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ABSTRACT: We investigated physiological responses and changes in circulating immune cells following exercise
in cold and thermoneutral conditions. Participants were short track skaters (n=9) who were acclimatized to cold
conditions, and inline skaters (n=10) who were not acclimatized. All skaters were young, and skating at a
recreational level three days per week for at least one year. Using a cross-over design, study variables were
measured during 60 min of submaximal cycling (65% VO,max) in cold (ambient temperature: 5+1°C, relative
humidity: 41+9%) and thermoneutral conditions (ambient temperature: 21=1°C, relative humidity: 35+5%).
Heart rate, blood lactate and tympanic temperature were measured at rest, during exercise and recovery. Plasma
cortisol, calprotectin and circulating blood cell numbers were measured before and after 60 min of cold or
thermoneutral conditions, and during recovery from exercise. Heart rate was lower in both groups during exercise
in cold versus thermoneutral conditions (P<0.05). The increase in total leukocytes during recovery was primarily
due to an increase in neutrophils in both groups. The cold-acclimatized group activated neutrophils after exercise
in cold exposure, whereas the non-acclimatized group activated lymphocyte and cortisol after exercise in cold
exposure. Lymphocyte subsets significantly changed in both groups over time during recovery as compared to
rest. Immediately after exercise in both groups, CD16+ and CD69+ cells were elevated compared to rest or
before exercise in both conditions. Acclimatization to exercise in the cold does not appear to influence exercise-
induced immune changes in cold conditions, with the possible exception of neutrophils, lymphocytes and cortisol
concentration.
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1IN T RO D U C T 1O N 15—

Cold exposure affects physiological responses at rest and during
exercise. The two major physiological adjustments that occur dur-
ing cold exposure are increased thermogenesis and peripheral va-
soconstriction [1]. Cold exposure stimulates intense sympatho-
adrenal activity, eliciting secretion of catecholamine and cortisol [39].
Exercise can cause changes in immune function. Furthermore, be-
cause shivering-induced muscle contractions are similar to voli-
tional exercise, cold conditions could affect immune responses.
Alterations in the immune system during cold exposure result from
physiological changes in blood flow distribution, plasma volume
and cardiac output [31]. Kozyreva and Eliseeva [21] have proposed
that the thermal factor of the environment and long-term adaptation
to cold are key factors influencing the function of immunocompetent
cells.

Humans adapt to cold environments in order to maintain homeo-
stasis. Factors affecting physiological responses to cold exposure are
body composition, gender, and age. Training status and cold accli-
matization are also important determinants of physiological respons-
es to exercise in the cold. Kollias et al. [20] found that cold-exposed,
endurance-trained subjects had a low thermogenic threshold. Con-
versely, others have reported that trained athletes have improved
cold tolerance [15] and greater thermoregulatory sensitivity [2]. Cold
acclimation may interfere with training adaptations, as it reduces
sympathetic responses to the cold and therefore reduces the rates
of glycogenolysis and lipolysis, as well as promoting vasoconstric-
tion [17].

It is commonly believed that exposure to cold environmental tem-
peratures suppresses immune function and increases the risk of
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infection [33]. However, Castellani et al. [5] do not support the
concept that cold exposure depresses immune function. Jansky et
al. [16] have suggested that improvements in cold tolerance may
actually be based on enhanced activity of the immune system.
During moderate exercise, several positive changes occur in the im-
mune system [26], and acute bouts of endurance exercise lead to
transient but significant changes in immunity and host defence [28].
The effects of cold acclimation on immune changes during exercise
in cold conditions are not well understood because it is often difficult
to separate the effects of exercise from cold exposure per se. Long-
term adaptation to cold conditions affects neuroendocrine function,
as well as neuro-immunomodulatory properties. We hypothesized
that cold acclimation would alter the magnitude of physiological
responses and stimulatory responses of circulating immune cells
following exercise in cold conditions. To test this hypothesis, we
compared physiological and immunological responses both at rest
and in response to exercise in cold and thermoneutral conditions in
cold-acclimatized and non-acclimatized skaters.

MATERIALS AND METHODS I
Subjects. The participants were young male skaters participating at
a recreational level in either short track (cold-acclimatized group)
(n=9) or inline skating (non-acclimatized group) (n=10). All par-
ticipants had been skating three days per week for at least one year.
Short track skaters of the cold-acclimatized group performed 2 hours
of skating per day in cold conditions (ambient temperature: 5+1°C),
whereas inline skaters of the non-acclimatized group performed
2 hours of skating per day in thermoneutral conditions (ambient
temperature: 21 +1°C). These participants were regarded as moder-
ate trained individuals. The characteristics of the skaters are shown
in Table 1. There were no significant differences between the groups
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in cardiopulmonary endurance capacity or body composition.
The study protocol was approved by the Institutional Review Board
of Keimyung University. Informed consent was obtained from all
study participants.

