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Abstract

Prolonged, exhaustive exercise has been associated with impaired immune responsiveness and increased susceptibility to infec-
tion. We have shown that one bout of exercise to fatigue followed by viral challenge increases mortality. Stress hormones such
as corticosteroids and catecholamines have been suggested as potential mediators of exhaustive exercise-induced immunosuppres-
sion. The purpose of this study was to determine whether the administration of pharmacological agents to block the effect of cat-
echolamines or corticosteroids would minimize the immunosuppression associated with this type of exercise. Mice either exercised to
fatigue or were exposed to control conditions, and mice received an i.p. injection of either nadolol (b-adrenergic receptor antago-
nist), RU486 (glucocorticoid type II receptor antagonist), or vehicle. Fifteen minutes post-exercise, mice were exposed to viral infec-
tion (Herpes simplex virus; HSV) via an intranasal route, and cells were collected 3 days post-infection. The results showed that
exercise suppressed HSV-specific cell proliferation, HSV-specific IL-2, and IFN-c, but did not alter these same immune parameters
when the mitogen ConA was used to stimulate cells. In addition, exercise reduced NK cell cytotoxicity, alveolar cell TNFa, and
peritoneal IL-1b, but did not affect IL-10. The pharmacological blockade did not attenuate the exercise-associated immunosuppres-
sion. In fact, RU486 treatment exacerbated the exercise-induced decline in HSV-induced IL-2 production and cell proliferation.
RU486 and nadolol treatment also tended to decrease IL-10, IFN-c, TNFa (nadolol only), and IL-1b (RU486 only) in both exercise
and control mice, suggesting that stress hormones may be necessary during infection for optimal responsiveness. These findings sug-
gest that suppression of immune defenses during viral infection persists for at least 3 days post-exercise, and stress hormones may be
essential for optimal immune defense to viral challenge, rather than detrimental.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Stress has been associated with immunosuppression
and increased susceptibility to infection (Lutgendorf
and Constanzo, 2003; Yang and Glaser, 2002). How-
ever, the type of stress, duration of stress, coping or
adaptive ability of the organism, and the timing of stress
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exposure in relation to infectious challenge have all been
identified as factors in determining whether stress may
increase or decrease the susceptibility to infection. Exer-
cise may be considered a type of stress that affects im-
mune responsiveness differently dependent on the
duration, intensity, and frequency of the stress (Hoff-
man-Goetz and Pedersen, 1994). For example, regular,
moderate intensity exercise has been associated with re-
duced susceptibility to infection, reduced severity of
infection, and improved antibody responses to vaccine
(Cannon and Kluger, 1984; Kohut et al., 2004b; Nieman
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et al., 1993). In contrast, a single prolonged, strenuous
exercise bout has been linked with increased susceptibil-
ity to infection and reduced immune function (Davis
et al., 1997; Nieman et al., 1990; Woods et al., 1999).
A better understanding of how exercise might alter
immune responsiveness to pathogenic challenge may
allow for the development of appropriate guidelines to
optimize immunity in the general public, and minimize
infection in competitive athletes training at high
intensities.

Stress hormones and neuroendocrine factors have
been shown to bind to cells of the immune system and
influence immune function (Eskandari and Sternberg,
2002; Kohm and Sanders, 2001; Madden, 2003; Riccardi
et al., 2002). Numerous studies have demonstrated that
by blocking stress hormones (typically catecholamines
or corticosteroids), the detrimental effects of stress can
be minimized (Dobbs et al., 1993, 1996; Fleshner
et al., 1996). Although many studies have reported ele-
vated levels of norepinephrine, epinephrine, and cortico-
steroids in association with prolonged exercise-induced
immunosuppression (reviewed in Pedersen and Hoff-
man-Goetz, 2000), relatively few studies have attempted
to block stress hormones during exercise to examine the
role of the stress hormones in modulating immune
responsiveness (Bouix et al., 1995; Jonsdottir et al.,
2000; Kapasi et al., 2001; Kohut et al., 1998). Even few-
er exercise studies have used an infectious disease model
to determine whether the manipulation of stress hor-
mones during exercise may impact the immune parame-
ters involved in resistance to or clearance of viral
infection (Kohut et al., 1998). Most exercise studies have
relied on the use of mitogens, and it is possible that
stress-induced alterations of antigen and mitogen re-
sponses may differ (Kusnecov and Rabin, 1993). Given
that prolonged, exhaustive exercise has been associated
with increased susceptibility to upper respiratory infec-
tion, a respiratory viral infection model may be highly
relevant in terms of studying the role of stress hormones
as mediators of exercise-associated declines in the ability
to respond optimally to pathogens.

We have previously shown that a single bout of
exhaustive exercise followed by intranasal exposure to
virus results in increased mortality from infection as
compared to either no exercise or moderate exercise
(Davis et al., 1997). We have also established that phar-
macological blockade of b-adrenergic receptors blunted
the exhaustive exercise-induced decline of alveolar mac-
rophage antiviral response using the same model of
exercise and upper respiratory viral infection (Kohut
et al., 1998). These previous results suggested that cat-
echolamines may mediate the reduction of macrophage
antiviral function. Although the macrophage may be
considered one of the first lines of defense against viral
infection in the lungs, NK cells, and antigen-specific
cell mediated responses are also important in clearance
of viral infection. One of the goals of the current study
was to determine whether stress hormones also mediate
the exercise-induced modulation of T cells as well as
NK cells. In addition, macrophages may defend against
viral infection by the release of TNFa (Rossol-Voth et
al., 1991), and macrophages link innate and adaptive
immune responses via the release of cytokines such as
IL-1b. Therefore, macrophage responses were also eval-
uated. Dendritic cells derived from both the airways as
well as the mediastinal lymph nodes may present HSV
antigen to naı̈ve T cells (Belz et al., 2004), although
dendritic cell responses were not evaluated in this
study. To examine antigen-specific function, a respira-
tory viral infection model was used. Antigen-specific
responses were elicited by incubation of cells from
infected mice with the same virus in vitro. We hypoth-
esized that catecholamines, rather than corticosteroids,
would mediate exercise-induced immunosuppression
similar to our previous observations with alveolar
macrophages.
2. Materials and methods

2.1. Mice

Male BALB/cJ mice 6 weeks of age were acclimated
to the animal housing facility on 12-h light:dark cycle
for 2 weeks prior to experimental intervention. All mice
were then acclimated to handling and treadmill expo-
sure. The treadmill exposure was brief (5–10 min) at a
very low speed (�4–5 m/min) and was repeated for three
consecutive days. After the treadmill acclimation period,
mice were randomly assigned to an exercise (EX, n = 33)
or control group (CON, n = 18), and then further di-
vided based on drug treatment group.

2.2. Pharmacological treatment

The non-selective b-adrenergic antagonist, nadolol,
was used to determine if the immunomodulatory effects
of exercise were mediated by activation of b-adrenergic
receptors via catecholamines. Nadolol was injected i.p.
at a dose of 5 mg/kg in saline containing 0.2% ethanol
within 30 min prior to onset of exercise or control treat-
ment (n = 11 EX, n = 6 CON). The dose of nadolol was
shown in preliminary experiments to blunt the exercise-
induced increase in plasma-free fatty acids that is medi-
ated by catecholamines. Therefore, this dose of nadolol
produced a significant physiological effect similar to our
previously published work (Kohut et al., 1998). To eval-
uate whether corticosteroids mediated the effects of
exercise, the RU486 was dissolved in 40% of 2-hydroxy-
propyl-b-cyclodextrin in saline, and injected i.p. at
10 mg/kg within 30 min prior to the onset of exercise
or control treatment (n = 11 EX, n = 6 CON). This dose
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has been previously shown to block immunosuppressive
effects of stress, and has been shown in rats to result in
nearly 100% receptors occupancy in the spleen (Fleshner
et al., 1996). We did not evaluate receptor occupancy in
this study, and we did not determine whether RU486
demonstrated any agonist properties at the dose used
in mice as has been suggested in some studies at higher
doses (Gruuol and Altschmied, 1993; Whelan et al.,
1995). The dose used in our study has been used in an-
other rodent model (rats), and in rats, this dose was
thought to have essentially no agonist properties (Flesh-
ner et al., 1996). We did not assess a physiological mea-
sure of drug effectiveness and this is a limitation of this
study. Vehicle-treated mice (n = 11 EX, n = 6 CON) re-
ceived an injection of saline dissolved in 40% of 2-
hydroxypropyl-b-cyclodextrin in saline plus 0.2%
ethanol.

