been a relatively underappreciated, and
clinically untapped, effect of stress.

Although the functional and clinical ramifications of
stress-induced leukocyte redistribution have yet to be fully
appreciated and harnessed, numerous studies have elegantly
examined the effects of stress (Bosch et al., 2003; Brosschot
et al., 1994; Dhabhar et al., 1995b; Mills et al., 1995;
Schedlowski et al., 1993b; Stefanski and Grner, 2006), and
exercise (Goebel and Mills, 2000; Hong et al., 2004; Nagatomi
et al., 2000; Okutsu et al., 2008; Pedersen and Hoffman-
Goetz, 2000) on selected leukocyte subpopulations. In a
seeming contradiction, human studies have generally shown
that acute stress increases blood immune cell numbers rela-
tive to resting state, while mouse and rat studies have shown
that acute stress decreases blood immune cell numbers.
However, these apparent contradictions may mainly be a
matter of kinetics and arise when different studies examine
different phases of the effects of acute stress on blood
immune cell numbers. Therefore, the first series of results
presented here comprehensively quantifies the effects of the
early and late phases of stress on all major immune cell
subpopulations. We test the hypothesis that the increase in
blood immune cell numbers (which represents leukocyte
mobilization into the blood) occurs early during short-term
stress, while the decrease in blood immune cell numbers
(which represents leukocyte traffic out of the blood and into
tissues) occurs late during acute stress.

Numerous studies have also examined the effects of
specific stress hormones on blood immune cell numbers
(Benschop et al., 1996; Dale et al., 1974; Dhabhar et al.,
1996; Fauci and Dale, 1974; Schedlowski et al., 1993a).
Furthermore, it has been shown that adrenalectomy signifi-
cantly reduces the magnitude of stress-induced decreases in
blood leukocytes (Dhabhar et al., 1995b). Taken together,
these studies suggest that the principal stress hormones,
norepinephrine (NE), epinephrine (EPI) and corticosterone
(CORT), that exert the widespread physiological effects of an
acute stress response (Dhabhar and McEwen, 2001; Sapolsky
et al., 2000), are also the major endocrine mediators of
specific phases and redistribution profiles of psychological
and physical (exercise) stressors on specific leukocyte sub-
populations (Dhabhar and McEwen, 2001). EPI and NE have
also been extensively studied as mediators of exercise-
induced changes in immune cell distribution (Pedersen and
Hoffman-Goetz, 2000). To our knowledge, however, no study
has systematically and comprehensively elucidated the
effects of stress hormones administered singly and in combi-
nation. Such elucidation of the combinatorial effects of
stress hormones is important for understanding the differ-
ential contributions of NE, EPI, and CORT, that may come into
effect as a result of different concentrations and combina-
tions of these hormones being stimulated under different
stress conditions (Kvetnansky et al., 1998; Pacak et al.,
1998). Therefore, in the second series of results presented
here we characterize and quantify individual and combined
actions of NE, EPl and CORT, in mediating changes in all major
leukocyte subpopulations. We hypothesized that specific
stress hormones and their combinations would mediate dis-
tinct aspects of stress-induced leukocyte redistribution.

In both series of experiments we quantify changes in leu-
kocyte expression of the adhesion molecule, L-selectin
(CD62L) that mediates leukocyte rolling, the first step in the
cascade of reactions that leads to leukocyte adhesion and
transmigration, critical steps for leukocyte surveillance path-
ways and leukocyte response to immune activation/inflamma-
tion (Butcher and Picker, 1996; Khan et al., 2003; Wedepohl
etal., 2011). Givenits critical role in the adhesion cascade, we
hypothesized that stress and stress hormones would change
leukocyte CD62L expression. Additionally, the presence or
absence of CD62L on an immune cell can be used to approx-
imate its functional or maturation status. For example,
CD62L+ Th and CTLs cells are thought to be either naive or
central memory T cells while CD62L— Th and CTLs are thought
to be effector T cells (Seder and Ahmed, 2003). Similarly,
CD62L+ monocytes are thought to be classical/inflammatory
monocytes while CD62L— monocytes are thought to be non-
classical monocytes (Gordon and Taylor, 2005; Tacke and
Randolph, 2006). Therefore, we used the presence or absence
of CD62L to characterize and quantify the differential effects
of stress and stress hormones on specific functional/matura-
tion phenotypes within each leukocyte subpopulation.

Studies such as these are important because they could
conceivably lead to clinical applications that harness stress
physiology to direct/enhance protective immune responses
during vaccination, wound healing, infection, or cancer, to
reduce leukocyte traffic to sites of inflammatory/autoim-
mune reactions, to sequester immune cells in certain com-
partments to minimize exposure to cytotoxic treatments like
radiation or localized chemotherapy, and to monitor as a
measure of stress hormone resistance/sensitivity. These stu-
dies also have important implications for experimental
design and for the interpretation of experimental and clin-
ical/diagnostic data. To our knowledge, these studies are the
first to simultaneously quantify stress-induced changes in all
major leukocyte subpopulations and their distinct functional
subtypes, during the early (mobilization) as well as late
(trafficking) phases of the leukocyte redistribution stress
response. To our knowledge, these studies are also the first
to quantify the combinatorial effects of simultaneously
administering stress hormone combinations that mimic and
elucidate the effects of NE, EPI, and CORT, which are the
major mediators of the stress-induced changes in immune
cell distribution. Based on data presented here as well as
what is known in the literature, we propose a model explain-
ing how stress hormones represent a “call to arms” and
induce the body’s ‘“‘soldiers” (immune cells) to leave their
“barracks” (marginated pool, spleen, bone marrow), travel
through the **boulevards” (blood vessels) and take up posi-
tions at ongoing or potential “battlefields” (e.g., skin, gas-
tro-intestinal tract, uro-genital tract) during or following
stress.

2. Materials and methods
2.1. Animals

Male Sprague Dawley rats (200—300 g) (Harlan Sprague Daw-
ley, Indianapolis, IN) were used in all experiments. Animals
were housed (3 per cage) in the accredited (American Asso-
ciation of Accreditation of Laboratory Animal Care) animal
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facilities of The Rockefeller University (New York, NY).
Experiments were conducted according to protocols
approved by The Rockefeller University Laboratory Animal
Care and Use Committee. Animal rooms were maintained on
a 12-h light-dark cycle (lights on at 7 a.m. and off at 7 p.m.).
All animals were given rat chow and tap water ad libitum.

2.2. Adrenalectomy

Bilateral adrenalectomy (ADX) was performed using standard
aseptic surgical techniques on rats fully anesthetized with
the inhalant, methoxyflurane (Metofane; Pitman-Moore,
Washington Crossing, NJ). ADX animals were maintained on
a low “normalizing” dose of corticosterone (20 wg/ml, Ster-
aloids, Wilton, NH) administered through drinking fluid (ani-
mals were given two bottles, one with water and one with 3%
saline, described in Dhabhar and McEwen (1999)). This was
necessary for restoring permissive functions of corticoster-
one that are lost following ADX (Ambrose, 1964; De Kloet,
1995; Ingle, 1936, 1954). Corticosterone replacement nor-
malizes basal levels of adrenocorticotropic hormone (ACTH),
blood leukocyte numbers, and catecholamine hormones
(Kvetnansky et al., 1993), all of which are abnormally high
in ADX animals. Unlike constant replacement (via pellets or
osmotic pumps), drinking water corticosterone also facili-
tates the normal termination of a stress-induced ACTH
response (Akana et al., 1988; Jacobson et al., 1988), and
simulates the circadian corticosterone rhythm as animals
drink at the beginning of the active period.

2.3. Stress

Acute stress was administered by placing animals (without
squeezing or compression) in well-ventilated Plexiglas (Rohm
and Haas, Philadelphia, PA) restrainers for 2 min to 2 h as

indicated in the figures. This procedure approximates stress
that is largely psychological in nature due to the perception
of confinement on part of the animal (for review see: Ber-
kenbosch et al., 1991; Glavin et al., 1994). Restraint acti-
vates the autonomic nervous system (Kvetnansky et al.,
1993), and the hypothalamic-pituitary-adrenal axis (Dhabhar
et al., 1993, 1995a, 1994; Plotsky and Meaney, 1993), and
results in the activation of adrenal steroid receptors through-
out the body (Dhabhar et al., 1995a; Plotsky and Meaney,
1993).

2.4, Experimental procedures

Effects of stress on catecholamine and glucocorticoid hor-
mones (Fig. 1): Rats (sample size, n =5 or 6 per time point)
were restrained for 0 (resting state baseline), 2, 4, 6, 30, and
120 min and euthanized at the end of each time period. Trunk
blood was rapidly collected into EDTA tubes (Vacutainer,
Becton Dickinson, Franklin Lakes, NJ) that were immediately
placed on ice. Plasma was obtained via centrifugation and
stored at —70 °C until analysis. Based on previous studies that
showed similar effects of stress on leukocyte redistribution
during different phases of the circadian cycle (Dhabhar et al.,
1995b), all experiments in the current study were started one
hour after lights went on in the animal room. Effects of stress
on blood immune cell numbers and CD62L expression
(Figs. 2—4): Rats (n = 3) were restrained in Plexiglas (Rohm
and Haas, Philadelphia, PA) restrainers. Blood was rapidly
collected into heparinized microfuge tubes from each rat by
the tail clip method immediately after it was placed in the
restrainer (0 min, resting state baseline) and at 6, 15, 30, 60,
and 120 min. Tails were clipped only for collection of the first
blood sample. No further clipping is necessary for subsequent
sample collection. Animals were returned to their home
cages for recovery after 2 h restraint stress. Blood was
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Figure 1

Acute stress induces rapid increases in circulating (plasma) norepinephrine, epinephrine, and corticosterone concentra-

tions. Data are expressed as means + SEM (n=5 or 6 per time point). Statistically significant differences are indicated: *p < 0.05:

relative to baseline (Fisher’s LSD).
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Figure 2  Acute stress induces rapid and significant changes in WBC, monocyte, neutrophil, lymphocyte, and Th, CTL, B, and NK
cell numbers in the blood. Leukocyte numbers (1000/ wl blood) were quantified at 0 (baseline) and 6, 15, 30, 60, and 120 min during
restraint stress. An increase in immune cell numbers relative to baseline represents mobilization of leukocytes into the blood.
A decrease from peak numbers or relative to baseline represents trafficking of cells out of the blood and into tissues. Percent
change relative to baseline at peak and trough is indicated. Data are expressed as means + SEM (n = 3). Statistically significant
differences are indicated: *p < 0.05, and **p < 0.01: relative to baseline (Fisher’s LSD); 'p < 0.05, and ''p < 0.01: relative to peak

(Fisher’s LSD).

maintained at room temperature until total white blood cell
counts were obtained and samples were stained for flow
cytometric analysis. Effects of catecholamine and glucocor-
ticoid hormones on blood immune cell humbers and CD62L
expression (Figs. 5—7): Different groups of adrenalectomized
(ADX) rats were injected intraperitonealy with an aqueous
solution of vehicle (VEH, 2-hydroxypropyl-B-cyclodextrin,
Research Biochemicals International, Natick, MA, n = 3), nor-
epinephrine (NE, 2 mg/kg, Research Biochemicals Interna-
tional, Natick, MA, n=4), epinephrine (EPI, 0.3 mg/kg,
Research Biochemicals International, Natick, MA, n=3),
corticosterone (CORT, 3 mg/kg, Steraloids, Wilton, NH,
n=3), and the following combinations of the same concen-
trations of these hormones: NE +EPI (n=4), NE+ CORT
(n=4), EPI+CORT (n=3), NE+EPI+CORT (n=4). The
injected hormone concentrations were based on amounts
used in other studies (Kradin et al., 2001; Meng et al., 1996;
van Gool et al., 1984), and determined to induce circulating
concentrations and effects that were within the range of a
physiological stress response. Blood was rapidly collected by
the tail clip method into heparinized microfuge tubes from
each rat 2 h after injection. Animals were returned to their
home cages for recovery after blood collection. Blood was
maintained at room temperature until total white blood cell
counts were obtained and samples were stained for flow
cytometric analysis.

