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Abstract
The present study examined the effects of acute exhaustive exercise and chronic
exercise training on type 1 and type 2 T lymphocyte distribution and intracellular
cytokine production. Seven endurance-trained male cyclists completed exercise
trials to exhaustion before, immediately after, and following 2 weeks of resting
recovery from a 6-day intensified training period (ITP). During each trial, resting
and post-exercise blood samples were incubated with phorbol 12-myristate 13acetate (PMA) and ionomycin and stained for T lymphocyte surface antigens
(CD3). Cells were then permeabilised, stained for intracellular cytokines and
analysed using flow cytometry. Acute exhaustive exercise before and following 2
weeks of recovery from the ITP, but not immediately after the ITP, significantly
reduced the circulating percentage and number of IFN-γ+ (type 1) T cells
(P<0.05). In addition, the amount of IFN-γ produced by stimulated T lymphocytes
was decreased (P<0.05) post-exercise during each trial. The percentage and
number of interferon (IFN)-γ+ T lymphocytes was decreased (P<0.05) at rest
immediately after the ITP compared with before and following 2 weeks of resting
recovery from the ITP. However, the amount of IFN-γ produced by stimulated T
lymphocytes at rest was unaltered following the ITP. Neither acute exercise nor
chronic exercise training caused an alteration in the circulating percentage or
number of interleukin (IL)-4+ (type 2) T lymphocytes. These results suggest a possible mechanism for the increased incidence of infection reported during chronic
exercise training via modulation of type 1/type 2 T lymphocyte distribution.
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Introduction
Prolonged strenuous exercise is followed by transient alterations in several
indices of immune function (30), and these changes have been associated with an
increased incidence of respiratory tract infections (29). T cell cytokine production
plays a critical role in the development of immune responses against invading
pathogens. Different types of pathogens induce characteristic patterns of cytokine
production that are optimally protective against specific pathogens. The cellular
basis for this heterogeneity in cytokine production is due to the presence of two
distinct cytokine-producing CD4+ T helper and CD8+ T cytotoxic cell phenotypes
that have been designated type 1 or type 2 T lymphocytes based on their distinct
profile of cytokine production (26). Type 1 T lymphocytes secrete interferon
(IFN)-γ, interleukin (IL)-2 and tumour necrosis factor-β and are responsible for
defence against intracellular pathogens (32), whereas type 2 T lymphocytes predominantly secrete IL-4, IL-5 and IL-13 and are responsible for defence against
extracellular pathogens (32).
It has been demonstrated that following both prolonged strenuous exercise
(19, 37) and major surgery (6) there is decrease in the percentage of circulating
type 1 T lymphocytes, but not type 2 T lymphocytes. Furthermore, the shift in
type 1 T lymphocytes appears to be related to a specific decline in memory T lymphocytes (19). Indeed, it has been suggested that alterations in the type 1/ type 2 T
lymphocyte balance in favour of a type 2 dominance may provide an explanation
for the increased susceptibility to infection following prolonged exercise (37) and
surgery (5). Although the functional status (i.e. the amount of cytokine produced
following stimulation) of the type 1 and type 2 T lymphocytes was not determined in these studies (5, 19, 37), a transient exercise-induced suppression in the
amount of IFN-γ produced by stimulated T lymphocytes has been observed at
both the single cell level (35) and in the supernatant of in vitro mitogen-stimulated blood (4, 34, 41). However, the IL-4 concentration in the supernatant of in
vitro mitogen-stimulated blood is unaltered following exercise (27).
Glucocorticoids (GC) play an essential physiological role in the regulation
of immune responses in health and disease (40). However, over-stimulation of the
HPA axis results in chronically elevated systemic glucocorticoid concentrations.
This occurs in Cushing’s syndrome, chronic psychological stress, the Fischer-rat
model, the third trimester of pregnancy and in long-term excessive exercise and
results in suppression of immune responses and enhanced susceptibility to infection (9, 10, 21, 40). Furthermore, GCs induce a shift from a type 1 to a type 2 pattern of immunity (40) via downregulation of monocyte/macrophage and professional antigen presenting cell production of IL-12, a potent promoter of type 1
immunity (14), but also directly via their suppressive and stimulatory actions on
type 1 and type 2 T lymphocytes, respectively (2).
Intense periods of exercise training are often associated with depressed
immunity (15, 24, 25), and an increased incidence of infection (17). Indeed,
recurrent infections of the respiratory tract are a common symptom of overtrained
athletes (8). While it can be argued that humoral immunity (e.g. levels of secretory immunoglobulin A) is more important in preventing upper respiratory tract
infection (17), cell mediated immunity is recognised as being more important in
clearing infections (26). A depression of cell mediated immunity may lead to a
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failure to completely clear viral infections of the respiratory tract causing recurrent infections to occur every few weeks or months. Given that type 1 and type 2
T lymphocytes are critical to the generation of host immunity, the purpose of the
present study was to examine the regulation of type 1 and type 2 T lymphocyte
distribution and function at rest, and in response to an acute bout of exhaustive
exercise performed before, immediately after and following 2 weeks of resting
recovery from an intensified training period. Specifically, given the critical role
played by the type 1 T cells in antiviral defence and clearance of infections, and
since respiratory infections are most commonly caused by viruses, we hypothesised that following the intensified training period there would be a decrease in
the resting number of circulating type 1 T lymphocytes compared with before the
intensified training period and following 2 weeks of resting recovery. In addition,
we hypothesised that following the intensified training period there would be a
decrease in the amount of IFN-γ produced by stimulated T lymphocytes at rest
compared with before the intensified training period and following 2 weeks of
resting recovery. Finally, we hypothesised that following the intensified training
period the effects of acute exercise on type 1 and type 2 T lymphocyte trafficking
would be attenuated compared with acute exercise both before, and following 2
weeks of resting recovery from the intensified training period.