In pilot experiments, the exercise protocol used in this
study was found to result in a significant increase in
plasma corticosterone with the mean ± SD as follows:
251.5 ± 151.8 ng/ml for exercise-treated mice as com-
pared to 22.1 ± 17.8 ng/ml for control mice. In addition,
the exercise produced physiological results consistent
with elevated plasma catecholamines, i.e., increased
plasma-free fatty acids (1.10 ± .03 mmol/L in exercise
as compared to 0.31 ± 0.02 mmol/L in control mice as
mean ± SE). A very similar exercise protocol in a sepa-
rate study was found to significantly increase plasma
norepinephrine and epinephrine (Marra et al., 2005).
Also, in pilot experiments, the percentage of CD4+,
CD8+ or SIgM+ cells in the spleen, and b1b2-adrenergic
receptor density was not different between the exercise
and control groups, although the total number of lym-
phocytes and neutrophils did decrease in the spleen
(but not when expressed as lymphocyte per milligram
of spleen).

2.3. Exercise treatment

Exercise mice ran on the treadmill at gradually
increasing speeds until fatigue. Fatigue was defined as
the point at which mice were not able to keep pace with
the treadmill belt. Electric shock was never used in the
protocol. As mice neared fatigue, if a gentle tap on the
tail of the mouse failed to elicit running movement for-
wards on the treadmill, then the mouse was considered
to have reached fatigue and was removed from the
treadmill. The treadmill speed began at 11.5 m/min
and was increased by 4–6 m/min every 25 min. The max-
imum speed reached was 42 m/min at 2 h and 30 min of
exercise. The exercise began during the last hour of the
dark cycle. Control mice were placed in lanes on the
treadmill prior to the exercise session. During the exer-
cise session, control mice were kept in Plexiglas boxes
next to the treadmill to control for stresses associated
with treadmill noise.
2.4. Infection protocol and virus preparation

Within 10–15 min after reaching fatigue, exercise
mice were infected with 5 · 103 plaque forming units
(PFU) of Herpes Simplex Virus Type I Patton strain
(HSV-1) in 50 ll of sterile saline via an intranasal
route. Control mice were removed from the treadmill
area and infected after a similar time of exposure to
the treadmill environment. This dose of virus was
shown in pilot experiments to result in a mortality rate
of approximately 10% (LD10). The virus had been
propagated on Vero cells and the titer was determined
by standard plaque assay. The virus was stored at
�80 �C and contained 1.75 · 107 PFU/ml. After infec-
tion, all mice were returned to their home cages and
did not exercise. Euthanasia was performed on mice
72 h post-infection.

2.5. Cell collection

Mice were euthanized by CO2. Peritoneal lavage was
performed using 5 ml of cold Hanks� balanced salt solu-
tion (HBSS; Gibco, Grand Island, NY) to collect perito-
neal macrophages. Cells were washed twice in HBSS and
counted using a Coulter Counter (Coulter Electronics,
Hialeah, FL). Peritoneal cells were adjusted to
1 · 106 cells/ml in complete RPMI media (CRPMI;
RPMI 1640, Sigma Chemical, St. Louis, MO; 100 U/
ml penicillin, 100 lg/ml streptomycin, 20 mmol/L gluta-
mine, and 10% fetal bovine serum, all from Gibco-BRL,
Grand Island, NY). Spleens were removed and dissoci-
ated using a lab blender (Tekmar, Cincinnati, OH). Cell
suspensions were passed through sterile nylon mesh to
remove clumps of tissue. Red cells were lysed with
Tris–ammonium chloride and washed two times in
CRPMI. Cells were counted and adjusted to
5 · 106 cells/ml in CRPMI. Alveolar macrophages were
obtained by transtracheal lavage of the lungs with 5–
10 ml of cold HBSS. Red cells were lysed with Tris–am-
monium chloride and remaining cells were washed two
times in CRPMI. Cells were adjusted to a concentration
of 5 · 105 cells/ml in CRPMI. All cells were plated in 24-
well plates. Spleen cells were plated at 1 ml/well whereas
alveolar and peritoneal cells were plated at a volume of
0.5 ml/well. To isolate adherent cell populations, perito-
neal and alveolar cell cultures were incubated at 37 �C
for 2 h. After 2 h, wells were washed gently with pre-
warmed (37 �C) CRPMI.

2.6. In vitro activation of cell cultures

To determine whether antigen as compared to mito-
gen activation is altered by exercise and drug treatment,
spleen cells were cultured with either the mitogen Con-
canavalin A (Sigma Chemical, St. Louis) at 5 lg/ml,
with the viral antigen HSV-1 at a dose of 5 PFU/cell,
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or media alone. As expected, both mitogen-induced and
HSV-induced cytokine (IL-2, IFN-c, and IL-10) pro-
duction were significantly greater than the amount of
cytokine produced in wells containing only media, and
mitogen-induced cytokine production was significantly
higher than antigen-induced cytokine secretion. These
findings are consistent with previous results from our
laboratory (Kohut et al., 2004a). The adherent alveolar
and peritoneal cell populations were activated by the
addition of lipopolysaccharide (LPS) at 100 ng/ml.

2.7. Cell proliferation in response to antigen (HSV) or

mitogen ConA in vitro

Spleen cells from each mouse were washed twice and
resuspended in supplemented RPMI media as described
above. Cells were adjusted to 5 · 106 cells/ml and 100 ll
was added to each well of a 96-well tissue culture plate
(Becton–Dickinson Labware). HSV-1 (antigen) wells
contained inactivated HSV-1 at 2.5 · 107 PFU/ml
(5 PFU/cell). Mitogen wells contained Concanavalin A
at a concentration of 5 lg/ml. Control wells also con-
tained 5 · 106 cells/ml and 1 ml of media without inacti-
vated HSV-1. HSV-1, ConA or media alone was added
to triplicate wells containing cells from each mouse.
Plates were incubated at 37 �C in 5% CO2 for 72 h.
For the last 4 h of incubation, 10 ll of 5.0 mg/ml of
MTT in PBS was added. Four hours later, 100 ll of
0.04 N HCl in isopropanolol was added to dissolve the
colored precipitate. Absorbance was read at a dual
wavelength of 570 and 630 using an automated plate
reader (Bio-Rad, Hercules, CA).