2.5. Quantification of plasma catecholamines
and corticosterone

Norepinephrine (NE) and epinephrine (EPI) were quantified
in EDTA plasma by HPLC with electrochemical detection in
the laboratory of William Malarkey, at The Ohio State
University. Standards and chemistry (Alumina extraction)
were purchased from ChromSystems, Munich, Germany
(U.S. affiliate Thermo-Alko, Beverly, MA). The HPLC Pump
and detector were manufactured by ESA (ESA, Inc., Chels-
ford, MA). AWaters 717 plus autosampler was used to make
injections (Waters Corporation, Milford, MA). C-18 Columns
were purchased from the Waters Corporation. Intra-assay
variation for norepinephrine and epinephrine was 3% and
6%, respectively. Inter-assay variation for norepinephrine
and epinephrine was 6% and 13%, respectively. Sensitivity
for norepinephrine was 15 pg/ml and for epinephrine was
6 pg/ml. Plasma catecholamine concentrations are
expressed as pg/ml. Corticosterone was measured by radio-
immunoassay using an RIA kit (Diagnostic Products Corpora-
tion, Los Angeles, CA). The antiserum is highly specific for
rat corticosterone and has very low cross reactivity to other
steroids. Intra-assay and inter-assay variation were 6.8%
and 8.5%, respectively. Assay sensitivity was 5.7 ng/ml of
corticosterone. Plasma corticosterone concentrations are
expressed as ng/ml.
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Figure 3  Effects of acute stress on CD62L— and CD62L+ monocyte and neutrophil numbers and CD62L expression on monocytes and

neutrophils. Leukocyte numbers (1000/ .l blood) were quantified at 0 (baseline) and 6, 15, 30, 60, and 120 min during restraint stress.
CD62L surface expression is expressed as mean fluorescence intensity (MFl) as measured on the flow cytometer. An increase in immune
cell numbers relative to baseline represents mobilization of leukocytes into the blood. A decrease from peak numbers or relative to
baseline represents trafficking of cells out of the blood and into tissues. Percent change relative to baseline at peak and trough is
indicated. Data are expressed as means + SEM (n = 3). Statistically significant differences are indicated: *p < 0.05, and **p < 0.01:
relative to baseline (Fisher’s LSD); 'p < 0.05, and ''p < 0.01: relative to peak (Fisher’s LSD).

2.6. Characterization and quantification of blood
immune cell subpopulations

White blood cell (WBC) counts were obtained on a hematol-
ogy analyzer (F800, Sysmex, McGraw Park, IL). Specific sub-
types of immune cells were measured by immunofluorescent
antibody staining of whole blood and subsequent analysis
using three color flow cytometry (FACScan, Becton Dickinson,
San Jose, CA) using a panel of leukocyte surface markers as
previously described (Dhabhar et al., 1995b, 1996, 1994).
Neutrophil, monocyte, and lymphocyte differentials were
obtained based on forward — versus side — scatter charac-
teristics on the flow cytometer. Briefly, lymphocyte subsets
were defined using 3-color panels consisting of the following
monoclonal antibodies (Harlan, Indianapolis, IN): In the first
panel we used FITC-conjugated OX-19 as a pan-T cell marker
(Dallman et al., 1984), PE-conjugated W3/25, as a marker for
helper T lymphocytes (Brideau et al., 1980), PE-Cy5-conju-
gated OX-8, as a marker for cytolytic T cells (CTL) (Barclay,
1981; Johnson et al., 1985). NK cells were identified as OX-
19-0X-8+ cells. In a second panel, we used FITC-conjugated
anti-CD62L antibody to identify L-selectin, PE-conjugated

0X33, to identify B cells (Woollett et al., 1985), and PE-
Cy5-conjugated OX-8 to identify CTLs. Antibody isotype con-
trols were used to set the negative criterion analysis.

2.7. Statistical analysis

Statistical analysis employed analysis of variance (ANOVA).
Fixed-block ANOVA was employed for repeated-measures ana-
lyses to adjust for effects of individual rats (Netter et al.,
1985). Post hoc means comparisons employed Fisher’s least
significant difference (LSD) for assessment of statistical sig-
nificance between key groups or time points (Milliken and
Johnson, 1998). Where variances were unequal via a homo-
geneity test, Welch’s correction was applied. Significant over-
all effects shown by ANOVAs are indicated together with post
hoc tests for significant differences for selected time point
(e.g., baseline compared tostress, or peak compared to stress)
comparisons or selected treatment group (VEH compared to
hormone treatment, or highest hormone-induced change com-
pared to other groups) comparisons. In some cases where there
was no statistically significant overall effect, only the results of
the post hoc test are shown. Some observations that are
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Figure 4 Effects of acute stress on CD62L— and CD62L+ T&NK cell, CTL, and B cells and CD62L expression on the same cell types.
Leukocyte numbers (1000/ .l blood) were quantified at 0 (baseline) and 6, 15, 30, 60, and 120 min during restraint stress. CD62L surface
expression is expressed as mean fluorescence intensity (MFI) as measured on the flow cytometer. An increase in immune cell numbers
relative to baseline represents mobilization of leukocytes into the blood. A decrease from peak numbers or relative to baseline
represents trafficking of cells out of the blood and into tissues. Percent change relative to baseline at peak and trough is indicated. Data
are expressed as means + SEM (n = 3). Statistically significant differences are indicated: *p < 0.05, and **p < 0.01: relative to baseline
(Fisher’s LSD); fp < 0.05, and 'p < 0.01: relative to peak (Fisher’s LSD).

discussed but were not statistically significant are indicated by
the abbreviation *nss.” Actual p values are stated in the text
for the overall ANOVAs, but rounded p values are given for all
other comparisons in order to streamline presentation. Exact p
values are also indicated in the few instances where trends
(0.05 < p < 0.1) are mentioned so that the reader can gauge
the strength of evidence for the trend. Means that differed
significantly are indicated in the figures by symbols defined in
the figure legends. Data are expressed as mean + SEM in all
figures. A computer statistics package was used for statistical
analyses (SAS v9.2, SAS Institute, Cary, NC).

3. Results

3.1. Acute stress-induced changes in
norepinephrine (NE), epinephrine (EPI), and
corticosterone (CORT)

Fig. 1 shows stress-induced changes in NE, EPI, and
CORT. Acute stress increased circulating concentrations
of the three principal stress hormones, NE (rest-
ing = 3881 + 550 pg/ml; stress = 5245 + 659 pg/ml, nss), EPI
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Figure 5 Effects of control (vehicle, VEH) or stress hormones, norepinephrine (NE), epinephrine (EPI), corticosterone (CORT), NE + EPI, NE + CORT, EPI + CORT, and NE + EPI + CORT
(bars shown in this order) on WBC, monocyte, neutrophil, lymphocyte, and Th, CTL, B, and NK cell numbers in the blood. Leukocyte numbers (1000/ ul blood) were quantified 2 h after
vehicle or hormone injection in adrenalectomized animals. An increase in immune cell numbers relative to the VEH group represents mobilization of leukocytes into the blood. A
decrease represents trafficking of cells out of the blood and into tissues. Data are expressed as means + SEM (n = 3 or 4 per treatment group). Statistically significant differences are
indicated: *p < 0.05, and **p < 0.01: relative to baseline (Fisher’s LSD); 'p < 0.05, and "'p < 0.01: please see text for comparison groups (Fisher’s LSD).
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Figure 6

Effects of control (vehicle, VEH) or stress hormones, norepinephrine (NE), epinephrine (EPI), corticosterone (CORT),

NE + EPI, NE + CORT, EPI + CORT, and NE + EPI + CORT (bars shown in this order) on CD62L— and CDé62L+ monocyte and neutrophil
numbers and CD62L expression on monocytes and neutrophils. Leukocyte numbers (1000/ wl blood) were quantified 2 h after vehicle or
hormone injection in adrenalectomized animals. CD62L surface expression is expressed as mean fluorescence intensity (MFI) as
measured on the flow cytometer. An increase in immune cell numbers relative to the VEH group represents mobilization of leukocytes
into the blood. A decrease represents trafficking of cells out of the blood and into tissues. Data are expressed as means + SEM (n = 3 or 4
per treatment group). Statistically significant differences are indicated: *p < 0.05, and **p < 0.01: relative to baseline (Fisher’s LSD);
ip <0.05, and fip < 0.01: please see text for selected comparison groups (Fisher’s LSD).

(resting = 7537 + 910 pg/ml; stress = 9846 + 540 pg/ml, nss),
and CORT (resting = 65 + 31 ng/ml; stress = 791 + 44 ng/ml,
p < 0.05). Relative to resting state baseline levels, NE and EPI
reached peak concentrations at 6 min after the beginning of
stress (nss), while circulating CORT showed a significant
increase starting at 2 min (p < 0.05), and remained signifi-
cantly higher at all subsequent time points (p < 0.05), reach-
ing peak concentrations at 30 min (p < 0.05).