Materials and Methods
Experimental Subjects
Seven healthy, moderately to well endurance-trained male cyclists [age 30 ± 2
years, body mass 75 ± 3 kg, maximal oxygen uptake (Vo2 max) 4.55 ± 0.11 l.min-1;
means ± SEM] volunteered to participate in the study. Subjects were non-smokers,
not taking any medication and had remained free of respiratory infection for 4
weeks prior to participation in the study. Subjects were fully informed as to the purposes and risks of the experiment before voluntarily giving their written informed
consent. The study was approved by the South Birmingham Local Research Ethics
Committee of The Queen Elizabeth Hospital (Birmingham, West Midlands, UK).
Preliminary Procedures
When subjects were initially recruited to the study they continued their ‘normal’
training regimen. During this period subjects were provided with a heart rate
monitor (Polar Vantage NV, Polar Electro, Kempele, Finland) and were asked to
record all training undertaken over a continuous 7-day ‘normal’ training period.
At least 2 weeks before the first experiment trial Vo2 max, maximal work rate
(Wmax), maximal heart rate (HRmax) and plasma lactate curves were determined
for each subject by means of an incremental cycling exercise test to volitional
exhaustion as described previously (20). Wmax values were used to determine the
workload employed during the experimental trials. At least 1 week prior to the
first experimental trial subjects performed a familiarisation trial at 65% Wmax to
exhaustion. To ensure a relatively prolonged duration of the experimental trials it
was necessary to reduce the workload to ~61% Wmax for four of the subjects.
To determine the intensities at which subjects exercised during the intensified
training period (ITP), training ‘zones’ were calculated based on individual lactate
and heart rate responses obtained during the incremental exercise test. Five train-
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ing zones were then constructed and expressed as percentages of each subject’s
individual HRmax. The volume of training prescribed during the ITP was based on
the duration of training undertaken during the 7-day ‘normal’ training period with
the aim to approximately double the ‘normal’ training volume.
In the week preceding the first experimental trial subjects were instructed to
avoid any strenuous exercise and they performed a Vo2 max test on the day immediately preceding the first experimental trial.
Experimental Procedures
On day 1, subjects reported to the Human Performance Laboratory at the University of Birmingham after an overnight fast (~10 h) and an indwelling 21G Teflon
catheter (Baxter, Norfolk, UK) was inserted into an antecubital vein of one arm,
connected to a 3-way stopcock (Sims Portex, Kent, UK) and a resting blood sample was drawn (Pre-exercise). Subjects then commenced cycling exercise to
exhaustion (Trial 1) at a pre-determined workload of ~63% Wmax (~74% Vo2 max).
Further blood samples were obtained after 60 min of exercise (60-min), at
exhaustion (Post-exercise) and following 1-h of resting recovery (1-h post-exercise). The catheter was kept patent by flushing with ~1.5 ml of sterile saline solution (0.9 % NaCl) after sampling.
On day 2 subjects began the 6-day ITP. During the ITP subjects were
instructed to train every day and on day 7 subjects reported to the laboratory for a
second Vo2 max test. On day 8, subjects reported to the laboratory once more and
performed the second experimental trial (Trial 2), the procedures for which were
identical to the first. On day 9 subjects began a 2-week easy training period consisting of 3 or 4, 1-h exercise sessions per week. On day 22 subjects reported to
the laboratory for a third Vo2 max test. Finally, on day 23 the subjects reported to
laboratory to perform the third experimental trial (Trial 3), again the procedures
for which were identical to the first. A schematic representation of the experimental procedures is shown in Figure 1. Subjects were instructed to maintain a diet
high in carbohydrate throughout the experimental period. During the experimental
trials subjects were allowed to consume water ad libitum. Temperature and relative humidity during the experimental trials were ~21∞C and ~55%, respectively.
During each experimental trial whole blood (6 ml) was divided into three
sterile K3EDTA vacutainer tubes (Becton Dickinson, Oxford, UK). Two tubes
were kept at room temperature until the end of the trial and analysed for total and
differential leukocyte counts and lymphocyte surface marker staining. The
remaining whole blood was separated immediately by centrifugation (1500 g) for
10 min and aliquots of plasma were stored at -20ºC until analysis for adrenaline
(excluding 1-h post-exercise) and cortisol. A further 7 ml of whole blood was
placed in sterile lithium-heparin vacutainer tubes (Becton Dickinson, Oxford,
UK) and kept at room temperature until the end of the trial for analysis of intracellular cytokine production.
Leukocyte Counts
In addition to the leukocyte count, absolute numbers of neutrophils, lymphocytes
and monocytes were determined. This procedure was performed at the Haematology laboratory, University Hospital Birmingham using a Technicon H-2 laser
system.
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Assessment of Intracellular Cytokine production
Cell activation. Whole blood (500 µl) was added to 500 µl RPMI-1640 medium
supplemented with 2 mmol.l-1 L-glutamine in each of two 12 x 75-mm polystyrene tubes (Becton Dickinson Labware). To one set of sample tubes (stimulated) 10 mg.µl-1 Brefeldin A, 25 ng.ml-1 phorbol 12-myristate 13-acetate (PMA)
and 1 µg.ml-1 ionomycin was added. To the second set of sample tubes (unstimulated) 10 µg.ml-1 Brefeldin A only was added. Brefeldin A is a potent inhibitor of
intracellular protein transport and was added to samples to ensure cytokines produced during stimulation would be retained within the cell. Unstimulated and
stimulated samples were then incubated at 37ºC for 4 h in a 5% CO2 humidified
atmosphere.
Staining for intracellular cytokines. Aliquots (100 µl) of unstimulated and stimulated whole blood were added to separate polystyrene tubes containing 4 µl peridinin chlorophyll protein (PerCP)-CD3 conjugated monoclonal antibody (Becton
Dickinson Biosciences, San Jose, CA) and incubated for 15 min. Erythrocytes
were lysed by adding 2 ml lysing solution (Becton Dickinson Biosciences) and
incubated for 10 min. Samples were centrifuged (1000 rpm) for 5 min and the
supernatant decanted. Cells were permeabilized by adding 500 µl permeabilizing
solution (Becton Dickinson Biosciences) and incubated for a further 10 min.
Samples were then washed (0.5% bovine serum albumin, phosphate buffered
saline and 0.1% NaN3) centrifuged (1000 rpm) for 5 min and the supernatant
decanted. Samples were then incubated with R-phycoerythrin (PE)-IFN-γ, PE-IL4 or control mouse PE-IgGγ2a conjugated monoclonal antibodies for 30 min. This
resulted in the following combinations of antibodies: CD3+/IFN-γ+/IL-4+. Samples
were then washed, centrifuged (1000 rpm) for 5 min and the supernatant decanted
before being resuspended in 200 µl of phosphate buffered saline (1%
paraformaldehyde) and analysed by flow cytometry. All incubations took place at
room temperature in the dark.
Assessment of Lymphocyte Surface Marker Expression
Surface marker staining on unstimulated lymphocytes. Aliquots (50 µl) of whole
blood were added to polystyrene tubes and incubated for a minimum of 15 min
with the following combinations of conjugated monoclonal antibodies (all antibodies were obtained from Becton Dickinson Immunocytometry, San Jose, CA,
unless otherwise stated): PerCP-CD3, FITC-CD4 & PE-CD8; PE-CD4 (DAKO,
Glostrup, Denmark), PerCP-CD8 & FITC-CD45RO (DAKO). Erythrocytes were
lysed (1 ml lysing solution) and samples washed (3 ml phosphate buffered saline,
0.1% NaN3) essentially as described above, and then analysed by flow cytometry.
All incubations took place at room temperature in the dark.
Flow cytometric analysis. Labelled cells were analysed by flow cytometry using a
fluorescence activated cell sorter (Becton Dickinson FACSCalibur). Cells were
selected on the basis of their forward vs. side light scatter and subsequently
analysed (Cell Quest, Becton Dickinson) with gates set to identify positive and
negative staining set on isotype controls (<1% positive). Lymphocyte subset
counts were expressed as percentages of cells among total lymphocytes. Absolute
numbers of lymphocyte subsets were determined by multiplying the correspon-
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ding percentages by the total lymphocyte count. Intracellular cytokine production
results were expressed as the percentage of IFN-γ and IL-4 positive CD3+ T cells
among total T cells. Absolute numbers of cytokine positive T cells were determined by multiplying the corresponding percentages by the total T cell concentration. To quantify the amount of cytokine within positive cells the geometric mean
fluorescence intensity (GMFI) was obtained.
Stress Hormones
Plasma cortisol (DRG instruments, Germany) and adrenaline (IBL, Hamburg,
Germany) concentrations were determined by enzyme linked immunosorbent
assay (ELISA).
Statistical Analysis
A two-way (trial × time) repeated measure analysis of variance (RM ANOVA)
was used to compare means. A significant interaction effect would indicate that a
change in any specific parameter in response to acute exercise is dependent on the
specific time in the experimental period at which that trial took place. Where the
RM ANOVA revealed a significant F ratio differences where inspected with
Tukey’s honestly significant difference post hoc test. SPSS version 10 for Windows (SPSS inc., Chicago, Illinois) was used to calculate these statistics. The
level of significance accepted to reject the null hypothesis was P<0.05. Data in
the text, tables and figures are mean ± SEM.