2.8. Cytokine assays

Cytokine assays were performed by ELISA on
supernatants from HSV or ConA-stimulated spleen
cells. Supernatants for cytokine determination were col-
lected from spleen cells at 24, 48, and 72 h of culture.
IL-2, IFN-c, and IL-10 that was present in superna-
tants of cells incubated with HSV, mitogen, or media
alone were determined by ELISA using monoclonal
antibodies and the protocol supplied by BD-PharMin-
gen (San Diego, CA). Cytokines were measured just
prior to the peak time point in vitro as determined in
preliminary studies. IL-2 and IL-10 were measured
after 48 h of incubation with antigen or mitogen,
whereas IFN-c was measured at 72 h of incubation.
ConA-induced IL-2 and HSV-induced IFN-c were also
assessed at an earlier time point in vitro as the response
was gradually increasing (IL-2 at 24 h and IFN-c at
48 h), whereas an additional measure of ConA-induced
IL-10 was made at the actual peak of the response
(72 h). Insufficient cells were available to measure all
cytokines in response to both antigen and mitogen at
multiple time points in vitro.
2.9. NK cytotoxicity

Spleen cells were adjusted to 1 · 107 cells/ml for the
NK cell cytotoxicity assay. YAC-1 cells were used as
the target cells in this assay. Briefly, 1.6 · 106 target cells
were labeled with 500 lCi [51Cr]sodium chromate for 1 h
at 37 �C. Cells were then washed three times, adjusted to
a concentration of 1 · 104 cells/ml, and 100 ll was
added to the wells of round-bottomed 96-well microtiter
plates. One hundred microliters of spleen cells was then
added in triplicate at various effector/target (E:T) ratios
ranging from 100:1 to 25:1. Total 51Cr release was mea-
sured in wells with 100 ll of target cells plus 100 ll of
Triton X (detergent). For spontaneous 51Cr release con-
trol, 100 ll of supplemented media was added to target
cells. Microtiter plates were incubated at 37 �C with 5%
CO2 for 6 h. After incubation, the plates were centri-
fuged at 400g for 10 min and 100 ll of supernatant
was removed from each well and counted on a gamma
counter. Percent lysis was calculated as

cpm sample � cpm spontaneous release

cpm total release � cpm spontaneous release
� 100.
2.10. Statistics

A two-way ANOVA was used to assess the effect of
exercise treatment (exercise and control) and drug treat-
ment (nadolol, RU486, vehicle) on the immune variables
that were measured. If a significant main effect of exercise
was observed or a significant exercise treatment by drug
interaction, a follow-up one-wayANOVAwas used to as-
sess the effect of drug treatment among the exercisedmice.
With respect to NK cell cytotoxicity, a three-way ANO-
VAwas usedwith effector/target dilution as an additional
within subjects factor. The time to fatigue during exercise
was assessed with a one-way ANOVA.
3. Results

3.1. Exercise performance and results of infection

The results of a one-way ANOVA suggested that there
was no difference in the time to fatigue between the three
drug treatments [F (2,31) = 0.735, p = .48]. Mean time to
fatigue ± SE for each of the groupswas as follows: vehicle
160.3 ± 6.9 min; RU486 151.4 ± 4.9 min; nadolol 159.6
± 5.6 min. All mice were euthanized at 72 h post-infec-
tion, at a time before symptomatic illness (day 4–5 post-
infection first onset of symptoms in this infection model).

3.2. Effect of exercise on immune variables

A two-way ANOVA (exercise · drug) was used to
analyze the effects of exercise and drug treatment on
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immune responsiveness. The results and statistics
regarding main effects of exercise treatment are reported
in Table 1. The production of Th1 cytokines (IL-2, IFN-
c) in response to antigen (HSV virus) was suppressed by
the exercise treatment, and a significant treatment by
drug interaction with respect to IL-2 [F (1,49) = 5.609,
p = .007] was found. In contrast, the production of the
same Th1 cytokines in response to mitogen (ConA)
was not altered by the exercise treatment, but a trend to-
wards an exercise treatment by drug interaction was ob-
served with respect to IL-2 [F (1,49) = 3.079, p = .056].
Similarly, HSV-induced cell proliferation was signifi-
cantly lower in the exercise group compared to the con-
trol group with a significant exercise treatment by drug
interaction [F (1,49) = 6.458, p = .003], but no exercise
differences were found with respect to ConA-induced
proliferation. The Th2 cytokine, IL-10, was not altered
by exercise in response to HSV or ConA. NK cell cyto-
toxicity tended to decrease following exercise treatment
(p = .06). Alveolar and peritoneal cell responses follow-
ing exercise treatment varied by site and cytokine mea-
sured. Exercise suppressed TNFa production by
alveolar cells, but did not affect peritoneal cells. In con-
trast, exercise treatment was associated with reduced IL-
1b in peritoneal cells, but did not alter alveolar IL-1b
production. In every comparison in which a main effect
of exercise was observed, a separate comparison of exer-
cise treatment among only the vehicle-treated mice
showed the same results (statistical significance or trend
p < .09).

3.3. The effect of exercise and drug treatment on Th1

cytokines (IL-2, IFN-c)

In addition to the main effect of exercise, a significant
exercise treatment by drug interaction was observed
with respect to HSV-induced IL-2, suggesting that the
effect of the drug treatment in the exercised mice was dif-
Table 1
Main effects of exercise on immune variables

Immune parameter Exercise (mean ± SE)

ConA proliferation OD 0.235 ± 0.022
ConA-induced IL-2 pg/ml 1893.2 ± 18.1
ConA-induced IFNc pg/ml 356.0 ± 4.2
ConA-induced IL-10 pg/ml 1300.3 ± 48.2
HSV proliferation OD 0.220 ± 0.01*

HSV-induced IL-2 pg/ml 44.3 ± 5.3*

HSV-induced IFNc pg/ml 13.6 ± 2.5*

HSV-induced IL-10 pg/ml 20.1 ± 7.0
NK cell cytotoxicity (% lysis) 25.08 ± 1.0+

LPS-induced TNFa alveolar 51.9 ± 9.8*

LPS-induced TNFa peritoneal 18.4 ± 4.4
LPS-induced IL-1b alveolar 11.1 ± 2.9
LPS-induced IL-1b peritoneal 21.4 ± 8.8*

* Indicates statistically significant at p < .05.
+ Indicates statistical trend at p < .10.
ferent than the control mice [F (1,49) = 5.609, p = .007].
Therefore, to test whether drug treatment reversed the
suppressive effects of exercise on Th1 cytokine produc-
tion in response to antigen, a comparison of drug treat-
ment within the treatment groups was evaluated using a
one-way ANOVA. Among the exercise group, a trend
towards an effect of drug [F (2,31) = 3.31 p = .056] was
observed such that exercised mice receiving the RU486
treatment showed reduced IL-2 as compared to vehicle
or nadolol-treated mice, suggesting that RU486 exacer-
bated the exercise-associated decline in IL-2 (Fig. 1A).
In contrast, among the control mice, the results of a
one-way ANOVA showed that there was no main effect
of drug [F (2,17) = .064, p = .938], and RU486 treat-
ment did not reduce IL-2. Thus, blockade of stress hor-
mones did not reverse the suppressive effect of exercise
on antigen-induced IL-2, and instead, RU486 treatment
further exacerbated the exercise-associated decline. With
respect to ConA-induced IL-2 production, there was no
main effect of exercise or drug treatment (Fig. 1B). How-
ever, a trend towards a treatment by drug interaction
was observed [F (1,49) = 3.079, p = .056], and a compar-
ison among exercise only mice tended to show reduced
proliferation in vehicle-treated as compared to either
drug treatment, but no drug effects were apparent in
the control mice. At an earlier time point in vitro
(24 h), there was a significant interaction between treat-
ment and drug [F (1,49) = 4.892, p = .012], although
exercise treatment did not decrease ConA-induced IL-
2 (data not shown). Instead, a follow-up one-way ANO-
VA among the exercise mice showed that ConA-induced
IL-2 was lower in vehicle-treated mice as compared to
either RU486 (p = .003) or nadolol (p = .036). There-
fore, the pattern seen over time in vitro with respect to
IL-2 appears to be consistent.