3.2. Acute stress-induced changes in subtypes of
blood monocytes, neutrophils, and lymphocytes

Fig. 2 shows the time course of stress-induced changes in
blood immune cell numbers at baseline (0 min) and 6, 15, 30,
60, and 120 min after the beginning of stress. Effects of stress
were quantified as follows. (1) Total white blood cells (WBC):
Fixed-block ANOVA showed that there was an overall effect of
stress over time on blood WBC numbers (F = 8.03, p < 0.01).
Compared to resting state baseline, WBC numbers increased
at 6 min (p < 0.05), declined to become indistinguishable
from baseline at 15min (p=0.86), and continued to

decrease, reaching their lowest levels at 2h (p < 0.01).
Compared to their peak levels at 6 min, WBC numbers were
significantly lower at all other time points (p < 0.05). Since
overall WBC numbers reflect the sum of the changes in
leukocyte subpopulation numbers (that may change in dif-
ferent directions or to different extents in response to
stress), we quantified stress-induced changes in all major
immune cell subpopulations. (2) Monocytes: Monocyte num-
bers remained similar to baseline levels up to 30 min, and
then began to decrease, reaching their lowest levels at 2 h,
however, these changes were not statistically significant. (3)
Neutrophils: Compared to resting state baseline, neutrophil
numbers increased at 6 min, remained at that level until
30 min, showed another increase at 60 min (trend, p = 0.07),
and reached their highest levels at 2 h (p < 0.05). (4) Lym-
phocytes: Fixed-block ANOVA showed that there was an
overall effect of stress over time on blood lymphocyte num-
bers (F = 13.65, p < 0.001). Compared to resting state base-
line, lymphocyte numbers increased at 6 min (p < 0.05),
declined to become indistinguishable from baseline at
15 min (p = 0.89), and continued to decrease, reaching their
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Figure 7

Effects of control (vehicle, VEH) or stress hormones, norepinephrine (NE), epinephrine (EPI), corticosterone (CORT),

NE + EPI, NE + CORT, EPI + CORT, and NE + EPI + CORT (bars shown in this order) on CD62L— and CDé62L+ T&NK cell, CTL, and B cells and
CD62L expression on the same cell types. Leukocyte numbers (1000/ .l blood) were quantified 2 h after vehicle or hormone injection in
adrenalectomized animals. CD62L surface expression is expressed as mean fluorescence intensity (MFI) as measured on the flow
cytometer. An increase in immune cell numbers relative to the VEH group represents mobilization of leukocytes into the blood. A
decrease represents trafficking of cells out of the blood and into tissues. Data are expressed as means + SEM (n = 3 or 4 per treatment
group). Statistically significant differences are indicated: *p < 0.05, and **p < 0.01: relative to baseline (Fisher’s LSD); 'p < 0.05, and
p < 0.01: please see text for selected comparison groups (Fisher’s LSD).

lowest levels at 2h (p < 0.001). Compared to their peak
levels at 6 min, lymphocyte numbers were significantly lower
at all other time points (p < 0.05).

In addition to the effects on the mixed lymphocyte popu-
lation described above, the following effects of stress were
observed for specific lymphocyte subpopulations. (1) Helper
T (Th) cells: Fixed-block ANOVA showed that there was an
overall effect of stress over time on blood Th numbers
(F =14.27, p < 0.001). Compared to resting state baseline,
mean Th numbers increased at 6 min (p < 0.001), declined to

become indistinguishable from baseline at 15 min (p = 0.15),
and continued to decrease, reaching their lowest levelsat 2 h
(nss). Compared to their peak levels at 6 min, Th numbers
were significantly lower at all other time points (p < 0.01).
Cytolytic Tcells (CTL): Fixed-block ANOVA showed that there
was an overall effect of stress over time on blood CTL
numbers (F = 8.45, p < 0.01). Mean CTL numbers increased
at 6 min (p < 0.01), declined to become indistinguishable
from baseline at 15min (p=0.33), and continued to
decrease, reaching their lowest levels at 2h (p=0.06).
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Compared to their peak levels at 6 min, CTL numbers were
significantly lower at all other time points (p < 0.05). (3) B
cells: Fixed-block ANOVA showed that there was an overall
effect of stress over time on blood B cell numbers (F = 22.31,
p <0.0001). Mean B cell numbers increased at 6 min
(p < 0.05), declined to become indistinguishable from base-
line at 15 min (p = 0.54), and continued to decrease, reach-
ing their lowest levelsat 2 h (p < 0.0001). Compared to their
peak levels at 6 min, B cell numbers were significantly lower
at all other time points (p < 0.001). (4) NK cells: Fixed-block
ANOVA showed that there was an overall effect of stress over
time on blood NK cell numbers (F =7.72, p < 0.01). Unlike T
and B cells that increased at 6 min, mean NK cell nhumbers
showed a rapid decrease at 6 min (p < 0.05), then showed a
slight increase relative to the 6 min time point at 15 and
30 min (nss), then decreased to reach their lowest levels at
2h (p<0.001).

In summary, Fig. 2 shows that stress induced an early
(6 min) increase/mobilization of neutrophils, lymphocytes,
helper Tcells (Th), cytolytic Tcells (CTL), and B cells into the
blood, followed (at 60—120 min) by a decrease/trafficking of
all cell types out of the blood, except neutrophil numbers
that continued to increase while the stressor was present.
The redistribution patterns shown by functional subsets
(naive, memory or effector lymphocytes, classical/inflam-
matory or non-classical/resident monocytes) within each
subpopulation, and the hormonal mediators of mobilization
and trafficking are elucidated below.

3.3. Acute stress-induced changes in blood
CD62L expression on monocyte, neutrophil, and
lymphocyte subpopulations

Given the critical role of CD62L in the adhesion cascade and
as a maturational/functional status marker, we hypothe-
sized that stress and stress hormones would increase or
decrease leukocyte CD62L expression in relation to stress
effects on immune cell distribution. Fig. 3 shows stress-
induced changes in numbers of CD62L— and CD62L+ cells,
and the intensity of CD62L expression on monocytes and
neutrophils. (1) Monocytes: Compared to resting state base-
line, CD62L— monocytes, that are generally thought to be
non-classical/resident cells (Gordon and Taylor, 2005; Tacke
and Randolph, 2006) decreased steadily during stress,
reaching their lowest levels at 2 h although these differ-
ences were not statistically significant. In contrast, CD62L+
monocytes, which are thought to be classical/inflammatory
monocytes (Gordon and Taylor, 2005; Tacke and Randolph,
2006), increased slightly between 6 and 30 min, and then
decreased to their lowest levels at 2 h. These differences
were also not statistically significant. With respect to CD62L
expression on monocytes, fixed-block ANOVA showed that
there was an overall effect of stress over time (F =5.02,
p < 0.05). Monocyte CD62L expression showed a biphasic
decrease with troughs at 6min (p<0.01) and 2h
(p <0.01) and a peak in between, at 30 min (p < 0.05).
(2) Neutrophils: Compared to resting state baseline,
CD62L— neutrophil numbers showed a biphasic increase
with peaks at 6 min (p <0.05) and 2h (p=0.06) and a
trough in between at 30 min (p < 0.05). CD62L+ neutrophils
showed a monophasic increase starting at 15 min and peak-
ing at 1 h, although these differences were not statistically

significant. Neutrophil CD62L expression increased during
stress, peaking at 2 h (p < 0.05).

Fig. 4 shows stress-induced changes in numbers of CD62L—
and CD62L+ cells, and the intensity of CD62L expression on
T + NK, CTL, and B cells. Effects of stress were quantified as
follows. (1) Tand NK cells: Fixed-block ANOVA showed that
there was an overall effect of stress over time on CD62L— cell
numbers in the combined population of T cells plus NK cells
(these cells could not be identified separately due to limita-
tions of the flow cytometer, combinations of available
antibodies, and blood volume) (F = 18.32, p < 0.0001). Com-
pared to resting state baseline, CD62L—T + NK cells showed a
significant decrease starting at 15 min (p < 0.05) and reach-
ing their lowest levels at 2h (all p <0.01). Fixed-block
ANOVA also showed that there was an overall effect of stress
over time on CD62L+ cell numbers of T + NK cells (F = 11.62,
p < 0.001). Mean CD62L+ T plus NK cell numbers increased at
6 min (p < 0.01), declined to become indistinguishable from
baseline at 15 min (p =0.59), and continued to decrease,
reaching their lowest levels at 2 h (p < 0.01). Compared to
their peak levels at 6 min, CD62L+ T plus NK cell numbers
were significantly lower at all other time points (p < 0.05).
CD62L expression on T+ NK cells decreased during stress,
reaching its lowest levels at 2 h (p =0.07). (2) CTLs: Com-
pared to resting state baseline, CD62L— CTLs showed a
decrease which reached statistical significance at 60 min
and 2 h (p < 0.05). Fixed-block ANOVA showed that there
was an overall effect of stress over time on CD62L+ CTL
numbers (F =3.8, p <0.05). Mean CD62L+ CTL numbers
increased slightly at 6 and 15 min (nss), and then decreased,
reaching their lowest levels at 2 h (p =0.06). Compared to
their peak levels at 6 min, CD62L+ CTL numbers were sig-
nificantly lower at 60 min and 2 h (p < 0.05). CD62L expres-
sion on CTLs decreased during stress, reaching its lowest
levels at 2h (p=0.09). (3) B cells: Fixed-block ANOVA
showed that there was an overall effect of stress over time
on CD62L— B cell numbers (F = 15.95, p < 0.001). Compared
to resting state baseline, mean CD62L— B cells reached peak
levels at 6 min (p < 0.001) and then decreased reaching their
lowest levels at 2 h (p=0.07). Compared to peak levels at
6 min, CD62L— B cell numbers decreased significantly at all
other time points (all p < 0.01). Fixed-block ANOVA showed
that there was an overall effect of stress over time on CD62L+
B cell numbers (F =8.6, p < 0.01). CD62L+ B cell numbers
decreased over time reaching their lowest levels at 60 min
(p<0.01) and 2h (p<0.001). With respect to CDé62L
expression on B cells, fixed-block ANOVA showed that there
was an overall effect of stress over time (F = 4.73, p < 0.05).
Compared to resting state baseline, CD62L expression on B
cells was lower at 6 min (p < 0.01) and 15 min (p < 0.05),
indistinguishable from baseline at 30 and 60 min, and
decreased again at 2 h (p < 0.01).

In summary, cell surface expression of CD62L increased on
neutrophils, decreased on Th, CTL, and natural killer (NK)
cells, and showed a biphasic decrease on monocytes & B
cells, suggesting that CDé62L is involved in mediating the
redistribution effects of stress. Moreover, significant differ-
ences were observed in the effects of stress on the magnitude
and direction of changes in total, as well as CD62L— versus
CD62L+ subtypes within each leukocyte subpopulation. This
suggests, for example, that naive (CD62L+) vs. memory
(CD62L—) T cells, classical (CD62L+) vs. non-classical
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(CD62L—) monocytes, and similarly distinct functional sub-
sets of other leukocyte populations are differentially
affected by stress and stress hormones.