Results
The subjects’ Vo2 max values were not different prior to Trials 1, 2 and 3 (data nor
shown). The mean exercise time to exhaustion in the experimental trial before the
6-day ITP (Trial 1) was 107 ± 7 min. In the experimental trial immediately after
the ITP (Trial 2) , during which subjects average training volume increased by
~73% (Fig. 2), there was a decrease (P<0.01) in the mean exercise time to
exhaustion to 85 ± 5 min. In addition, following the ITP all subjects met established criteria defining them as overreached (17), i.e. decreased exercise performance capacity and increased mood disturbance. Following two weeks of low volume exercise training (Trial 3) the mean exercise time to exhaustion returned to
103 ± 11 min.
Exercise during Trails 1 and 3 resulted in an increase (P<0.01) in the circulating lymphocyte, neutrophil and monocyte concentrations at 60-min and postexercise compared with pre-exercise, resulting in an increase in the total circulating
leukocyte concentration (Table 1). The increased leukocyte concentration was
maintained at 1-h post-exercise (P<0.01) primarily due to the increased neutrophil and monocyte concentrations (Table 1). At 1-h post-exercise, lymphocyte
concentrations returned to pre-exercise levels (Table1). Compared with exercise
during both Trials 1 and 3, exercise during Trial 2 resulted in lower (P<0.01) postexercise and 1-h post-exercise neutrophil, lymphocyte and monocyte (P<0.01)
concentrations and consequently a lower (P< 0.01) total leukocyte concentration
(Table 1).
In each of the experimental trials, the circulating CD3+ T lymphocyte concentrations increased (P<0.01) at 60-min and post-exercise compared with pre-