Similarly, drug treatment to block the stress hor-
mones corticosterone or catecholamines did not attenu-
ate the exercise-associated suppression of IFN-c in
Control (mean ± SE) F statistic p value

0.222 ± 0.029 F (1,49) = 0.430 p = .51
1724.2 ± 22.4 F (1,49) = 0.149 p = .70
362.2 ± 3.4 F (1,49) = 0.240 p = .62
1192.0 ± 38.9 F (1,49) = 2.264 p = .14
0.277 ± 0.01 F (1,49) = 6.905 p = .01*

66.8 ± 5.2 F (1,49) = 4.719 p = .03*

41.2 ± 8.9 F (1,49) = 11.72 p = .001*

11.1 ± 7.9 F (1,49) = 0.988 p = .32
29.8 ± 1.4 F (1,48) = 3.553 p = .06+

95.6 ± 22.1 F (1,49) = 4.814 p = .03*

9.5 ± 2.7 F (1,49) = 1.371 p = .25
13.8 ± 4.0 F (1,49) = 0.215 p = .65
59.6 ± 14.7 F (1,49) = 4.62 p = .03*



Fig. 1. (A) IL-2 in spleen cell supernatants after 48 h of culture with
HSV. CON > EX, main effect (p = .03). Exercise by drug interaction
(p = .007). Effect of drug treatment significant in EX only, such that
vehicle and nadolol > RU486 (p = .05). (B) IL-2 in spleen cell
supernatants after 48 h of culture with ConA. No significant effects
of exercise treatment or drug treatment.

Fig. 2. (A) IFN-c in spleen cell supernatants after 72 h of culture with
HSV. CON > EX, main effect (p = .001). Main effect of drug = 0.03
for RU486. Effect of drug treatment significant in EX only, such that
vehicle > nadolol and RU486 (p = .001). (B) IFN-c in spleen cell
supernatants after 72 h of culture with ConA. No significant effects of
exercise treatment or drug treatment.
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response to HSV. An exercise treatment by drug interac-
tion was not observed, instead the drug effect tended to
be consistent across both groups (main effect of drug,
F (1,49) = 3.872, p = .03), although the magnitude of
this effect appeared to be greater in the exercise group.
Among the exercise group only, a significant main effect
of drug was observed [F (2,31) = 9.602, p = .001] such
that both RU486 and nadolol-treated mice produced
less IFN-c than vehicle-treated mice (Fig. 2A). In con-
trast, there was no main effect of drug treatment when
the control mice were analyzed separately. HSV-induced
IFN-c was also measured at an earlier time point in
vitro (48 h, data not shown). The results were similar
at this time point showing that exercise treatment
tended to reduce IFN-c (main effect of exercise,
F (1,49) = 3.574, p = .06). However, we did not observe
a main effect of drug at this point, and this may be due
to the fact that levels of IFN-c were relatively low and
quite variable at this time point. With respect to
ConA-induced IFN-c, exercise or drug treatment did
not alter IFN-c (Fig. 2B).

3.4. HSV or ConA-induced cell proliferation

Although the results suggested a significant main effect
of exercise with respect to HSV-induced cell proliferation
(Table 1), a significant exercise by drug treatment interac-
tion was also found [F (2,490) = 8.836, p = .001]. Further
post hoc analyses revealed that among the exercise mice,
there was a significant main effect of drug treatment
[F (2,31) = 3.361, p = .04] such that the splenocytes from
RU486-treated mice proliferated to a lesser extent than
vehicle or nadolol-treated mice (Fig. 3A), suggesting that
RU486 treatment exacerbated the exercise-associated de-
cline in HSV-induced cell proliferation. With respect to
control-treated mice, a slight trend towards an effect of
drug treatment was found [F (2,17) = 2.646, p = .10],
with the splenocytes from RU486-treated mice tending



Fig. 3. (A) Spleen cell proliferation in response to HSV. CON > EX,
main effect (p = .01), although a comparison of vehicle-treated mice
only showed a trend toward a significant difference between CON and
EX (p = .08). Effect of drug treatment in EX only, such that vehicle
and nadolol > RU486 (p = .04). (B) Spleen cell proliferation in
response to ConA. No significant effects of exercise treatment or drug
treatment.

Fig. 4. (A) IL-10 in spleen cell supernatants after 48 h of culture with
HSV. No significant effects of exercise treatment was found. Main
effect of drug treatment in both EX and CON such that vehi-
cle > RU486 and nadolol (p = .05). (B) IL-10 in spleen cell superna-
tants after 48 h of culture with ConA. No significant effects of exercise
treatment or drug treatment.

M.L. Kohut et al. / Brain, Behavior, and Immunity 19 (2005) 423–435 429
to demonstrate greater proliferation, a response opposite
to that observed in the exercised mice. There was no effect
of exercise or drug treatment on ConA-induced prolifera-
tion (Fig. 3B), but a trend towards a treatment by drug
interaction [F (1,49) = 2.96, p = .062]. The RU486-treat-
ed mice tended to show reduced proliferation in exercised
mice, but increased proliferation in control mice.

3.5. Effects of exercise and drug treatment on the Th2

cytokine, IL-10

In contrast to the results observed with Th1 cyto-
kines, exercise did not suppress the production of IL-
10 in response to the antigen HSV (Table 1). However,
a main effect of drug treatment was observed (Fig.
4A), suggesting that less IL-10 was produced in cells
from RU486 and nadolol-treated mice in both the exer-
cise and control group as compared to vehicle-treated
mice [F (2,49) = 3.188, p = .05]. ConA-induced IL-10
production was not significantly affected by exercise or
drug treatment and there was not an exercise by drug
interaction (Fig. 4B). When ConA-induced IL-10 pro-
duction was measured at the peak of production (72 h
in vitro), again there was no effect of exercise treatment,
drug, and no exercise by drug interaction.

3.6. NK cytotoxicity

The results from a three-way ANOVA (exercise treat-
ment by drug by effector/target dilution as repeated
measures) suggested that exercise tended to decrease
NK cytotoxicity (Table 1). To determine whether
drug treatment reversed the suppressive effects of exer-
cise on NK cytotoxicity, a comparison of drug treat-
ment within the exercise group was evaluated using a
two-way ANOVA (drug · effector/target dilution as
repeated measures) in the exercise-treated mice. These
initial results suggested that nadolol tended to reverse



Fig. 5. NK cytotoxicity at 100:1 and 50:1 effector:target ratio. A trend
towards CON > EX (p = .06). In EX only, trend towards nado-
lol > vehicle (p = .06).

Fig. 6. (A) Alveolar TNFa assessed after 24 h of culture with LPS.
CON > EX, main effect (p = .03). Trend towards main effect of drug
treatment (p = .06) such that vehicle > RU486 and nadolol. (B)
Peritoneal IL-1b assessed after 24 h of culture with LPS. CON > EX,
main effect (p = .03). Main effect of drug treatment in both EX and
CON such that RU486 < vehicle and nadolol.
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the trend of exercise-induced decline in NK cell cytotox-
icity [F (2,31) = 3.626, p = .06]. However, there was also
a trend towards a main effect of drug [F (1,49) = 2.451,
p = .09] and no treatment by drug interaction (Fig. 5).
Therefore, NK cell cytotoxicity may be independently
affected by exercise and drug treatment.

3.7. Alveolar and peritoneal cell (macrophage) function

Cytokine production from the predominately macro-
phage populations obtained from the lungs and the peri-
toneal cavity varied by tissue site and exercise
treatment. With respect to alveolar cells, exercise sup-
pressed the LPS-stimulated production of TNFa, but
had no effect on IL-1b (Table 1). An exercise treatment
by drug interaction was not observed. However, a trend
towards amain effect of drug treatment was also observed
[F (1,49) = 3.024, p = .06] such that nadolol-treated mice
in both the exercise and control groups tended to produce
less TNFa, suggesting that catecholamines or corticoste-
roids do not mediate the exercise-induced decline in
TNFa production in alveolar macrophages (Fig. 6A).
Therewas no effect of drug treatment or a drug by exercise
treatment interaction with respect to IL-1b.