3.4. Stress hormone-induced changes in blood
monocyte, neutrophil, and lymphocyte numbers

Numerous studies have examined the effects of specific stress
hormones on blood immune cell nhumbers (Benschop et al.,
1996; Dale et al., 1974; Dhabhar et al., 1995b, 1996; Fauci
and Dale, 1974; Schedlowski et al., 1993a). Taken together,
these studies suggest that the principal stress hormones,
norepinephrine (NE), epinephrine (EPI) and corticosterone
(CORT), are the major endocrine mediators of a stress-
induced leukocyte redistribution (Dhabhar and McEwen,
2001). However, the combinatorial effects of simultaneously
administering stress hormones remain to be investigated. We
hypothesized that specific combinations of stress hormones
would mediate distinct aspects of stress-induced leukocyte
redistribution. To test this hypothesis, we characterized and
quantified individual and combined actions of NE, EPI and
CORT, in mediating changes in specific leukocyte subpopula-
tions and their functional/maturation subsets as identified by
the presence of absence of CD62L.

Fig. 5 shows the effects of administering vehicle (VEH)
control, NE, EPI, CORT, NE + EPI, NE + CORT, EPI + CORT and
NE + EPI + CORT on leukocyte redistribution to adrenalecto-
mized rats. Leukocyte subpopulations were quantified 2 h
after hormone administration. (1) WBC: One-way ANOVA
showed that there was an overall effect of hormone treat-
ment on blood WBC numbers (F = 19.71, p < 0.0001). Com-
pared to the VEH group, mean WBC numbers were increased
by NE (p < 0.05), and EPI (p < 0.05). NE-induced numbers
were higher than those induced by EPI (p < 0.05). CORT
administration significantly decreased WBC numbers
(p <0.05), and all catecholamine + CORT combinations
resulted in WBC numbers between the high values induced
by the catecholamines and the low values induced by CORT
(all p < 0.05). (2) Monocytes: One-way ANOVA showed that
there was an overall effect of hormone treatment on blood
monocyte numbers (F =2.85, p <0.03). Mean monocyte
numbers were increased by EPI (p < 0.05) and decreased
by CORT (p<0.05). Monocyte numbers were also
decreased by all CORT containing combinations (nss). (3)
Neutrophils: One-way ANOVA showed that there was an
overall effect of hormone treatment on blood neutrophil
numbers (F =13.47, p <0.0001). Compared to the VEH
group, mean neutrophil numbers were significantly
increased by NE (p < 0.05), EPI (p < 0.05) and all hormone
combinations containing NE or EPI (p < 0.05). (4) Lympho-
cytes: One-way ANOVA showed that there was an overall
effect of hormone treatment on blood lymphocyte numbers
(F =26.32, p < 0.0001). Compared to the VEH group, mean
lymphocyte numbers were decreased by EPI (p < 0.05) and
CORT (p < 0.05). CORT induced numbers were significantly
lower than those induced by EPI (p < 0.05) indicating that
CORT induced a larger decrease in blood lymphocyte num-
bers than EPI. Compared to the VEH and NE groups, all
hormone combinations that contained EPI, CORT, or EPI + -
CORT, significantly decreased blood lymphocyte numbers
(all p < 0.05).

The following effects of hormone treatment were
observed for the specific lymphocyte subpopulations exam-
ined. (1) Helper T (Th) cells: One-way ANOVA showed that
there was an overall effect of hormone treatment on blood
Th cell numbers (F = 6.41, p < 0.001). Compared to the VEH
group, mean Th cell numbers were unchanged by NE and EPI,
decreased by CORT, and by all hormone combinations con-
taining CORT (all p < 0.05). (2) Cytolytic T cells (CTL):One-
way ANOVA showed that there was an overall effect of
hormone treatment on blood CTL numbers (F=16.2,
p < 0.0001). Compared to the VEH group, mean CTL numbers
were unchanged by NE, and decreased by EPI, CORT, and by
all hormone combinations containing EPI or CORT (all
p < 0.05). Interestingly, mean CTL numbers measured after
administration of CORT or any combination containing CORT
were significantly lower than those measured after admin-
istration of EPI or EPI + NE (p < 0.05). (3) B cells: One-way
ANOVA showed that there was an overall effect of hormone
treatment on blood B cell numbers (F = 110.32, p < 0.0001).
Compared to the VEH group, mean B cell numbers were
decreased slightly by NE (p < 0.05), and significantly by
EPI, CORT, and by all hormone combinations containing EPI
or CORT (all p < 0.05). Interestingly, mean B cell numbers
measured after administration of CORT or any hormone
combination containing CORT were significantly lower than
those measured after administration of EPI or EPI+ NE
(p < 0.05). (4) NK cells: One-way ANOVA showed that there
was an overall effect of hormone treatment on blood NK cell
numbers (F = 3.43, p < 0.05). Compared to the VEH group,
mean NK cell numbers were increased by CORT (p < 0.05),
and decreased by NE + EPI, EPI + CORT, and NE + EPI + CORT
although these changes were not statistically significant
compared to the VEH group but were significantly lower than
the CORT group (p < 0.05).

In summary, NE increased neutrophil numbers, and EPI
increased monocyte and neutrophil numbers. In contrast, EPI
decreased lymphocyte numbers with CTL and B cells being
particularly affected, and CORT decreased monocyte, lym-
phocyte, Th, CTL, and B cell numbers.

3.5. Stress hormone-induced changes in blood
CD62L expression on monocyte, neutrophil, and
lymphocyte subpopulations

Fig. 6 shows the effects of administration of vehicle (VEH)
control, NE, EPI, CORT, NE + EPI, NE + CORT, EPI + CORT and
NE + EPI + CORT on numbers of CD62L— and CD62L+ cells, and
the intensity of CD62L expression on monocytes and neutro-
phils in ADX rats. (1) Monocytes: One-way ANOVA showed that
there was an overall effect of hormone treatment on CD62L—
monocyte numbers (F = 3.8, p < 0.01). Compared to the VEH
group, CD62L— monocyte numbers were increased by EPI
(p < 0.05) and decreased by CORT (nss). EPI induced num-
bers were higher than those of all other treatment groups
(p < 0.05). There was no statistically significant overall
effect of hormone treatment on CD62L+ monocytes although
their cell numbers were lower than the VEH group in all CORT
and CORT-combination groups (nss). With respect to CD62L
expression on monocytes, one-way ANOVA showed that there
was an overall effect of hormone treatment (F =2.58,
p < 0.05). Compared to the VEH group, monocyte CD62L
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expression was lower in the EPI group and in all catechola-
mine + CORT combination groups (p < 0.05). (2) Neutrophils:
One-way ANOVA showed that there was an overall effect of
hormone treatment on CD62L— neutrophil numbers
(F = 3.54, p <0.05). Compared to the VEH group, CD62L—
neutrophils showed a massive mobilization (400—500%
increase) in the NE, EPI groups, and all combinations contain-
ing NE or EPI (all p < 0.05), and were largely unaffected by
CORT. One-way ANOVA also showed that there was an overall
effect of hormone treatment on CD62L+ neutrophil numbers
(F=6.16, p < 0.001). Compared to the VEH group, CD62L+
neutrophils also showed massive mobilization (300—400%) in
the NE, EPI and NE + EPI groups (all p < 0.05). However, all
CORT-containing hormone combinations brought CD62L+ neu-
trophil numbers back to resting-state/VEH control levels, and
CD62L+ neutrophil numbers were significantly lower in all
CORT-containing groups relative to the NE, EPI or NE + EPI
groups (all p < 0.05). These findings suggest that CD62L—
neutrophils are more sensitive to catecholamine-induced
mobilization into the bloodstream than to CORT-induced
trafficking out oF =the blood, while CD62L+ neutrophils
are sensitive to both, the mobilizing effects of catechola-
mines as well as the trafficking effects of CORT. With respect
to CD62L expression on neutrophils, one-way ANOVA showed
that there was an overall effect of hormone treatment
(F=4.21, p < 0.01). Compared to the VEH group neutrophil
CD62L expression decreased in the NE and EPI groups, and all
groups containing NE or EPI (all p < 0.05).

Fig. 7 shows hormone-induced changes in subpopulation-
specific surface expression of CD62L and in numbers of
CD62L— versus CD62L+ lymphocyte subpopulations. (1) T &
NK cells: One-way ANOVA showed that there was an overall
effect of hormone treatment on numbers of CD62L— T & NK
cells (F=11.69, p < 0.0001). Compared to the VEH group,
CD62L— T and NK cell numbers were decreased by EPI (nss),
CORT, and all CORT-containing combinations (p < 0.05).
One-way ANOVA also showed that there was an overall effect
of hormone treatment on numbers of CD62+ T & NK cells
(F =8.12, p < 0.01). Compared to the VEH group, CD62L+ T
and NK cell numbers were decreased in the CORT and NE + EPI
groups and all CORT-containing combinations (p < 0.05).
With respect to CD62L expression on T & NK cells, one-
way ANOVA showed that there was an overall effect of
hormone treatment (F = 12.44, p < 0.0001). CDé62L expres-
sion was decreased in the NE, EPI, and NE + EPI groups
(p < 0.05). Although CD62L expression appeared to be unaf-
fected by CORT, the NE + CORTand EPI + CORT groups showed
CD62L expression at intermediate levels between those seen
with NE or EPI alone and CORT alone, suggesting that CORT
counteracted the NE or EPI induced reduction of CD62L on T
and NK cells. (2) CTL: One-way ANOVA showed that there was
an overall effect of hormone treatment on numbers of
CD62L— CTLs (F =4.69, p <0.01). Compared to the VEH
group, CD62L— CTLs cell nhumbers were decreased by EPI
and all EPI-containing combinations (nss). One-way ANOVA
showed that there was an overall effect of hormone treat-
ment on numbers of CD62L+ CTLs (F =20.28, p < 0.001).
Compared to the VEH group, CD62L+ CTLs cell numbers were
decreased by EPI, CORT, and all combinations containing EPI
or CORT (p < 0.05). With respect to CD62L expression on
CTLs, one-way ANOVA showed that there was an overall
effect of hormone treatment (F = 2.53, p < 0.05). Compared

to the NE group, CD62L expression on CTLs was lower in the
CORT and all CORT-containing groups (p < 0.05). (3) B cells:
One-way ANOVA showed that there was an overall effect of
hormone treatment on numbers of CD62L-B cells (F = 25.45,
p < 0.0001). Compared to the VEH group, CD62L— B cell
numbers were increased by NE (p < 0.05), largely unaffected
by EPI, or NE +EPI, and significantly decreased (60—80%
decrease) by CORT and all CORT-containing combinations
(p < 0.05). One-way ANOVA showed that there was an overall
effect of hormone treatment on numbers of CD62L+ B cells
(F =532.04, p<0.0001). Compared to the VEH group,
CD62L+ B cell numbers were decreased significantly by all
hormone treatments (all p < 0.05), with the decrease being
much more pronounced (60—95%) in the EPI or CORT-contain-
ing groups (all p < 0.05). With respect to CD62L expression on
B cells, one-way ANOVA also showed that there was an overall
effect of hormone treatment (F = 6.85, p < 0.01). Compared
to the VEH group, CD62L expression on B cells was lower in
the CORT (nss), NE+CORT (p<0.05) and EPI+CORT
(p < 0.05) groups, and unaffected by NE and EPI.