exercise and then returned to pre-exercise levels at 1-h post-exercise (Table 2).
The response to exercise of the CD3+CD4+ and CD3+CD8+ lymphocytes shared a
similar pattern to the total CD3+ lymphocyte population (Table 2). Furthermore,
the increase in CD3+CD4+ and CD3+CD8+ lymphocytes was primarily due to an
increase in those CD4+ and CD8+ lymphocytes expressing CD45RO+, i.e. memory
T cells (Table 2).
During each trial there was a tendency for the concentration of stimulated
CD3+ T lymphocytes staining positive for IFN-γ (CD3+IFN-γ+) to increase (P=0.07)
at 60-min compared with pre-exercise (Table 3). Exercise during Trials 1 and 3
resulted in a decrease (P<0.05) in both the percentage and concentration of
CD3+IFN-γ+ T lymphocytes at 1-h post-exercise compared with pre-exercise
(Table 3). Exercise during Trial 2 resulted in no statistically significant alterations
in either the percentage or concentration Table 1. Circulating concentrations of total leukocytes and subsets
of CD3+IFN-γ+ T lym- in response to exercise, before (Trial 1), immediately after (Trial 2) and
phocytes. Further- following 2 weeks recovery (Trial 3) from an intensified training period.
more, the percentage
and concentration of
Cell Count (x10 cells.l )
CD3 +IFN-γ + T lymPre-exercise
60-min
Post-exercise 1-h post-exercise
phocytes at rest in
Trial 2 was decreased Leukocytes
(P<0.05) compared Trial 1
4.9 (0.4)
7.8 (0.5)
10.4 (0.6)*
11.6 (0.6)*†
with the resting values Trial 2
4.6 (0.2)
7.3 (0.4)
7.5 (0.2)
8.1 (1.3)*
4.5 (0.3)
6.9 (0.3)
11.6 (1.5)*†
12.8 (1.3)*†
in both Trials 1 and 3 Trial 3
(Table 3). There was a
significant main trial Neutrophils
2.9 (0.3)
4.5 (0.6)
7.2 (0.7)*
9.5 (0.4)*†
effect such that the Trial 1
2.5 (0.2)
4.0 (0.4)
4.9 (0.2)
6.2 (1.1)*
amount of IFN-γ pro- Trial 2
Trial 3
2.5 (0.2)
3.7 (0.3)
8.2 (1.4)*†
10.7 (1.2)*†
duced by stimulated
CD3+ T lymphocytes Lymphocytes
was
decreased Trial 1
1.4 (0.2)
2.5 (0.3)*
2.3 (0.3)*†
1.3 (0.2)
(P<0.05) post-exer- Trial 2
1.6 (0.2)
2.4 (0.3)*
1.9 (0.2)
1.4 (0.2)
cise compared with Trial 3
1.5 (0.1)
2.3 (0.2)*
2.4 (0.3)*†
1.3 (0.1)
pre-exercise
(Fig.
3A). The percentage Monocytes
0.5 (0.1)
0.7 (0.1)*
0.8 (0.1)*
0.7 (0.1)*
of un-stimulated CD3+ Trial 1
0.5 (0.1)
0.7 (0.1)*
0.6 (0.1)
0.5 (0.1)
T lymphocytes stain- Trial 2
Trial 3
0.4 (0.1)
0.6 (0.1)*
0.8 (0.1)*
0.7 (0.1)*
ing positive for either
IFN-γ or IL-4 was Table 1. Values are circulating total leukocyte, neutrophil, lymalways less than 1%. phocyte and monocyte concentrations (× 109 cells.l-1) in periphTherefore, exercise eral blood at rest (Pre-exercise), after 60 min of exercise (60per se had no effect min), at exhaustion (Post-exercise) and following 1-h of recovon IFN-γ or IL-4 pro- ery from exercise (1-h post-exercise); before (Trial 1), immediduction from CD3+ T ately after (Trial 2) and following 2 weeks of recovery (Trial 3)
lymphocytes,
and from an intensified training period (ITP). Values are means ±
stimulation with PMA S.E.M.; n = 7 subjects. * Interaction effect, significantly different
+ ionomycin dramati- from pre-exercise (P<0.01). † Interaction effect, significantly
cally up-regulated the different from Trial 1 (P<0.01).
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Table 2. Circulating concentrations of T lymphocytes in response to exercise,
before (Trial 1), immediately after (Trial 2) and following 2 weeks recovery
(Trial 3) from an intensified training period.