Peritoneal cell LPS-stimulated release of IL-1b was
significantly decreased by exercise treatment, but exer-
cise did not alter TNFa production (Table 1). With re-
spect to both TNFa and IL-1b, there was not a
significant exercise treatment by drug interaction. A
main effect of drug treatment was found regarding IL-
1b such that RU486 treatment was associated with re-
duced IL-1b in both exercise and control-treated mice
[F (1,49) = 3.721, p = .04], (Fig. 6B).
4. Discussion

The results of these studies: (1) confirmed previous
studies suggesting that strenuous exercise may suppress
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immune responses, and (2) provide several potential
mechanisms by which exhaustive exercise may have re-
sulted in decreased resistance to respiratory viral infec-
tion. A decline in antigen-specific Th1 cytokine
production (IL-2, IFN-c), T cell proliferation to anti-
gen, NK cell function, and the alveolar/peritoneal cyto-
kine production that may be relevant to antiviral
defense was observed following exhaustive exercise.
We previously observed that this exercise protocol re-
duced HSV-induced IL-2, IFN-c, and IL-10 at day 2
post-infection, but these cytokines were not different at
day 7 post-infection (Kohut et al., 2001). Although IL-
10 was not reduced, in this experiment, the response
was measured 3 days post-infection and perhaps IL-10
production has been restored at this time point. Our re-
sults are generally consistent with others, suggesting that
IFN-c production appears to be most affected by stren-
uous exercise (Weinstock et al., 1997). Other studies
have demonstrated that exercise may suppress some
parameters of immune response (for review, refer to
Nieman, 1998). However, a major limitation of many
studies has been a lack of any association between
declining immune response and clinical outcome. We
have previously shown that this model of exhaustive
exercise followed by controlled exposure to virus results
in significantly greater mortality than either moderate
exercise or no exercise, providing some support for the
link between suppressed immune response and outcome
of infection (Davis et al., 1997). We did not assess spe-
cific cell populations in these experiments, and the pos-
sibility that changes observed reflect changes in cell
number rather than activity cannot be determined.
One recent study has elegantly shown that the actual
number of antigen-specific cells producing IFN-c was
reduced 6- to 10-fold following exhaustive exercise at 8
days post-infection (Kapasi et al., 2005), and therefore,
it is possible that the changes we observed are related
to a reduction in antigen-specific cell expansion. Other
recent work has suggested that exhaustive exercise re-
sults in lymphocyte apoptosis of intestinal lymphocytes.
It appears that catecholamines and/or oxidative stress,
rather than glucocorticoids, may mediate the exercise-
associated changes in intestinal lymphocyte apoptosis
(Marra and Hoffman-Goetz, 2004; Quadrilatero et al.,
2005) and perhaps apoptosis played a role in our viral
infection model. Although we cannot determine whether
cell number or cell functional changes altered cytokine
level, the overall effect was a decline in the total amount
of cytokine produced in a given tissue (spleen, lung, or
peritoneal cavity).

One interesting aspect of our results was the lack of
any exercise-associated effect on ConA-induced re-
sponses, whereas HSV-elicited responses tended to be al-
tered by exercise. ConA-induced responses were not
affected by drug treatment with the exception of a trend
towards increased IL-2 in response to both RU486 and
nadolol (a trend opposite to that observed with antigen).
To date, much of the literature on strenuous exercise
and immune responses has relied on mitogens. Other
studies in mice have suggested that an acute bout of
strenuous exercise may suppress splenic lymphocyte
proliferation (Hoffman-Goetz et al., 1986, 1988),
although a time course to determine how long this sup-
pression persists has not been well established. We did
not observe a decrease in mitogen-induced proliferation,
but proliferation was measured 72 h post-exercise rather
than immediately post-exercise as in the studies by Hoff-
mat-Goetz et al. Human studies use peripheral blood
mononuclear cells, and the results from these studies
show a slight decline in mitogen-induced proliferation
and Th1 cytokine production immediately post-exercise
that generally returns to baseline within several hours of
recovery (Nielsen and Pedersen, 1997; Weinstock et al.,
1997). In contrast, our results suggested that exercise-
induced alterations of antigen-specific cells may have
persisted for a longer period of time (up to 3 days)
post-exercise, one likely explanation for decreased
resistance to infection, although our previous work
suggested that by 7 days post-exercise there was not a
difference in antigen-specific responses. However, the
magnitude of the response elicited by mitogen and
antigen was different and it is possible that at subopti-
mal levels of mitogen, the responses may have been
more similar to those observed with antigen. It was also
possible that our results reflect a delay in the growth/
proliferation of antigen-specific cells, rather than
function, such that at 72 h post-exercise, there may
have been fewer virus-specific cells present in the spleen.

With respect to stress-hormone-mediated alterations
of immune defenses, our findings generally did not con-
firm our initial hypothesis. We had hypothesized that
pharmacological blockade of catecholamines would
attenuate the exercise-associated decline of immune
function based on our previous work regarding macro-
phage antiviral defenses during prolonged exercise (Ko-
hut et al., 1998). In addition, our hypothesis was based
in part on findings from other studies, suggesting that
the immunosuppressive effects of stress involve stress
hormones (Dobbs et al., 1993, 1996; Fleshner et al.,
1996). However, in this investigation, it appeared that
RU486 treatment exacerbated the detrimental effect of
exercise stress on HSV-induced IL-2 and HSV-induced
cell proliferation, suggesting that stress hormones (i.e.,
glucocorticoids) may be important for optimal immune
defense to viral infection following exhaustive exercise.
We also observed that the lack of stress hormones dur-
ing the early phase of infection tended to impair immune
responsiveness in general, regardless of exercise treat-
ment (although the magnitude of this effect tended to
be greater in exercised mice). Specifically, the blockade
of catecholamines and glucocorticoids impaired HSV-
induced IFN-c and IL-10, whereas RU486 treatment
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alone impaired peritoneal cell IL-1b production, and
nadolol treatment alone tended to impair alveolar cell
TNFa. In our model, it appears that stress hormones
may be essential for optimal immune defense to viral
challenge, rather than detrimental.

Our results were not consistent with our previous
work showing that catecholamine blockade attenuated
the exercise-induced suppression, nor with others who
showed that stress hormones mediate immunosuppres-
sion (Dobbs et al., 1993, 1996). One explanation for this
discrepancy may be that some of the earliest antiviral
defenses (macrophage antiviral effects and NK activity)
may have been impaired by stress-induced catechola-
mines, but other immune parameters that evolve over
time may respond positively to stress hormones given
that studies have shown these hormones may be elevated
within several days after immune stimulation (Besedov-
sky and del Rey, 1989; Dunn et al., 1989; Fleshner et al.,
2001). It may also be difficult to compare our stress
model with that used by Dobb et al. Future studies
are needed to sort out the contrasting roles of stress
hormones.

The concept that stress hormones may confer protec-
tive immune benefits during prolonged strenuous exer-
cise may not conform to other hypotheses, suggesting
that increased infection following an acute bout of hea-
vy exercise may result from impaired Th1 type responses
due to catecholamines (Steensberg et al., 2001). In fact,
several investigators have used carbohydrate supple-
mentation during prolonged exercise in an effort to min-
imize exercise-induced decline of immune responsiveness
thought to be due to elevated stress hormones (Bacurau
et al., 2002; Henson et al., 1998; Lancaster et al., 2005).
However, the role of stress hormones with respect to the
immediate or short term post-exercise cellular response
to mitogens may not reflect the impact of stress hor-
mones on the development of antigen-specific responses
to viral challenge. In fact, the development of an opti-
mal immune response to antigen challenge may depend
on the release of stress hormones, as suggested by our
data regarding HSV-induced IL-2 and proliferation.