In summary, significant differences were observed in the
effects of stress hormones on the magnitude and direction of
changes in total, as well as CD62L— versus CD62L+ subtypes
within each leukocyte subpopulation. This suggests, for
example, that naive (CD62L+) vs. memory (CD62L—) T cells,
classical (CD62L+) vs. non-classical (CD62L—) monocytes, and
similarly distinct functional subsets of other leukocyte popu-
lations, are differentially affected by stress hormones.

4. Discussion

4.1. Kinetics of stress-induced mobilization and
trafficking of blood immune cells

It is important to recognize that a short-term increase in
blood leukocytes (as seen during acute stress) reflects a
mobilization of cells into the blood from certain compart-
ments (e.g., marginated pool, spleen, bone marrow, lung,
lymph nodes). In contrast, a short-term decrease in blood
leukocyte numbers represents a trafficking of cells out of the
blood to target organs such as the skin (Dhabhar and McEwen,
1996) and lung (Kradin et al., 2001), or sites of immune
activation (Dhabhar and McEwen, 1997; Dhabhar and Viswa-
nathan, 2005; Viswanathan and Dhabhar, 2005), or back to
source compartments from which the cells were initially
mobilized (Dhabhar, 1998; Stefanski, 2003). The experiments
described here show that leukocytes are mobilized into the
blood within minutes after the beginning of a stress response,
following which, blood monocyte, lymphocyte, Th, CTL, B,
and NK cell numbers decrease, while neutrophil numbers
continue to increase.

It is important to appreciate the full kinetics of this
response since an examination of the effects of stress on
immune cell numbers at early time points would mainly
reflect mobilization (increased numbers), while late time
points would mainly reflect trafficking (decreased numbers).
This is a likely explanation for the apparent contradiction
between human studies that mainly show an increase in blood
leukocyte numbers during/following acute stress, and rodent
studies that show decreases. An elegant and interesting
example comes from Schedlowski et al. who measured blood
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T cell and NK cell nhumbers as well as plasma catecholamine
and cortisol levels in parachutists (Schedlowski et al.,
1993b). Measurements were made 2 h before, immediately
after, and 1 h after the jump. Results showed a significant
increase in Tcell and NK cell numbers immediately (minutes)
after the jump that was followed by a significant decrease 1 h
after the jump. An early increase in plasma catecholamines
preceded early increases in lymphocyte numbers whereas the
more delayed rise in plasma cortisol preceded the late
decrease in lymphocyte numbers. Importantly, changes in
NK cell activity and antibody-dependent cell-mediated cyto-
toxicity closely paralleled changes in blood NK cell nhumbers,
thus suggesting that changes in leukocyte numbers may be an
important component of apparent changes in leukocyte
“activity”.

It is also important to appreciate that the cessation of the
stressor does not result in immediate cessation of the phy-
siological stress response, so the immune cell redistribution
cascade is likely to be proceed even after relatively brief
stressors. The magnitude of the redistribution response is
dependent on the duration and intensity/severity of stress
(Dhabhar and McEwen, 1997). Interestingly, Rinner et al.
have shown that a short stressor (1 min handling) induced
an increase in mitogen-induced proliferation of Tand B cells
obtained from peripheral blood, while a longer stressor (2 h
immobilization) induced a decrease in the same proliferative
responses (Rinner et al., 1992).

Stress-induced changes in leukocyte surface expression of
CD62L suggest that this important adhesion molecule is at
least partially involved in mediating the stress-induced redis-
tribution of leukocytes in the body. Moreover, immune cell
subpopulations appear to show differential sensitivities and
redistribution responses depending on the type of leukocyte
and its functional characteristics. For example, naive
(CD8+CD62L+) CTLs showed mobilization and trafficking dur-
ing stress, while memory/effector (CD8+CD62L—) CTLs that
are present in the blood under resting conditions traffic out to
tissues. Similarly, inflammatory/classical (CD62L+) mono-
cytes (Gordon and Taylor, 2005; Tacke and Randolph, 2006)
show mobilization and trafficking, while resident/non-clas-
sical (CD62L—) monocytes (Gordon and Taylor, 2005; Tacke
and Randolph, 2006) that are present in the blood traffic out
to tissues during stress.

Furthermore, these findings show that the principal stress
hormones act in concert to orchestrate leukocyte redistribu-
tion. While NE and EPI mobilize immune cells into the blood-
stream, EPI and CORT enhance traffic of specific
subpopulations out of the blood possibly to tissue surveil-
lance pathways, secondary lymphoid tissues, and sites of
ongoing inflammation, or de novo immune activation (if
the stressor is accompanied by wounding, sterile tissue
damage and inflammation, or pathogen entry). Thus, differ-
ent types of stressors (e.g., cold stress vs. immobilization vs.
inflammatory pain vs. hypoglycemia), that are known to
induce different relative increases in circulating concentra-
tions of NE, EPI, and CORT (Kvetnansky et al., 1998; Pacak
et al., 1998), are likely to have different effects on the
kinetics and subpopulation specificity of changes in leukocyte
distribution. Since exercise induces endocrine changes that
are similar to stress (Pedersen and Hoffman-Goetz, 2000;
Walsh et al., 2011), these findings are also likely to apply to
the effects of exercise on immune cell distribution/function.

4.2. Stress-induced leukocyte redistribution—
from Barracks, to Boulevards, to Battlefields

We present a model of stress-induced immune cell redistri-
bution (Fig. 8) that is based on the findings described here
and those in the literature (Baum et al., 1996; Benschop
et al., 1996; Dhabhar, 2009b; Dhabhar and McEwen, 1996,
1997; Engler et al., 2004). This model represents significant
advances in our understanding of the hormone mediators,
source organs, kinetics, direction, leukocyte subpopulation
specificity, and target organs, of stress-induced changes in
blood immune cell nhumbers (Dhabhar and McEwen, 1997).
Furthermore, the model explains how stress-induced leuko-
cyte redistribution may be one of nature’s fundamental
survival responses that directs specific leukocyte subpopula-
tions to specific target organs during stress, and as result
significantly enhances the speed, efficacy and regulation of
an immune response. Since exercise induces endocrine
changes that are similar to stress (Pedersen and Hoffman-
Goetz, 2000; Walsh et al., 2011), this model is likely to
explain the effects of exercise on immune cell distribu-
tion/function. Important aspects, components, and implica-
tions of this model are explained below:

General profile of stress-induced mobilization and traf-
ficking of leukocytes: Early (2—30 min) during stress, blood
monocyte, neutrophil, and lymphocyte numbers increase
(shaded area with dark upward diagonal) as these cells are
mobilized into the blood from sources like the spleen, mar-
ginated pool, lung bone marrow and lymph nodes. It is
important to note that specific leukocyte subpopulations
(e.g., CD62L— CTLs or CD62L+ B cells) that are circulating
in the blood under resting conditions may traffic to tissues
(and their circulating numbers decrease) immediately after
the beginning of stress, but the overall increase in blood
leukocyte numbers is due to the fact that a majority of cells
are being mobilized into the blood. Later during stress
(15 min to a few hours) monocyte and lymphocyte numbers
decrease (shaded area with light downward diagonal) as cells
traffic out of the blood and into target organs, while neu-
trophil numbers show a second wave of mobilization.

Source organs from which leukocytes are mobilized: The
marginated leukocyte pool, spleen, lung, bone marrow, and
perhaps certain lymph nodes are thought to be the source
organs from which immune cells are mobilized into the blood
early (2—30 min) during stress. These organs may serve as
“barracks” where it makes physiological sense for a major
proportion of immune cells (the body’s *‘soldiers’) reside
unless they are patrolling their normal surveillance path-
ways, or are called into action at sites of immune activation.
Part of this mobilization may occur through catecholamine-
driven splenic capsule contraction and subsequent extrusion
of erythrocytes and leukocytes into the blood (Stewart and
McKenzie, 2002). However, studies have shown that stress-
induced leukocyte mobilization is also observed in splenec-
tomized subjects (Baum et al., 1996; Schedlowski et al.,
1996). This suggests that there are other sources such as the
marginated leukocyte pool (which is likely to be a major
source), lung, bone marrow and lymph nodes (Dhabhar and
McEwen, 1997).