production of IFNγ from CD3 + T
cells.
Neither acute
Cell Count (x10 cells.l )
exercise,
nor
Pre-exercise
60-min
Post-exercise 1-h post-exercise
chronic exercise
training resulted in
CD3
a statistically sigTrial 1
0.85 (0.08)
1.14 (0.12)
1.11 (0.13)
0.72 (0.10)
nificant alteration
0.97 (0.11)
0.84 (0.11)
Trial 2
0.91 (0.10)
1.21 (0.18)
of either the con1.15 (0.11)
0.76 (0.08)
Trial 3
0.85 (0.07)
1.07 (0.10)
centration or perCD3 CD4
centage of stimuTrial 1
0.54 (0.07)
0.67 (0.08)
0.66 (0.09)
0.45 (0.05)
lated CD3+ T lym0.59 (0.08)
0.53 (0.07)
Trial 2
0.56 (0.07)
0.70 (0.12)
phocytes staining
0.64 (0.08)
0.50 (0.06)
Trial 3
0.52 (0.06)
0.63 (0.08)
positive for IL-4
(Table 3). In addiCD3 CD8
tion, the amount of
Trial 1
0.30 (0.04)
0.42 (0.08)
0.42 (0.08)
0.28 (0.08)
IL-4 produced by
0.31 (0.05)
0.27 (0.06)
Trial 2
0.31 (0.06)
0.46 (0.10)
stimulated CD3+ T
0.45 (0.07)
0.24 (0.05)
Trial 3
0.31 (0.05)
0.40 (0.05)
lymphocytes folCD4 CD45RO
lowing stimulation
Trial 1
0.39 (0.07)
0.58 (0.11)
0.54 (0.10)
0.35 (0.08)
was unchanged fol0.48 (0.08)
0.42 (0.08)
Trial 2
0.43 (0.07)
0.57 (0.11)
lowing exercise
0.51 (0.11)
0.37 (0.07)
Trial 3
0.39 (0.07)
0.50 (0.10)
(Fig. 3B).
Plasma adrenCD8 CD45RO
aline
concentration
Trial 1
0.15 (0.02)
0.24 (0.04)
0.24 (0.03)
0.12 (0.03)
was
elevated
Trial 2
0.15 (0.03)
0.25 (0.04)
0.19 (0.02)
0.13 (0.03)
(P<0.05)
after
60Trial 3
0.17 (0.03)
0.28 (0.08)
0.26 (0.05)
0.14 (0.03)
min
of
exercise
and
Table 2. Values are circulating total T cell (CD3+) and T cell subset post-exercise com(CD3+CD4+, CD3+CD8+, CD4+CD45RO+, CD8+CD45RO+) concen- pared with pretrations (× 109 cells.L-1) in peripheral blood obtained at rest (Pre- exercise (Table 4).
exercise), after 60 min of exercise (60-min), at exhaustion (Post- Plasma
cortisol
exercise) and following 1-h of recovery from exercise (1-h postconcentration
exercise); before (Trial 1), immediately after (Trial 2) and followincreased after 60ing 2 weeks of recovery (Trial 3) from an intensified training period
min of exercise
(ITP). Values are means ± SEM; n = 7 subjects. ¶ Main time effect,
(P<0.05), and was
significantly different from pre-exercise (P<0.05). # Main time
elevated post-exereffect, significantly different from 1-hr post-exercise (P<0.05).
cise (P<0.05) compared with 1-h post-exercise (Table 4). In addition, there was a trial main effect
(P<0.05) such that plasma cortisol concentration was higher during both Trials 1
and 3 compared with Trial 2 (Table 4).
9

Table 3. Circulating concentrations and percentages of stimulated T cells positive for IFN-γ and IL-4 in
response to exercise, before (Trial 1), immediately after (Trial 2) and following 2 weeks recovery (Trial 3)
from an intensified training period.