Several lines of evidence indicate that glucocorticoids
or catecholamines are essential for the development of
an optimal immune response to antigen. Our unpub-
lished results using the same exercise and infection mod-
el with 20 mice per treatment group suggested that pre-
exercise blockade of catecholamines via b-adrenergic
antagonists resulted in greater mortality from HSV
infection than exercise treatment alone (day 12 post-in-
fection survival was 75% among exercised mice, but only
53% among exercised mice treated with b-adrenergic
antagonists just prior to exercise). Others have shown
that adrenalectomy resulted in greater mortality from
murine CMV infection as compared to adrenal intact
mice (Ruzek et al., 1999). Our unpublished results with
the same HSV infection model also showed that adre-
nalectomy reduced survival in both exercise and control
mice compared to adrenal intact control mice even when
corticosterone was replaced at basal levels in the drink-
ing water (day 12 post-infection survival was 100% in
adrenal intact control mice, 74% in adrenalectomized
control mice, 78% in adrenalectomized exercise mice
with corticosterone replacement at basal levels, 78% in
adrenalectomized mice with replacement of corticoste-
rone at physiological levels observed during exercise
and basal replacement after exercise, and 85% in adrenal
intact exercise mice that did ultimately decrease to 74%
by day 15 post-infection; n = 20 mice per treatment
group). In another recent study, glucocorticoids have
been shown to be essential for optimal IgM and IgG
production in response to KLH. In this study, IgG2a
and IFN-c were also influenced by glucocorticoids, but
not IgG1 (Fleshner et al., 2001). It has been known
for some time that virus infection can increase activation
of the HPA axis and norepinephrine catabolites (Bese-
dovsky and del Rey, 1989; Dunn et al., 1989). Perhaps
in addition to the positive immunomodulatory role of
endogenous glucocorticoids (Fleshner et al., 2001), a
downregulation of certain immune response during
infection resulting from glucocorticoid production may
protect against potentially harmful immune responses.
Glucocorticoids may minimize the ‘‘over-production’’
of inflammatory mediators that could result in greater
mortality, and in support of this possibility, a specific
role for TNFa has been shown in mediating mortality
with the murine CMV infection model (Ruzek et al.,
1999). With respect to HSV infection, it has been shown
that HSV-specific CTL function is compromised in both
sympathectomized (depleted of tissue catecholamines)
and RU486-treated mice (Leo and Bonneau, 2000),
again suggesting a potentially beneficial role of these
stress hormones during infection. In addition, norepi-
nephrine release in the spleen is increased during anti-
gen-specific activation of CD4+ Th2 cells and B cells,
and the depletion of norepinephrine results in sup-
pressed IgM and IgG production (Kohm and Sanders,
1999; Kohm et al., 2000). Taken together, these studies
suggest that stress hormones may be necessary for opti-
mal immune responsiveness.

To understand the potential role of stress hormones
in our model of HSV infection, it is important to first re-
view the timing of pharmacological treatment in relation
to viral infection. In our model, nadolol and RU486
were administered just prior to exercise. Based on our
experimental design, these drugs were administered
approximately 2.5–3.5 h before viral infection challenge
to both control and exercised mice. The half-life of
nadolol in humans has been reported to range from
15.5 to 23 h (Kostis, 1990; Shapiro et al., 1981), whereas
the half-life of RU486 ranges from 25 to 30 h (Heikinhe-
imo, 1997). Therefore, both drugs were likely present
during the early phase (� day 1) of viral infection.
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Perhaps catecholamines and/or corticosteroids that may
have been released early in infection were not able to
bind to cells of the immune system due to pharmacolog-
ical blockade with nadolol or RU486. One possible con-
sequence was the impairment of optimal immune
responses observed in our study, such as the inhibition
of HSV-induced IL-10 or IFN-c in spleen cells, or the
decline in TNFa and IL-1b in specific cell populations
(suggested by the significant main effect of drug treat-
ment with respect to these cytokines). Although the spe-
cific role of each of these cytokines during HSV
intranasal infection has not been clearly established,
mortality from infection was greater in exercised mice
treated with b-adrenergic antagonists or adrenalectomy
as compared to vehicle-treated exercised mice (unpub-
lished findings), suggesting that these cytokines may
have a protective role.

One can speculate that blockade of hormone recep-
tors directly resulted in suppressed cytokine production,
and some in vitro data support this possibility. For pur-
poses of brevity, we will describe our findings specifically
with IL-10, but similar examples could be found in the
literature regarding TNFa and IL-1b (reviewed by Elen-
kov and Chrousos, 2002).

With regard to IL-10, it has been shown that CD4+

cells exposed to the synthetic glucocorticoid dexametha-
sone increased IL-10 mRNA (Ramirez et al., 1996). In
our experiment, IL-10 production was suppressed in all
mice treated with RU486. Perhaps the glucocorticoids
produced early during infection that would normally
upregulate IL-10 production were unable to do so due
to the RU486 treatment. Similarly, catecholamines may
enhance IL-10 release (Elenkov et al., 1996). If the nado-
lol treatment prevented the catecholamines from binding
to Th2 cells, IL-10 production may have been inhibited, a
possibility supported by our results. However, the bal-
ance between different cytokines and neuroendocrine
factors is very complex, and it is also possible that
changes in IL-10 may have resulted from changes in
other cytokines that regulate IL-10, such as IL-12. For
example, b-adrenergic blockade may have enhanced
IL-12 release, and the increase in IL-12 may have subse-
quently downregulated IL-10. The complex interaction
between cytokines and stress hormones in this model of
infection cannot yet be determined from our experi-
ments. However, it does appear that pharmacological
blockade of catecholamines and/or corticosteroids dur-
ing the early phases of infection or antigen challenge
may impair optimal immune responsiveness, similar to
findings reported by others (Ruzek et al., 1999).

A slightly different situation was observed with re-
spect to the IL-2 and HSV-induced proliferation that
were further suppressed by drug treatment with
RU486, but only in the exercised mice. A main effect
of drug was not observed and therefore, the possibility
that an infection-induced release of stress hormones
was blocked, thus resulting in impaired cytokine pro-
duction, does not fit the data. Instead, our findings have
suggested that blocking glucocorticoids during the stress
situation (exhaustive exercise) compromised IL-2 and
cell proliferation. Thus, glucocorticoids appear to have
conferred some protection from the viral infection that
followed exercise, rather than suppressing immunity.
Others have elegantly demonstrated that stress hor-
mones produced during stress may augment immune re-
sponse (Dhabhar, 2002), and have suggested that
detection of a stressor by the neuroendocrine system
may ‘‘prepare’’ the immune system for potential immu-
nological challenges that result from the stressor. In our
model, stress did not likely enhance immune response,
as suggested by increased mortality. Yet, our data have
supported the possibility that stress hormones ‘‘pre-
pare’’ the immune system for subsequent challenge—
given that the pharmacological blockade of stress hor-
mones further exacerbated the stress-induced decline in
IL-2 and cell proliferation. The mechanisms by which
stress hormones can upregulate or prepare cells for sub-
sequent challenges were not determined in our study,
but are the focus of our ongoing studies.

Finally, our results indicated that different functions
in the same cell population may be differentially altered
by exercise. HSV-induced IL-2 and IFN-c declines in the
exercise group, but IL-10 was not affected at this time
point. Also, alveolar cell TNFa production declined in
response to exhaustive exercise, whereas alveolar cell
production of IL-1b was not compromised. Similarly,
IL-1b production by peritoneal cells was attenuated
among exercised mice, but TNFa was not affected.
Although these opposing effects may appear incongru-
ent, we and others have observed that macrophage func-
tions in response to different activators or factors such
as aging differs by tissue source (Han et al., 1995; Kohut
et al., 2004a,b,c; Shimada and Ito, 1996). In our model
of infection, at the time of tissue collection, the extent
of viral replication was likely much higher in alveolar
cells as compared to peritoneal cells given that the virus
had been introduced via an intranasal route. As a result,
the response of the alveolar macrophages may have been
directed primarily towards antiviral defense involving
TNFa (Rossol-Voth et al., 1991), whereas the effects
of exercise stress on the macrophages in the peritoneal
cavity may have varied, due to a different stage of cell
activation. It has also been shown that the interaction
between infection and stress hormones could have a syn-
ergistic effect on the production of inflammatory media-
tors (Chen et al., 1999) and therefore at this early time
point in infection, the neuroendocrine-immune re-
sponses in the active site of infection (lung) could differ
from the neuroendocrine–immune interaction in non-in-
fected tissue (peritoneum). Further research in numer-
ous cell types in various tissues will help to clarify
these site specific and functional differences.