Target sites/organs to which leukocytes traffic during/
following stress: Stress enhances leukocyte traffic to three
major types of sites/organs: (1) Active ‘“‘battlefields” which
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Figure 8 Model of stress-induced changes in leukocyte distribution. The model integrates the hormone mediators, source organs,
kinetics, direction, leukocyte subpopulation specificity, and target organs, of stress-induced changes in blood immune cell numbers
(Dhabhar and McEwen, 1997), and is based on data presented here as well as that published in the literature (for review see: Dhabhar,
1998, 2009b). The stressor can be psychological (e.g., sensing a predator), physical (e.g., exercise/running from predator) or physiological
(e.g., inflammation), and generally induces the release of norepinephrine (NE), epinephrine (EPI), and corticosterone (CORT). The
adaptive/salubrious profile of blood lymphocyte and monocyte (MO) redistribution during stress involves a mobilization/increase (shaded
dark upward diagonal) followed by a trafficking/decrease (shaded light downward diagonal) in cell numbers (Dhabhar, 2009b; Rosenberger
et al., 2009), while neutrophils show only a biphasic mobilization. In general, early (2—30 min) during stress, NE and EPI mobilize
monocytes, neutrophils, and lymphocytes into the blood from “barracks” like the spleen, marginated leukocyte pool, lung, bone marrow
and lymph nodes. However, some leukocyte subpopulations (e.g., CD62L— CTLs or CD62L+ B cells) that are circulating in the blood under
resting conditions, may traffic to tissues soon after the beginning of stress. Later (30 to >120 min), overall lymphocyte and monocyte
numbers decrease as cells traffic out of the blood and into target organs that include: (1) Active “battlefields” which are sites of wounding,
sterile tissue damage and inflammation, antigen/pathogen entry, de novo immune activation, or ongoing inflammation. (2) Homeostatic
surveillance and homing pathways within organs that form the main interfaces between the internal and external environments, i.e., the
skin, subcutaneous tissue, and muscle, and the mucosal-epithelial linings of the oro-digestive and urogenital tracts. (3) Back to the
“barracks” which are sites such as the spleen, lung, bone marrow, lymph nodes to which many immune cells may return during stress.
Decreases in blood lymphocytes and monocytes, are largely driven by CORT, and for some subpopulations (CTL & B cells) also by EPI. The
second wave of neutrophil mobilization likely comes from the bone marrow and may be driven by NE and EPI, and CORT. It is highly likely
that leukocytes with specific functional and/or maturational characteristics (e.g., monocyte vs. neutrophil vs. lymphocyte, classical/
inflammatory vs. non-classical/resident monocyte, naive vs. memory lymphocyte, mucosa vs. bone marrow directed B cell) traffic to
specific targets during stress. If the stress response is accompanied by immune activation then the stress-induced leukocyte redistribution
ensures that more leukocytes are present to respond to challenge at sites of ongoing or potential inflammation either by already being
present at the site of attack (e.g., inflammatory monocytes, effector Tcells, and antibody secreting B cells) or by being available in the
blood (e.g., mobilized neutrophils). Using ‘“real world” metaphors, we have suggested that a short-term/fight-or-flight stress response
prepares the body’s ““army” for battle, by inducing a redistribution of the body’s *‘soldiers” from ““barracks” to ““boulevards” to actual or
potential “battlefields” (Dhabhar, 1998, 2009b). As a result, the leukocyte redistribution response is one mechanism through which a
short-term stress response facilitates immuno-enhancement in compartments that are enriched with immune cells during/following
stress (Dhabhar, 2009b; Dhabhar and McEwen, 1996; Viswanathan et al., 2005; Viswanathan and Dhabhar, 2005).
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are sites of wounding, sterile tissue damage and inflammation,
antigen/pathogen entry, de novo immune activation, or
ongoing inflammation (Dhabhar and McEwen, 1996; Dhabhar
et al., 2010; Viswanathan et al., 2005; Viswanathan and
Dhabhar, 2005). Such sites may occur anywhere in the body
including “immune privileged” organs like the brain if an
inflammatory response has already begun in such organs. (2)
Homeostatic surveillance and homing pathways within organs
that form the main interfaces between the internal and
external environments, i.e., the skin, subcutaneous tissue,
and muscle, and the mucosal-epithelial linings of the oro-
digestive and uro-genital tracts (Dhabhar and McEwen,
1996). It is likely, that short-term stress enhances leukocyte
traffic through existing homeostatic surveillance pathways
and mechanisms through which immune cells normally
**guard” these tissues. For example, skin or gut homing Tcells
may home in larger numbers to skin or gut, respectively, during
stress. In an elegant study, Kradin et al. (2001) have shown that
EPlinduces the trafficking of Th and NK cells from the spleen to
blood and lung (Kradin et al., 2001). We suggest that the brain,
which is also a site for immune cell traffic (Gottfried-Black-
more et al., 2009; Miller, 2010; Silver et al., 1996; Ziv et al.,
2006), and where immune cells are now thought to play a role
in facilitating homeostasis, neurogenesis, and function (Ziv
etal., 2006), may also be a target of stress-induced leukocyte
redistribution. (3) Back to the “barracks’ which are sites such
as the spleen, lung, bone marrow, and lymph nodes to which
many immune cells may return during stress (Dhabhar, 1998).
Leukocytes are likely to either traffic back to the “barracks”
that they were mobilized from during stress, or to different
“barracks.” For example, leukocytes mobilized from the
spleen or lymph nodes during stress, may then traffic to bone
marrow, or marginate in lung vasculature. Thus, a stress-
induced redistribution of leukocytes (especially antigen-
experienced lymphocytes, regulatory cells, or antigen pre-
senting cells like macrophages and dendritic cells) among
primary, secondary, or tertiary lymphoid organs may be an
important component of efficient and effective immune acti-
vation, and a critical aspect of ensuring salubrious mainte-
nance and regulation of an immune response.

If the stress response is brief (2—30 min), mobilized lym-
phocytes and monocytes return to resting state baseline
numbers. If the stress response persists (30 min to few hours)
blood lymphocyte and monocyte numbers decrease to below-
baseline levels. Importantly, in either case, a decrease (rela-
tive to pre-stress baseline numbers or stress-mobilization
peak numbers) in leukocytes indicates that immune cells
have trafficked out of the blood as they remarginate within
the vasculature of (or migrate through) target organs
described above. Importantly, it is possible that target organs
are different for immune cells (e.g., CD62L— CTLs and
CDé62L+ B cells) that were already in the blood at baseline
and immediately traffic out of the blood in response to stress,
from target organs of immune cells that were first mobilized
and then trafficked by stress. Further research is needed to
characterize and quantify the different dimensions discussed
above of target organs to which leukocyte subtypes traffic
during stress.

Hormone specificity of mobilization versus trafficking:
Norepinephrine (NE) and epinephrine (EPI) released early
during a stress response mobilize lymphocytes, monocytes,
and neutrophils into the blood from ‘‘barracks” like the

marginated leukocyte pool, spleen, lung, bone marrow,
and lymph nodes. In contrast, decreases in blood lympho-
cytes and monocytes, which represent cell trafficking out of
the blood and into tissues, are largely driven by corticoster-
one (CORT), and for some subpopulations (CTL & B cells) also
by EPI. Blood neutrophil nhumbers generally do not decrease
during stress, but show a biphasic increase with a second
mobilization seen at about 30—60 min after the beginning of
stress. This second mobilization likely comes from the bone
marrow, may involve immature neutrophils, and may be
driven by NE and EPI, and CORT. Thus, the principal stress
hormones exert specific effects on different leukocyte sub-
types and different phases of stress-induced redistribution.
This suggests that different types of stressors (e.g., cold
stress vs. immobilization vs. inflammatory pain vs. hypogly-
cemia), that are known to induce different relative increases
in circulating concentrations of NE, EPI, and CORT (Kvet-
nansky et al., 1998; Pacak et al., 1998), are likely to have
different effects on the kinetics and subpopulation specificity
of changes in leukocyte distribution.

Functional and maturation characteristics of leukocytes
determine where they go during stress: It is highly likely that
leukocytes with specific functional and/or maturational
characteristics (e.g., naive vs. memory lymphocyte, classi-
cal/inflammatory vs. non-classical/resident monocyte, neu-
trophil vs. lymphocyte or monocyte) traffic to specific targets
during stress. We hypothesize that skin homing T cells traffic
to skin in larger numbers during stress, gut homing T cells
traffic to gut, etc. Moreover, with respect to B cells, it has
been suggested that IgA secreting plasma cells traffic pre-
ferentially to mucosal surfaces, 1gG secreting plasma cells
traffic preferentially to sites of inflammation, and both types
traffic to bone marrow (Kunkel and Butcher, 2003). We
hypothesize that stress enhances the delivery of specific
populations of B cells to these sites. The stress-induced
increase (and absence of significant decrease) in blood neu-
trophil numbers is consistent with their functional properties
because neutrophils generally enter tissues only if they sense
active inflammation, and once this happens neutrophils
launch inflammatory cascades that ultimately end in their
death (generally through apoptosis) at the site of inflamma-
tion. Thus, unlike monocyte and lymphocyte subsets that
traffic to tissues during stress, neutrophil numbers only
increase in the blood. This increase can still contribute to
immuno-enhancement by making more neutrophils available
to respond at sites of immune activation if the stressor is
accompanied by wounding or antigen/pathogen entry. If the
stress response is not accompanied by immune activation,
blood leukocyte numbers return to resting state levels within
about 3 h after cessation of stress (Dhabhar et al., 1995b).
However, if the stress response is accompanied by immune
activation then stress-induced leukocyte redistribution
ensures that more leukocytes are present to respond to
challenge at sites of ongoing or potential inflammation either
by being available in the blood (e.g., mobilized neutrophils)
or already infiltrating the site of attack (e.g., inflammatory
monocytes, effector T cells, and antibody secreting B cells).
As a result, this redistribution response enhances immune
function in compartments that are enriched with immune
cells during/following stress (Dhabhar, 2009b; Dhabhar and
McEwen, 1996; Dhabhar et al., 2010; Viswanathan et al.,
2005; Viswanathan and Dhabhar, 2005).
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Adhesion molecules and chemokines: It is highly likely that
stress-induced changes in immune cell distribution are
mediated by stress hormone-induced induce changes in con-
formation and/or expression of adhesion molecules, includ-
ing but not limited to CD62L, on leukocytes and/or
endothelial cells together with changes in endothelial
cell/tissue chemokine expression (please see below for
further discussion).

Effects of chronic stress: It has been shown that chronic
stress induces a significant reduction in resting state numbers
of circulating lymphocytes and induces a loss of immune cell
responsivity to acute stress-induced redistribution (Dhabhar
and McEwen, 1997). Thus, chronic stress decreases the num-
ber of “troops” that are available and also reduces their
ability to traffic to ‘‘battlefields” during stress. Moreover,
the functional consequences of these effects of chronic stress
are indicated by a significant suppression of skin immunity
(Dhabhar and McEwen, 1997; Dhabhar et al., in press; Saul
etal., 2005). It is likely that several elements of the proposed
model are adversely affected during chronic stress, and may
include a loss of sensitivity of the system to stress hormones.
Interestingly, a dysregulation of the circadian corticosterone
rhythm is observed around the time that deleterious effects
of chronic stress begin to manifest themselves (Dhabhar and
McEwen, 1997). The mechanisms by which chronic stress
adversely affects acute stress-induced leukocyte redistribu-
tion need to be investigated further.

Psychological, physical, and inflammatory stressors: It is
important to note that the major endocrine mediators of a
stress response, EPI, NE, CORT, can be induced by psycholo-
gical (Dhabhar et al., 1993), physical (e.g., exercise (Ped-
ersen and Hoffman-Goetz, 2000)), and physiological (e.g.,
immune activation) (Dunn, 1993; Elenkov et al., 2005; Kus-
necov and Goldfarb, 2005; Silverman et al., 2005; Sternberg
et al., 1989) stressors (Kvetnansky et al., 1998; Pacak et al.,
1998). Our findings suggest that different types of stressors
(e.g., cold stress, immobilization, inflammatory pain, hypo-
glycemia), that are known to induce different relative
increases in circulating concentrations of NE, EPI, and CORT
(Kvetnansky et al., 1998; Pacak et al., 1998), may have
different effects on the kinetics and subpopulation specificity
of changes in leukocyte distribution.