Pre60-min Post1-h postexercise
exercise exercise

+

+

¶#

¶#

¶#

¶#

¶#

¶#

+

¶#

¶#

¶#

¶#

¶#

+

+

+

¶#

+

¶#

¶#

¶#

¶#

¶#

¶#

¶#

¶#

+

¶#

¶#

¶#

¶#

¶#

¶#

¶

¶#

¶#

¶

¶#

¶#

¶

+

Discussion
The major findings of the present study were that firstly, a decrease in both the
percentage and number of circulating type 1 T lymphocytes was observed following acute exercise during the normal training and recovery training periods, how-

Cell Count (x109 cells.l-1)

Cell Count (%)

-1

Pre-exercise

60-min

Post-exercise

1-h postexercise

CD3+ IFN-γ+
Trail 1

23 (2)†

22 (2)†

15 (2)*

15 (2)*

0.19 (0.02)†

0.24 (0.01)

0.16 (0.03)†

0.11 (0.03)*

Trial 2

14 (4)

15 (4)

10 (4)

16 (4)

0.12 (0.03)

0.18 (0.05)

0.09 (0.04)

0.14 (0.05)

Trial 3

21 (2)†

21 (2)

22 (2)

13 (2)*

0.17 (0.01)

0.22 (0.02)

0.26 (0.03)†

0.10 (0.2)*

CD3+CD4+
Trail 1

1.6 (0.3) 1.8 (0.4) 1.2 (0.4) 1.5 (0.3)

0.014 (0.003) 0.019 (0.004) 0.014 (0.005) 0.010 (0.002)

Trial 2

1.0 (0.2) 1.7 (0.8) 0.8 (0.2) 1.2 (0.3)

0.008 (0.002) 0.016 (0.006) 0.007 (0.002) 0.009 (0.002)

Trial 3

1.2 (0.3) 1.2 (0.3) 1.1 (0.3) 1.3 (0.2)

0.010 (0.003) 0.013 (0.004) 0.013 (0.003) 0.010 (0.002)

Values are circulating CD3 IFN-γ and CD3 IL-4+ T lymphocyte concentrations (× 109 cells.L-1)
and percentages in peripheral blood obtained at rest (Pre-exercise), after 60 min of exercise
(60-min), at exhaustion (Post-exercise) and following 1-h of recovery from exercise (1-h
post-exercise); before (Trial 1), immediately after (Trial 2) and following 2 weeks of
recovery (Trial 3) from an intensified training period (ITP). Values are means ± SEM; n = 7
subjects. * Interaction effect, significantly different from pre-exercise (P<0.05). † Interaction effect, significantly different from Trial 1 (P<0.05).
+

+

+

Table 4. Circulating adrenaline and cortisol concentrations in response to exercise, before (Trial 1), immediately after (Trial 2) and following 2 weeks of recovery
(Trial 3) from an intensified training period.
Plasma concentration (nmol.l-1)
Pre-exercise

60-min

Post-exercise

1-h post-exercise

Adrenaline
Trial 1
Trial 2
Trial 3

0.45 (0.03)
0.42 (0.02)
0.46 (0.03)

0.67 (0.05)¶
0.59 (0.05)¶
0.69 (0.05)¶

0.87 (0.13)¶
0.65 (0.07)¶
1.11 (0.28)¶

NM
NM
NM

Cortisol
Trial 1
Trial 2
Trial 3

353 (21)‡
343 (31)
353 (26)‡

504 (43)¶‡
403 (57)¶
478 (59)¶‡

566 (85)‡
442 (81)
614 (104)

443 (70)‡
350 (51)

Values are plasma adrenaline and cortisol concentrations in peripheral blood obtained at rest (Pre-exercise), after 60 min of exercise (60min), at exhaustion (Post-exercise) and following 1-h of recovery
from exercise (1-h post-exercise); before (Trial 1), immediately after
(Trial 2) and following 2 weeks of recovery (Trial 3) from an intensified training period (ITP). Values are means ± SEM; n = 7 subjects. ¶
Main time effect, significantly different from pre-exercise (P<0.05).
‡ Main trial effect, significantly different from Trial 1 (P<0.05). NM
= not measured at this time point.
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6-day intensified
training period

Preexercise

60min

Postexercise

Blood samples
collected

Days 9 - 22

Trial 2

2 week recovery
period

Day 23

Trial 3

Exercise to
exhaustion
at ~63% Wmax
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Figure 1. Schematic representation of the experimental procedures. Wmax = maximal work
rate in the Vo2 max test.

ever no exercise-induced
effects were observed on the
distribution of type 1 T lymphocytes in the trial performed immediately after the
ITP (Table 3). Secondly,
although acute exercise
caused a decrease in the
amount of IFN-γ produced
by stimulated CD3+ T lymphocytes, no effect of chronic exercise training was
Figure 2. Volume and intensity of training completed observed on resting T lymduring a 7-day ‘normal’ training period, during the 6-day phocyte IFN-γ production
intensified training period (ITP) and during each week of (Fig. 3A). Thirdly, both the
the 2-week recovery period. HRmax = maximal heart rate. resting percentage and number of circulating type 1 T
lymphocytes decreased in the trial immediately after the ITP compared with the
normal and recovery training trials (Table 3). Finally, we observed no effects of
either acute exhaustive exercise, or chronic exercise training on type 2 T lymphocyte distribution or function (Table 3, Fig. 3B).
The results of the present study, which demonstrate a decline in the percentage and number of type 1 (CD3+IFN-γ+) T lymphocytes following acute exercise
in both the normal training and recovery training trials, support the findings of
previous work (19, 37). In addition, similarly to previous studies we observed no
exercise-induced effects on the distribution of type 2 (CD3+IL-4+) T lymphocytes.
Lymphoid cells are particularly sensitive to glucocorticoid (GC)-induced apoptosis (3), and it is possible that the exercise-induced increase in circulating cortisol
levels may have promoted apoptosis in the CD3+IFN-γ+ T lymphocytes thus mediating the decline in these cells from the circulation. However, given that peripheral T lymphocytes are relatively resistant to GC-induced apoptosis (3), that lymphocyte apoptosis has been shown not to contribute to post-exercise lymphocytopenia (36) and the relatively rapid decline in circulating CD3+IFN-γ+ T lymphoTraining
Volume
(h:min)