434 M.L. Kohut et al. / Brain, Behavior, and Immunity 19 (2005) 423–435
References

Bacurau, R.F., Bassit, R.A., Sawada, L., Navarro, R., Martins, E.,
Costa Rosa, L.F., 2002. Carbohydrate supplementation during
intense exercise and the immune response of cyclists. Clin. Nutr. 21,
423–429.

Belz, G.T., Smith, C.M., Kleinert, L., Reading, P., Brooks, A.,
Shortman, K., Carbone, F.R., Heath, W.R., 2004. Distinct
migrating and nonmigrating dendritic cell populations are involved
in MHC class I-restricted antigen presentation after lung infection
with virus. Proc. Natl. Acad. Sci. USA 101, 8670–8675.

Besedovsky, H.O., del Rey, A., 1989. Mechanism of virus-induced
stimulation of the hypothalamus–pituitary–adrenal axis. J. Steroid
Biochem. 34, 235–239.

Bouix, O., elMezouini, M., Orsetti, A., 1995. Effects of naloxone opiate
blockade on the immunomodulation induced by exercise in rats.
Int. J. Sports Med. 16, 29–33.

Cannon, J.G., Kluger, M.J., 1984. Exercise enhances survival rate in
mice infected with Salmonella typhimurium. Proc. Soc. Exp. Biol.
Med. 175, 518–521.

Chen, L., Bommershine, C., Wang, T., Lafuse, W.P., Zwilling, B.S.,
1999. Synergistic interaction of catecholamines hormones and
Mycobacterium avium results in the induction of interleukin-10
mRNA expression by murine peritoneal macrophages. J. Neuro-
immunol. 93, 149–155.

Davis, J.M., Kohut, M.L., Colbert, L.H., Jackson, D.A., Ghaffar, A.,
Mayer, E.P., 1997. Exercise, alveolar macrophage, function and
susceptibility to respiratory infection. J. Appl. Physiol. 83, 1461–
1466.

Dhabhar, F.S., 2002. Stress-induced augmentation of immune func-
tion—the role of stress hormones, leukocyte trafficking, and
cytokines. Brain Behav. Immun. 16, 785–798.

Dobbs, C.M., Vasquez, M., Glaser, R., Sheridan, J.F., 1993. Mech-
anisms of stress-induced modulation of viral pathogenesis and
immunity. J. Neuroimmunol. 48, 151–160.

Dobbs, C.M., Feng, N., Beck, F.M., Sheridan, J.F., 1996. Neuroen-
docrine regulation of cytokine production during experimental
influenza viral infection. J. Immunol. 157, 1870–1877.

Dunn, A.J., Powell, M.L., Meitin, C., Small, P.A., 1989. Virus
infection as a stressor: influenza virus elevates plasma concentra-
tions of corticosterone, and brain concentrations of MHPG and
tryptophan. Physiol. Behav. 45, 591–594.

Elenkov, I.J., Papanicolaou, D.A., Wilder, R.L., Chrousos, G.P.,
1996. Modulatory effects of glucocorticoids and catecholamines on
human IL-12 and interleukin-10 production: clinical implications.
Proc. Assoc. Am. Physicians 108, 347–381.

Elenkov, I.J., Chrousos, G.P., 2002. Stress hormones, proinflamma-
tory and anti-inflammatory cytokines, and autoimmunity. Ann. N
Y. Acad. Sci. 966, 290–303.

Eskandari, F., Sternberg, E.M., 2002. Neural-immune interactions in
health and disease. Ann. N Y Acad. Sci. 966, 20–27.

Fleshner, M., Brennan, F.X., Nguyen, K., Watkins, L.R., Maier, S.F.,
1996. RU486 blocks differentially suppressive effect of stress on in
vivo anti-KLH immunoglobulin response. Am. J. Physiol. 271,
R1344–R1352.

Fleshner, M., Deak, T., Nguyen, K.T., Watkins, L.R., Maier, S.F.,
2001. Endogenous glucocorticoids play a positive regulatory role in
the anti-keyhole limpet hemocyanin in vivo antibody response. J.
Immunol. 166, 3813–3819.

Gruuol, D.J., Altschmied, J., 1993. Synergistic induction of apop-
tosis with glucocorticoids and 30,50-cyclic adenosine monophos-
phate reveals agonist activity by RU486. Mol. Endocrinol. 7,
104–113.

Han, D., Hosokawa, T., Aioke, A., Kawai, K., 1995. Age-related
enhancement of tumor necrosis factor (TNF) production in mice.
Mech. Ageing Dev. 84, 39–54.
Heikinheimo, O., 1997. Clinical pharmacokinetics of mifepristone.
Clin. Pharmacokinet. 33, 7–17.

Henson, D.A., Nieman, D.C., Parker, J.C., Rainwater, M.K., Butter-
worth, D.E., Warren, B.J., Utter, A., Davis, J.M., Fagoaga, O.R.,
Nehlsen-Cannarella, S.L., 1998. Carbohydrate supplementation
and the lymphocyte proliferative response to long endurance
running. Int. J. Sports Med. 19, 574–580.

Hoffman-Goetz, L., Keir, R., Thorne, R., Houston, M.E., Young, C.,
1986. Chronic exercise stress in mice depresses splenic T lympho-
cyte mitogenesis in vitro. Clin. Exp. Immunol. 66, 551–557.

Hoffman-Goetz, L., Thorne, R., Houston, M.E., 1988. Splenic
immune responses following treadmill exercise in mice. Can. J.
Physiol. Pharmacol. 66, 1415–1419.

Hoffman-Goetz, L., Pedersen, B.K., 1994. Exercise and the immune
system: amodel of the stress response. Immunol. Today 15, 382–387.

Jonsdottir, I.H., Hellstrand, K., Thoren, P., Hoffmann, P., 2000.
Enhancement of natural immunity seen after voluntary exercise in
rats. Role of central opioid receptors. Life Sci. 66, 1231–1239.

Kapasi, Z.F., Catlin, P.A., Beck, J., Roehling, T., Smith, K., 2001. The
role of endogenous opioids in moderate exercise training-induced
enhancement of the secondary antibody response in mice. Phys.
Ther. 81, 1801–1809.

Kapasi, Z.F., McRae, M.L., Ahmed, R., 2005. Suppression of viral
specific primary T-cell response following intense physical exercise
in young but not old mice. J. Appl. Physiol. 98, 663–671.

Kohm, A.P., Sanders, V.M., 1999. Suppression of antigen-specific Th2
cell- dependent IgM and IgG1 production following norepineph-
rine depletion in vivo. J. Immunol. 162, 5299–5308.

Kohm, A.P., Tang, Y., Sanders, V.M., Jones, S.B., 2000. Activation of
antigen-specific CD4+ Th2 cells and B cells in vivo increases
norepinephrine release in the spleen and bone marrow. J. Immunol.
165, 725–733.

Kohm, A.P., Sanders, V.M., 2001. Norepinephrine and b2-adrenergic
receptor stimulation regulate CD4+T and B lymphocyte function
in vitro and in vivo. Pharmacol. Rev. 53, 487–525.

Kohut, M.L., Davis, J.M., Jackson, D.A., Colbert, L.H., Strasner, A.,
Essig, D.A., Pate, R.R., Ghaffar, A., Mayer, E.P., 1998. The role of
stress hormones in exercise-induced suppression of alveolar mac-
rophage antiviral function. J. Neuroimmunol. 81, 193–200.