The fact that inflammation can activate the stress axis
(Dunn, 1993; Elenkov et al., 2005; Kusnecov and Goldfarb,
2005; Silverman et al., 2005; Sternberg et al., 1989) implies
that under certain conditions, an immune response may also
tap into the stress leukocyte redistribution cascade to deliver
more leukocytes to the site of immune activation, or to
regulate/resolve inflammation. It must be noted that
immune system induced activation of the stress axes is
generally thought to induce a regulatory loop by which stress
hormones prevent immune responses from becoming chroni-
cally activated or autoimmune (Butts and Sternberg, 2004;
Sternberg et al., 1989; Tonelli et al., 2001). However, it is
known that under certain conditions, physiological levels of
endogenous glucocorticoids have immunoenhancing effects
(Dhabhar and McEwen, 1999) while under other conditions
similar hormone levels are immuno-suppressive. To reconcile
these differences it has been hypothesized that these differ-
ential effects are achieved by differences in overall stress
hormone sensitivity or receptivity of the immune response
being affected, or by differences in the duration of hormone

exposure (Dhabhar, 2009b; Dhabhar and McEwen, 2001). At
the very beginning of an immune response, certain compo-
nents such as leukocyte trafficking, antigen presentation,
helper T cell function, leukocyte proliferation, cytokine and
chemokine function, and effector cell function may be recep-
tive to stress and stress hormone-mediated immunoenhance-
ment. In contrast, at a later, more advanced stage of an
immune response these components may be more receptive
to immunosuppression. While this hypothesis needs to be
tested through further experiments, studies have shown
important temporal differences in the sensitivity of immune
reactions to the enhancing or suppressive effects of physio-
logic concentrations of stress hormones (Wiegers et al., 1995;
Wiegers and Reul, 1998). Studies have also shown that while
acute administration of stress concentrations of endogenous
glucocorticoids is immuno-enhancing, chronic administration
of the same concentrations is immuno-suppressive (Dhabhar
and McEwen, 1999).

Effects on integrated immune function: Stress-induced
changes in immune cell distribution are accompanied by
enhancement of immune function in organs to which immune
cells traffic during stress. Such enhancement has been
observed in mice (Dhabhar et al., 2000, 2010; Dhabhar and
Viswanathan, 2005; Saint-Mezard et al., 2003; Viswanathan
et al., 2005), rats (Dhabhar and McEwen, 1996, 1999), ham-
sters (Bilbo et al., 2002), and human subjects (Edwards et al.,
2007; Rosenberger et al., 2009) (for review see: Dhabhar,
2009b; Dhabhar and McEwen, 2007; Edwards et al., 2007). In
addition to enhancing immunity by increasing immune cell
numbers in specific compartments, acute stress also
enhances leukocyte function (Viswanathan et al., 2005).

4.3. Adaptive significance of stress-induced
immune cell redistribution

Using “‘real world” metaphors, we have suggested that a
short-term/fight-or-flight stress response prepares the
body’s ‘‘army” for battle, by inducing a redistribution of
the body’s “‘soldiers” from ‘‘barracks” to ‘‘boulevards’ to
actual or potential **battlefields” (Fig. 8). The net result of
these effects of stress is a significant enhancement of in vivo
immune function in compartments like the skin and skin
draining lymph nodes. Aspects of stress-induced immune cell
redistribution are similar across many species, including
humans, which suggests that this response is evolutionarily
significant and likely to confer an adaptive advantage (Dhab-
har, 1998, 2009a,b). In nature, the stress-response and
immune activation are intimately linked as one often follows
the other (e.g., predator chases prey, fight-or-flight
response is mounted, prey is wounded; or animal falls and
is wounded, pain pathways and inflammatory pathways are
activated, and the stress response is initiated). Moreover, in
many cases the brain can perceive and predict a stressor-
induced immune challenge, while the immune system can-
not (e.g., animpala’s immune system has no way of knowing
that a lion is lurking in the grass and is about to pounce, but
it’s brain does). Therefore, it was suggested that just as the
stress response activates the cardiovascular and musculos-
keletal systems for fight-or-flight, it may also prepare the
immune system for impending challenges (Dhabhar, 2009b;
Dhabhar and McEwen, 1997; Dhabhar et al., 1995b, 1994).
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Stress-induced mobilization of leukocytes into the blood
may contribute to immuno-enhancement by making more
leukocytes available to rapidly respond to any site of
immune activation in the body. In addition, stress-induced
leukocyte trafficking to target organs ensures that leuko-
cytes are already present and ready at potential battlefields
should the body’s defenses be breached. In addition to these
changes in leukocyte distribution, acute stress and stress
hormones have also been shown to enhance immune cell
function (Dhabhar and McEwen, 1996, 1999; Dhabhar et al.,
2010; Dhabhar and Viswanathan, 2005; Viswanathan et al.,
2005; Wiegers et al., 1993, 1994). Immune function is gen-
erally enhanced in organs that are enriched with leukocytes
during stress.

A maximally protective immune response is likely to occur
when the traffic and function of the most relevant immune
cells work in synchrony to enhance immunity in the appro-
priate compartment(s) where the immune battle needs to be
fought. It is important to recognize that the acute stress
response is a critical physiological mechanism that could act
like a multi-dimensional endogenous adjuvant to ensure that
leukocytes are present in the right place, at the right time,
and in the right state of activation for immune challenges
that are likely to be coupled with stress under natural con-
ditions (e.g., skin, oro-digestive tract, and urogenital tract
damage that may be incurred during predation, feeding, and
intercourse, respectively). Examples of target organs for
such stress-induced leukocyte trafficking and immuno-
enhancement include: skin and other tissues that can be
wounded by a predator or attacker (stressor), microbes or
abrasions in the oro-digestive tract following feeding (which
induces a postprandial physiological stress response), or
genital tract pathogen entry and/or abrasions during sexual
intercourse (which also induces a physiological stress
response).

4.4. Hormonal mechanisms

Immune cells are known to express receptors for catechola-
mine and glucocorticoid hormones (Ader, 2007) which means
that the biological machinery is in place for these hormones
to exert effects on immune cell distribution and function.
The effects of catecholamine hormones on immune cell
distribution and function through specific subtypes of alpha-
and beta-adrenergic receptors have been discussed in excel-
lent reviews (Benschop et al., 1996; Kavelaars, 2002; Kohm
and Sanders, 2000; Sanders, 2006) and the catecholamine-
related results presented here are in agreement with elegant
studies by Engler et al. who used catecholamine antagonists
to eliminate stress-induced changes in specific leukocyte
subpopulations (Engler et al., 2004). Moreover, studies have
shown that adrenalectomy reduces the magnitude of stress-
induced decreases in blood leukocytes, suggesting that EPI
and CORT are mediators of the effects of stress (Dhabhar
et al., 1995b; Engler et al., 2004). Acute administration of
corticosterone (which acts at Type | and Type Il adrenal
steroid receptors) or RU28362 (Type Il adrenal steroid recep-
tor agonist) to adrenalectomized animals reproduces the late
effects of stress, while aldosterone (Type | adrenal steroid
receptor agonist) has little effect suggesting that the
late effects of stress are mediated through the Type I

glucocorticoid receptor (Dhabhar et al., 1996). There is also
the important possibility that some early and late effects of
glucocorticoids on immune cells may be mediated through
faster-acting non-classical/alternative signaling pathways
(for review see: Orchinik, 1998; Song and Buttgereit,
2006). Such non-genomic pathways of glucocorticoid signal-
ing have also been reported in immune cells (Boldizsar et al.,
2010) and are likely to mediate some of the effects of stress
and stress steroids on immune cell distribution and function.
While the role of catecholamine and glucocorticoid hormones
has been largely examined separately, the present study is an
important step towards putting together the effects of com-
binations of these hormones as would occur during a physio-
logical stress response. Further investigation is needed that
utilizes more combinations, concentrations and durations of
exposure, and receptor-specific agonists to elucidate the
molecular mechanisms by which stress hormones act in con-
cert to produce rapid and large-scale changes in immune cell
distribution. The role of potential interactions among signal-
ing pathways triggered by adrenergic receptors, and classical
and non-classical glucocorticoid receptors also needs to be
examined.

4.5. Adhesion molecules and chemokines

We suggest that stress hormones induce changes in leukocyte
distribution by acting through many of the same mechanisms
(chemokines and adhesion molecules) that are involved in
mediating immune cell distribution and trafficking through
normal surveillance pathways, or to sites of immune activa-
tion. However, it is also possible that some adhesion mole-
cules or chemokines may be particularly/uniquely responsive
to stress hormones, and it would be important and useful to
identify these. Numerous studies have examined the effects
of stress on leukocyte-endothelial cell adhesion molecule
expression on circulating immune cells (Bauer et al., 2001;
Goebel and Mills, 2000; Hong et al., 2004; Mills et al., 2003;
Okutsu et al., 2008; Rainer et al., 1999; Redwine et al., 2003;
Shephard, 2003). While a review of these studies is beyond
the scope of this manuscript, taken together, they suggest
that changes in leukocyte adhesion molecule conformation/
expression may mediate aspects of both the mobilization and
trafficking effects of stress and stress hormones. In support of
arole for CD62L in mediating the immuno-enhancing effects
of short-term stress, a recent study has shown that the acute
stress-induced enhancement of skin cell-mediated immunity
is significantly decreased in CD62L deficient mice (Bae et al.,
2011). Other studies have suggested that glucocorticoid
hormones suppress neutrophil CD62L mRNA expression and
that this induces a decrease in cell-surface protein expres-
sion of CD62L that is correlated with a glucocorticoid-induced
neutrophilia (Weber et al., 2001). Additionally, Redwine
et al. (2003) have shown that acute stress increases PBMC
chemotaxis and adhesion molecule (Mac-1) expression in
human subjects (Redwine et al., 2003). It is important to
note that in addition to changes on leukocytes, changes in
endothelial cell adhesion molecule conformation/expression
and/or endothelial expression of chemokines and/or leuko-
cyte expression of chemokine receptors, are likely to be
important mediators of the effects of stress- or stress
hormone-induced leukocyte redistribution. The role of
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chemokines and adhesion molecules in mediating stress-
induced changes in immune cell distribution needs to be
further investigated.