cytes following exercise, apoptosis is an
unlikely cause of the
post-exercise decline
in the number and
percentage
of
CD3+IFN-γ+ T lymphocytes observed in the
present study. The differential effects of
exercise on type 1 and
type 2 T lymphocytes
are
most
likely
accounted for by the
higher surface expression of β 2-adrenergic
receptors on type 1 T
lymphocytes compared
with type 2 T lymphocytes (31), and that
Figure 3 A & B. Values are the geometric mean fluorescence type 1 T lymphocytes
intensity (GMFI) of stimulated CD3+ T lymphocytes positive are markedly more
for interferon (IFN)-γ (Fig. 3A) and interleukin (IL)-4 (Fig. sensitive to the effects
3B) in peripheral blood obtained at rest (Pre-exercise), after 60 of GCs (6, 16) commin of exercise (60-min), at exhaustion (Post-exercise) and pared with type 2 T
following 1-h of recovery from exercise (1-h post-exercise); lymphocytes.
It has been
before (Trial 1), immediately after (Trial 2) and following 2
demonstrated
that
weeks of recovery (Trial 3) from an intensified training period
(ITP). Values are means ± SEM; n = 7 subjects. ¶ Main time adrenal stress hormones exert considereffect, significantly different from pre-exercise (P<0.05).
able influence over the
trafficking of leukocytes between the circulation and peripheral immune compartments (1, 13, 35), and recent data from our laboratory provide support for the role
of stress hormones in mediating the exercise-induced decrease in the circulating
levels of type 1 T lymphocytes (23). Although a decrease in the percentage of circulating type 1 T lymphocytes has been suggested as a mechanism to explain the
increased susceptibility to infection following prolonged strenuous exercise (37), it
has been elegantly demonstrated that acute stress may actually enhance type 1
(cell-mediated) immunity (10-12) as a result of an adrenal stress-hormone mediated trafficking of circulating leukocytes from the systemic circulation to the vasculature of peripheral immune compartments (e.g. skin, urogenital and gastrointestinal tracts). It seems reasonable to suggest that following an acute bout of prolonged strenuous exercise the increased circulating adrenal stress hormone concentrations promote the trafficking of type 1 T lymphocytes from the circulation to
the vasculature of other immune compartments. Consequently, the percentage and
number of type 1 T lymphocytes present in the circulation is decreased, but instead
of being immunosuppressive per se, this decrease may mediate an enhanced
immune response against certain types of pathogen in specific immune compart+
Stimulated CD3 /IFN
(GMFI,au)

Trial 1
Exercise to
exhaustion
at ~63% Wmax

Day 8

+

Days 2 - 7

+
Stimulated CD3 /IL-4
(GMFI,au)