Kohut, M.L., Boehm, G.W., Moynihan, J.A., 2001. Prolonged exercise
suppresses antigen-specific cytokine response to upper respiratory
infection. J. Appl. Physiol. 90, 678–684.

Kohut, M.L., Thompson, J.R., Lee, W., Cunnick, J.E., 2004a. Exercise
training-induced adaptations of immune response are mediated by
beta-adrenergic receptors in aged, but not young mice. J. Appl.
Physiol. 96, 1312–1322.

Kohut, M.L., Arntson, B.A., Lee, W., Rozeboom, K.A., Yoon, K.,
Cunnick, J.E., Wang, R., McElhaney, J.A., 2004b. Moderate
exercise improves antibody response to influenza vaccine in older
adults. Vaccine 22, 2298–2306.

Kohut, M.L., Senchina, D.S., Madden, K.S., Martin, A.E., Felten,
D.L., Moynihan, J.A., 2004c. Age effects on macrophage function
vary by tissue site, nature of stimulant and exercise behavior. Exp.
Gerontol. 39, 1347–1360.

Kostis, J.B., 1990. Beta-blocker duration of action and implications
for therapy. Am. J. Cardiol. 66, 60G–62G.

Kusnecov, A.W., Rabin, B.S., 1993. Inescapable footshock exposure
differentially alters antigen and mitogen-stimulated spleen cell
proliferation in rats. J. Neuroimmunol. 44, 33–42.

Lancaster, G.I., Khan, Q., Drysdale, P.T., Wallace, F., Jeukendrup,
A.E., Drayson, M.T., Gleeson, M., 2005. Effect of prolonged
exercise and carbohydrate ingestion on Type I and type 2 T
lymphocyte distribution and intracellular cytokine production in
humans. J. Appl. Physiol. 98, 565–571.

Leo, N.A., Bonneau, R.H., 2000. Mechanisms underlying chemical
sympathectomy-induced suppression of herpes simplex virus-spe-



M.L. Kohut et al. / Brain, Behavior, and Immunity 19 (2005) 423–435 435
cific cytotoxic T lymphocyte activation and function. J. Neuroim-
munol. 110, 45–56.

Lutgendorf, S.K., Constanzo, E.S., 2003. Psychoneuroimmunology
and health psychology: an integrative model. Brain Behav. Immun.
17, 225–232.

Madden, K.S., 2003. Catecholamines, sympathetic innervation, and
immunity. Brain Behav. Immun. 17, S5–S10.

Marra, S., Burnett, M., Hoffman-Goetz, L., 2005. Intravenous
catecholamine administration affects mouse intestinal lymphocyte
number and apoptosis. J. Neuroimmunol. 158, 76–85.

Marra, S., Hoffman-Goetz, L., 2004. b-adrenergic receptor blockade
during exercise decreases intestinal lymphocyte apoptosis but not
cell loss in mice. Can. J. Physiol. Pharmacol. 82, 465–473.

Nielsen, H.B., Pedersen, B.K., 1997. Lymphocyte proliferation in
response to exercise. Eur. J. Appl. Physiol. Occup. Physiol. 75,
374–379.

Nieman, D.C., Johanssen, L.M., Lee, J.W., Arabatzis, K., 1990.
Infectious episodes in runners before and after the Los Angeles
Marathon. J. Sports Med. Phys. Fitness 30, 316–328.

Nieman, D.C., Henson, D.A., Gusewitch, G., Warren, B.J., Dotson,
R.C., Butterworth, D.E., Nehlsen-Cannarella, S.L., 1993. Physical
activity and immune function in elderly women. Med. Sci. Sports
Exerc. 25, 823–831.

Nieman, D.C., 1998. Exercise and resistance to infection. Can. J.
Physiol. Pharmacol. 76, 573–580.

Pedersen, B.K., Hoffman-Goetz, L., 2000. Exercise and the immune
system. Regulation, integration and adaptation. Physiol. Rev. 80,
1055–1081.

Quadrilatero, J., Guan, J., Boudreau, J., Marra, S., Hoffman-Goetz,
L., 2005. Polyethylene glycol but not mifepristone prevents
intestinal lymphocyte loss following treadmill exercise in mice.
Acta Physiol. Scand. 183, 201–209.

Ramirez, F., Fowell, D.J., Puklavec, M., Simmonds, S., Mason, D.,
1996. Glucocorticoids promote a Th2 cytokine response by CD4+
T cells in vitro. J. Immunol. 156, 2406–2412.
Riccardi, C., Bruscoli, S., Migliorati, G., 2002. Molecular mechanisms
of immunomodulatory activity of glucocorticoids. Pharmacol. Res.
45, 361–368.

Rossol-Voth, R., Rossol, S., Schutt, K.H., Corridori, S., de Cian, W.,
Falke, D., 1991. In vivo protective effect of tumor necrosis factor a
against experimental infection with herpes simplex virus type I. J.
Gen. Virol. 72, 143–147.

Ruzek, M.C., Pearce, B.D., Miller, A.H., Biron, C.A., 1999. Endog-
enous glucocorticoids protect against cytokine-mediated lethality
during viral infection. J. Immunol. 162, 3527–3533.

Shapiro, W., Park, J., DiBianco, R., Singh, S.N., Katz, R.J., Fletcher,
R., 1981. Comparison of nadolol, a new long-acting beta-receptor
blocking agent, and placebo in the treatment of stable angina
pectoris. Chest 80, 425–430.

Shimada, Y., Ito, H., 1996. Heterogenous aging of macrophage lineage
cells in the capacity for TNF production in self renewal in C57BL/6
mice. Mech. Ageing Dev. 87, 183–195.

Steensberg, A., Dyhr Toft, A., Bruunsgaard, H., Sandmand, M.,
Halkjaer-Kristensen, J., Pedersen, B.K., 2001. Strenuous exercise
decreases the percentage of type 1 T cells in the circulation. J. Appl.
Physiol. 91, 1708–1712.

Weinstock, C., Konig, D., Harnischmacher, R., Keul, J., Berg, A.,
Northoff, H., 1997. Effect of exhaustive exercise stress on the
cytokine response. Med. Sci. Sports Exerc. 29, 345–354.

Whelan, C.J., Hughes, S.C., Wren, G.P.A., 1995. Inhibition of
some aspects of acute inflammation of guinea-pig lung by
intraperitoneal dexamethasone and mifepristone: demonstration
of agonist activity of mifepristone in the guinea-pig. Inflamm.
Res. 44, 131–138.

Woods, J.A., Davis, J.M., Smith, J.A., Nieman, D.C., 1999. Exercise
and cellular innate immune function. Med. Sci. Sports Exerc. 31,
57–66.

Yang, E.V., Glaser, R., 2002. Stress-induced immunomodulation
and the implications for health. Int. Immunopharmacol. 2, 315–
324.


	Glucocorticoids produced during exercise may be necessary for optimal virus-induced IL-2 and cell proliferation whereas both catecholamines and glucocorticoids may be required for adequate immune defense to
	Introduction
	Materials and methods
	Mice
	Pharmacological treatment
	Exercise treatment
	Infection protocol and virus preparation
	Cell collection
	In vitro activation of cell cultures
	Cell proliferation in response to antigen (HSV) or mitogen ConA in vitro
	Cytokine assays
	NK cytotoxicity
	Statistics

	Results
	Exercise performance and results of infection
	Effect of exercise on immune variables
	The effect of exercise and drug treatment on Th1 cytokines (IL-2, IFN- gamma )
	HSV or ConA-induced cell proliferation
	Effects of exercise and drug treatment on the Th2 cytokine, IL-10
	NK cytotoxicity
	Alveolar and peritoneal cell (macrophage) function

	Discussion
	References