4.6. Functional/maturation specificity of stress-
induced changes in leukocyte distribution

We hypothesized that acute stress-induced leukocyte redis-
tribution may be a fundamental physiological mechanism for
enabling specific leukocyte subtypes to traffic to tissues
where they may be most effective and/or required during
stress (e.g., wounding by a predator). For example, naive T
cells may traffic in larger numbers to lymph nodes where they
are likely to be activated by antigen presenting cells carrying
primary antigen. In contrast, memory cells may traffic to
tissues such as the skin or the mucosal/epithelial lining of the
gut where they are likely to encounter antigens to which they
have been previously exposed. There are many markers/
indices through which the functional characteristics and
states of activation or maturation of leukocytes can be
assessed. While these need to be further investigated in
the context of stress, here we used CD62L expression as a
first step towards elucidating the characteristics of immune
cell subpopulations that redistribute during stress. Among
the monocyte population, CD62L+ monocytes are thought to
be classical/inflammatory monocytes while CD62L— mono-
cytes are non-classical/resident monocytes (Gordon and
Taylor, 2005; Tacke and Randolph, 2006). Here we report
that classical/inflammatory monocytes showed mobilization
and trafficking, while non-classical/resident monocytes
appeared mainly to traffic out of the blood during stress.
Similarly, naive (CD8+CD62L+) CTLs show mobilization and
trafficking, while memory/effector (CD8+CD62L—) CTLs only
traffic out of the blood. With respect to B cells, we observed
that CD62L— B cells show mobilization and trafficking, while
CD62L+ B cells only traffic out of the blood during stress.
Drawing from the discussion of Kunkel and Butcher (2003), we
suggest that these changes perhaps reflect differences in B
cell populations that may be targeted to sites of ongoing or
potential inflammation (mucosal surfaces), versus sites of
maintenance (e.g., bone marrow, lymph nodes, or spleen).
Other studies have shown that T cell subtypes that are more
likely to traffic to sites of inflammation (Bosch et al., 2003),
effector-memory CTLs (Campbell et al., 2009), and tissue-
directed memory-type gamma-delta T cells (Anane et al.,
2010), are selectively mobilized during stress in human sub-
jects. Taken together, these studies support the idea that the
mobilization and trafficking patterns of functionally distinct
leukocyte subsets within each leukocyte subpopulation are
differentially affected by stress.

4.7. Limitations and future directions

We have presented a series of findings and proposed a model
for integrating the mechanisms and functional consequences
of stress-induced changes in leukocyte distribution. However,
further research is needed to more specifically identify
molecular mechanisms, and to quantify the maturation/
functional characteristics of individual leukocyte subpopula-
tions in terms of the kinetics and magnitude of their redis-
tribution in response to stress and stress hormones. Our

studies would also have benefited from being able to examine
CD62L expression separately on Th and NK cells the way it was
done on CTL and B cells. We also recognize the limitation of
using only one marker (CD62L) to elucidate leukocyte adhe-
sion/maturation/functional characteristics, and a more com-
plete investigation of functional/maturation markers is
warranted. Another important limitation arises from the
small sample sizes used in these experiments. We recognize
that small sample sizes can increase the risk of false positive
findings, however, it must be noted that the patterns of
changes in immune cell numbers described here are in
agreement with those from preclinical (Dhabhar and McE-
wen, 1997; Dhabhar et al., 1995b, 1996; Fauci, 1975; Kradin
et al., 2001) and human subjects studies (Altemus et al.,
2001; Atanackovic et al., 2004; Fauci and Dale, 1974; Rosen-
berger et al., 2009; Schedlowski et al., 1993b), suggesting
that the effects described here are representative and
robust. A fourth limitation is the fact that for the hormone
administration study only one time point (2 h) was examined.
This time point was chosen keeping in mind that for this series
of studies we chose to examine the net effects of NE, EPI, and
CORT as they were likely to occur during the full time course
of acute stress effects including the late time period when
leukocytes are known to traffic out of the blood. Based on
pilot experiments (data not shown) the 2-h time point was
determined to be optimal. Future studies should be designed
to quantify hormonal effects at earlier time points and to
examine the effects of different doses, and sequential hor-
mone administration to more closely mimic hormonal
changes observed during stress. The effects of stress and
stress hormones on the direction and magnitude of distribu-
tion of dendritic cells (Rossi and Young, 2005), and gamma-
delta T cells (Scotet et al., 2008), which are also critical for
effective immune function, need to be carefully examined.
However, it is of interest to note that an acute stressor
experienced during immunization enhances dendritic cell
maturation and trafficking to lymph nodes (Viswanathan
et al., 2005). Clearly, while these and other studies have
provided important information, further research is needed
to explore the potential of harnessing the physiological stress
response in a clinically beneficial manner.

4.8. Implications for experimental and clinical
measurements

Since stress is a ubiquitous aspect of life for most organisms,
and can be induced even by seemingly innocuous events, the
significant effects of stress on immune cell distribution are
important to take into account while conducting preclinical
or clinical studies, and while interpreting experimental or
clinical/diagnostic data. For example, given the known
responsivity of immune cells to stress and stress hormones,
leukocyte distribution and function are likely to be signifi-
cantly changed (from resting state conditions) by a study
participant or patient anxiously rushing in for a blood draw, or
by transporting mice from the vivarium to the lab bench
before measurements are made. The effects of such ‘hid-
den” or *“‘unappreciated” stressors on immune cell distribu-
tion and function, measured in blood or elsewhere in the
body, are likely to be significant and to confound the inter-
pretation of experimental or clinical/diagnostic data. For
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example, drawing blood from a subject at the peak of
leukocyte mobilization (or trough induced by trafficking)
can lead to significantly higher (or lower) immune cell num-
bers and function being measured in the blood. In either case,
the measurements would not be representative of the resting
state that is critical to accurately quantify regardless of
whether or not stress is the focus of the study. Moreover,
there are significant inter-individual differences in the
effects of stress (Hellhammer and Wade, 1993; Marsland
et al., 2002), especially in case of unrecognized and unin-
tended stressors that are also uncontrolled. Thus, stress-
induced changes are likely to introduce data variability
and “noise” that could make data analysis and interpretation
difficult and in some cases may completely mask important
effects. Therefore, it is highly advisable to minimize (if not
eliminate) unintended stressors and to try and record/quan-
tify them as far as possible while making physiological/
immune measurements.

Even for experiments studying controlled stressors, it may
be important to bear in mind the effects of stress on the
leukocyte composition of the compartment in which an
immune parameter is being measured. This could also help
with interpreting data showing stress-induced changes in
functional assays such as lymphocyte proliferation or NK
activity. For example, it has been shown that acute stress
induces a redistribution of leukocytes from the blood to the
skin and that this redistribution is accompanied by a signifi-
cant enhancement of skin cell mediated immunity (Dhabhar
and McEwen, 1996; Dhabhar et al., 2010; Dhabhar and Vis-
wanathan, 2005). In seemingly contradicting results, acute
stress has been shown to suppress splenic IgM production
(Zalcman and Anisman, 1993), and splenic and peripheral
blood responses to T cell mitogens (Cunnick et al., 1990).
However, it is important to note that in contrast to the skin
and skin draining lymph nodes that are enriched with immune
cells following acute stress, peripheral blood and spleen, are
relatively depleted of leukocytes (Dhabhar, 1998). Thus, it is
likely that the stress-induced decrease in blood and spleen
leukocyte numbers contributes to the acute stress-induced
suppression of immune function in these compartments. The
immune cell subpopulation heterogeneity of the effects of
stress means that using equal numbers of cells in functional
assays may not sufficiently control for stress-induced changes
in cell numbers in different compartments.

4.9. Potential clinical applications

It is important to note that if the pattern of change in blood
immune cell nhumbers shown in Fig. 8 is observed during the
stress of surgery, it predicts (and perhaps partially mediates)
enhanced post-surgical recovery. Interestingly, patients who
do not show this pattern of immune cell redistribution during
the stress of surgery, do not recover as well as patients who
do. This is one illustration of the functional and clinical
importance of stress-induced changes in immune cell distri-
bution. The overall findings described here are important
because they could lead to useful clinical applications: First,
behavioral (e.g., acute psychosocial or virtual reality-
induced stressors) or pharmacological (e.g., stress hormones
injected in sequence or in combination) interventions could
be designed to harness stress physiology to induce changes in

leukocyte distribution to facilitate the enhancement (during
vaccination, surgery/wound healing, or cancer) or suppres-
sion (during pro-inflammatory and autoimmune reactions) of
immune function in specific compartments (e.g., skin, oro-
digestive, and urinary-genital tracts). Second, changes in
stress hormones and leukocyte distribution during naturally
stressful medical procedures (e.g., surgery or vaccination)
could be quantified and used as prognostic indicators or
predictors of the effectiveness of the ensuing immune
response (e.g., post-surgical healing and recovery, or vaccine
efficacy). In fact, a recent prospective study demonstrated
that a priori defined adaptive changes in blood leukocyte
distribution during the stress of undergoing surgery, pre-
dicted enhanced post-surgical recovery, from 1-week to 1-
year following surgery (Rosenberger et al., 2009). Third, an
increase or decrease in leukocyte responsiveness to stress
and stress hormone induced changes in distribution could be
used as a rapidly and conveniently quantifiable, in vivo
clinical measure of enhancement or reduction of physiologi-
cal sensitivity to specific stress hormones. For example, if
administration of physiological concentrations of cortisol
induced a smaller than normal decrease in blood lymphocyte
numbers, it might indicate increased glucocorticoid resis-
tance. In fact, studies have shown that chronic stress induces
a significant loss of immune cell responsivity to acute stress-
induced redistribution (Dhabhar and McEwen, 1997) thus
indicating a potential increase in glucocorticoid resistance
with chronic stress. Fourth, stress- or hormone-mediated
interventions could conceivably be used to sequester immune
cells within specific compartments where they more likely to
be shielded from cytotoxic treatments like radiation or
localized chemotherapy. We suggest that the potential clin-
ical applications of the findings described here would benefit
from a systematic identification of the mechanisms mediat-
ing stress-induced changes in immune cell distribution, the
target organs to which cells traffic during stress, the hormone
receptor subtypes involved, the adhesion molecules and
chemokines involved, and the functional/maturation/activa-
tion characteristics of the affected leukocyte subpopula-
tions.

5. Conclusion

These studies take an important step towards comprehen-
sively elucidating the kinetics, subpopulation specificity, and
hormonal mechanisms mediating stress-induced changes in
blood leukocyte distribution. To our knowledge these studies
are the first to characterize and quantify numbers of specific
immune cell populations and functional/maturation subtypes
within the major leukocyte populations, during a complete
time course of early and late changes induced by an acute or
short-term stress response, and to examine the combinator-
ial effects of the three principal stress hormones in mediating
the blood leukocyte mobilization and trafficking seen during
acute stress. These studies are important in light of the
significant effects of stress and stress hormones on immune
cell distribution and the consequent effects of leukocyte
distribution on immune function, the importance of the blood
as a readily accessible compartment for diagnostic measure-
ments as well as therapeutic manipulations, and the con-
siderable potential of harnessing these stress-immune
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effects for clinical application. The relevance of these
findings is further highlighted by the fact that stress is a
ubiquitous aspect of life for most if not all organisms, the fact
that a stress response is likely to be evoked by most experi-
mental/medical manipulations, and the fact that stress hor-
mones and their agonists and antagonists are widely used to
treat a large number of clinical conditions.
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