Day 1
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ments by virtue of the greater number of type 1 T lymphocytes in these compartments. Interestingly, while the work of Dhabhar and colleagues has demonstrated
that acute stress enhances cell-mediated immunity (as determined by the delayed
type hypersensitivity (DTH) response), the DTH response following prolonged
strenuous exercise is depressed (7). While the reasons for these inconsistencies are
not clear, it is likely that the severity of the stress plays a role. In the study by Bruunsgaard and colleagues, subjects performed a half-ironman triathlon competitive
race (approximately 5 h in duration). In the studies by Dhabhar and colleagues 2 h
of restraint stress was used, a stress model that the authors state is relatively mild.
These differences in both the duration and intensity of stressor will result in dramatic differences in the stress hormone and cytokine responses, and this may
account for the different results between these studies.
This study is the first to examine the effect of a period of chronic exercise
training on type 1 and type 2 T lymphocyte distribution and function. The results
of the present study demonstrate an attenuation of the decrease of CD3+IFN-γ+ T
lymphocytes in response to acute exercise immediately after the chronic exercise
training period compared with acute exercise before and following 2-weeks of
resting recovery from the chronic exercise training period, and a reduction in both
the resting number and percentage of CD3+IFN-γ+ T lymphocytes following a
period of chronic exercise training. In addition, while acute exercise decreased
IFN-γ production by stimulated T lymphocytes, no effect of the intensified training period on T lymphocyte IFN-γ production at rest was observed. The current
observation of an attenuated decline in the percentage and number of CD3+IFN-γ+
T lymphocytes in response to acute exercise immediately after the chronic exercise is consistent with the suggestion that while acute exercise may enhance type
1 immunity in certain situations as a result of a stress-hormone mediated trafficking of type 1 T lymphocytes from the circulation to sites of potential infection,
chronic exercise training may suppress immune function as a result of a decrease
in the stress-induced trafficking of type 1 T lymphocytes. Given that we observed
a markedly lower circulating cortisol concentration in response to acute exercise
immediately after the ITP compared with before and following 2-weeks of resting
recovery from the ITP, and that GCs are the main mediators of the acute stressinduced efflux of lymphocytes from the circulation, it is likely, at least in part,
that the attenuated decrease of the circulating number and percentage of
CD3+IFN-γ+ T lymphocytes observed in response to acute exercise immediately
after the ITP was a result of an attenuated exercise-induced stress-hormone
response. However, it is important to note that the duration of the exercise trial
after the ITP (85 min) was significantly less than in the trials before the ITP (107
min) and following 2 weeks of recovery from the ITP (103 min) and exercise
duration is an important mediator of lymphocyte trafficking.
It is possible that apoptosis of the type 1 T lymphocytes as a result of the
prolonged and repeated daily exposure to exercise-induced elevations in cortisol
may account for the decline in the resting level of CD3+IFN-γ+ T lymphocytes following chronic exercise training. A second possibility may be that as a result of
exercise on the preceding day (Vo2 max test and training) there was a sustained and
selective retention of the type 1 T lymphocytes in certain immune compartments,
such that on the following day not all type 1 T cells had returned to the circulation. Previous work by Dhabhar and colleagues has demonstrated that a period of
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chronic stress prior to an acute stressor resulted in an attenuation of the stressinduced increase in plasma corticosterone levels, an attenuation of the stressinduced decrease in blood lymphocyte concentrations and a reduction in basal
blood lymphocyte concentrations compared with acute stress alone (10). The
effects of the chronic exercise period on the level of CD3+IFN-γ+ T lymphocytes
in the present study are consistent with these findings.
In the present study we assessed type 1 and type 2 T lymphocyte function by
quantifying the amount of IFN-γ and IL-4 produced by stimulated T cells. We
observed a decrease in the amount of IFN-γ produced by stimulated T cells following acute exercise, supporting previous work demonstrating a decrease in the
concentration of IFN-γ in the supernatant of in vitro mitogen-stimulated blood
after exercise (4, 34, 41), and the decline observed in IFN-γ production by T lymphocytes quantified at the single cell level (37). In contrast to IFN-γ production,
the amount of IL-4 produced by stimulated T cells was unchanged following
acute exercise. The mechanism underlying this decrease in T cell IFN-γ production appears to be unrelated to the exercise-induced rise in the circulating catecholamine concentration (35), since adrenergic blockade had no effect on the
magnitude of the post-exercise suppression of IFN-γ production. Furthermore,
adrenergic blockade suppressed the exercise-induced rise in the plasma cortisol
concentration, suggesting a lack of association between cortisol and the postexercise depression of stimulated T lymphocyte IFN-γ production. Given that
adrenal stress hormones are known to inhibit IL-2, IL-4, and IFN-γ production
from in vitro mitogen-stimulated blood (22, 28, 38), the observation of a lack of
association between the exercise-induced stress hormone response and the
depression of intracellular cytokine production is surprising. It is possible that a
critical threshold for stress hormone induced effects may exist, above which further increases in cortisol or catecholamines have no further suppressive effects on
T lymphocyte IFN-γ production. In support of this idea, although the exerciseinduced increase in the cortisol concentration was higher in the trials before and
following 2 weeks of resting recovery from the ITP, a post-exercise increase
remained in the trial immediately after the ITP and this may have been sufficient
to account for the observed suppression in T cell IFN-γ production. In contrast to
our hypothesis, T lymphocyte IFN-γ production at rest after completion of the ITP
was unaltered compared with values before and following 2 weeks of resting
recovery from the ITP. However, the resting adrenaline and cortisol concentrations were unaffected by the ITP, and it is possible that this may account for the
lack of an observed effect of the ITP on resting T lymphocyte IFN-γ production.
In conclusion, we have observed that the effect of acute exercise following a
period of chronic exercise training on the re-distribution of CD3+IFN-γ+ T lymphocytes was attenuated compared with acute exercise before and following 2
weeks of resting recovery from the chronic intensified exercise training period.
Furthermore, we observed a decrease in both the number and percentage of
CD3+IFN-γ+ T lymphocytes at rest following a period of intensified exercise training. Given the critical role played by the type 1 T cells in the generation of antiviral defence, and that respiratory tract infections are typically the result of viruses,
our results which illustrate a modulation of type 1 T lymphocyte distribution suggest a possible mechanism for the increased incidence of infection typically
reported by athletes during periods of hard training. Finally, differences exist in
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the patterns of distribution of type 1 and type 2 T lymphocytes between the circulation and the nasal mucosa (39), and since the predominant site of infection
reported by athletes is typically the mucosa of the upper respiratory tract, the
effect of exercise on type 1 and type 2 T lymphocyte balance and function within
the lymphoid tissue of the upper respiratory and nasal mucosae seems warranted.
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