Exercise testing

In preliminary testing, a graded maximal exercise test was used in
thermoneutral conditions to determine VO,max. Skaters started cy-
cling at 60 rpm at 0.5 kp for 2 min. Thereafter, the intensity increased
0.5 kp every 2 min until the skaters were exhausted. Once VO,max
was established, all skaters cycled for 60 min at 65% VO,max in
cold (ambient temperature: 5+1°C, relative humidity 41 +9%) and
thermoneutral conditions (ambient temperature: 21+1°C, relative
humidity 35+5%). To minimize the effects of circadian rhythm, all
exercise bouts including preliminary testing were performed between
2:00 and 8:00 pm, and at the same time of day for each trial in the
cool season. Trials were separated by 1 week to ensure complete
recovery between trials, and were randomized in a counterbalanced
order, with each subject serving as his own control. Except for the
last 48 hours before each trial, when exercise was regulated by the
study protocol, the skaters completed their regular training programme
and usual daily activity without any interruption during the study
period. During each trial, the skaters were served their usual meals,
but they did not consume any food within 2 hours before exercise
testing. Physiological variables were measured at rest before and
after 1 hour of bed rest preceding exercise. We included measure-
ments under resting conditions before exercise, so that we could
separate the effects of ambient temperature from the effects of ex-
ercise. A flexible intravenous catheter (Venflon 1.2, BOC health care,
Helsing, Sweden) was inserted for blood collection. After the first
blood sample was drawn at rest, the skaters rested in bed for 60 min

TABLE 1. CHARACTERISTICS OF ACCLIMATIZED AND NON-ACCLIMATIZED SUBJECTS

Variables Acclimatized (n=9) Non-acclimatized (n=10) P value
Age (yr) 24.00+1.03 25.30+1.42 0.478
Height (cm) 179.44+1.52 170.80+2.64 0.013*
Body weight (kg) 70.94+1.88 69.74+2.89 0.737
% Fat (%) 15.00+1.68 18.13+£2.26 0.291
VO, (mL-kg™*-min™) 48.20+£2.79 46.24+2.11 0.578
HRrest (beats-min™) 72.33+4.67 67.50+3.48 0.412
HRmax (beats-min") 185.78+2.74 184.20+3.24 0.718
LApeak (mmol-L™") 8.42+0.48 7.53+0.21 0.098
EXtime (sec) 1147.56+60.78 1076.50+65.09 0.439
Peak KP 5.00+0.26 4.75+0.24 0.490
65% VO,max (mL kg™ min'") 31.33+£1.81 30.07+1.37 0.535
HR on 65%VO,max (beats-min™) 146.22+8.18 145.60+8.17 0.870
LA on 65%V0,max (mmol L") 2.83+0.25 2.38+0.12 0.128
KP on 65%V0,max 2.78+0.21 2.55+0.16 0.386
RPE on 65%VQ,max 14.56+0.47 13.70+0.40 0.181
Career (month) 52.67+14.36 28.40+7.78 0.145

Note: Values are mean and SE, * P<0.05, HR: heart rate, LA: blood lactate, KP: kilopond, RPE: ratings of perceived exertion, EXtime: duration of

exercise in maximal exercise test
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in either thermoneutral (ambient temperature: 21+1°C, relative
humidity 35+5%) or cold conditions (ambient temperature: 5+1°C,
relative humidity 41+9%). After the second blood sampling (after
60 min bed rest and before exercise), the skaters performed a 5-min
warm-up or the familiarization, cycling at 30-45% of VO,max, im-
mediately followed by 60 min at the skaters’ predetermined kilo-
pond (KP) of 65% VO,max in cold or thermoneutral conditions, re-
spectively. The skaters had a 120-min bed rest recovery phase in
thermoneutral conditions after exercise (Figure 1). The same clothing
was worn in each exercise testing session; they wore three layers of
clothes during rest or one layer during exercise. The skaters were
permitted to drink a maximum of 300 mL of tap water during exer-
cise testing.

Physiological variables

For the comparison of basic physiological responses, heart rate, blood
lactate, and tympanic temperature were measured at the following
times (Figure 1): at rest before exposure to cold or thermoneutral
conditions (rest O min); after 30 or 60 min exposure to cold or
thermoneutral conditions (rest 30 min or 60 min); at 10-min inter-
vals during exercise in cold or thermoneutral conditions; at 10, 30,
60 and 120 min during the recovery phase in thermoneutral condi-
tions after submaximal exercise. Heart rate was measured using
a heart rate monitor (Polar Electro OY PE3000, Kempele, Finland),
and blood lactate was measured from the fingertips by a lactate
analyser (1500-L, YSI, Yellow Springs, USA). Tympanic temperature
was measured using a ThermoScan thermometer (IRT 4520, Braun
Co., Kronberg, Germany) without additional thermal sensor imple-
mentation for ear canal insulation. During exercise, heart rate and
RPE (ratings of perceived exertion: 6-20 scale) were continuously
monitored.

Circulating cortisol, calprotectin and blood cell counts

Blood samples for determination of circulating blood cell numbers
and plasma concentrations of cortisol and calprotectin were col-
lected at the following times (Figure 1): before and after 60 min rest
in cold or thermoneutral conditions; before and after 60 min sub-
maximal exercise in cold or thermoneutral conditions (before exercise);
at 0, 30, 60 and 120 min during the recovery phase in thermoneu-
tral conditions after exercise. All blood samples were drawn from an
antecubital vein during bed rest, except for the sample taken im-
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FIG. I. SCHEMATIC DIAGRAM OF EXPERIMENTAL DESIGN

mediately after exercise, which was obtained with the skaters seat-
ed on the cycle ergometer. At each sampling, blood was collected in
a b mL EDTA tube for haematological analyses. Blood for lymphocyte
subsets was collected in a 5 mL EDTA tube (Becton-Dickinson Va-
cutainer system), and analysed later on the same day. Plasma sam-
ples were separated from whole blood using EDTA as an anticoagu-
lant immediately after blood sampling, followed by centrifugation at
1,000 g for 15 min. These samples were stored at -80°C until as-
sayed. Plasma concentrations of cortisol and calprotectin were mea-
sured using commercially available enzyme-linked immunosorbent
assay (ELISA) kits (Cortisol ELISA, IBL, Hamburg, Germany; Human
Calprotectin ELISA, HyCult Biotechnology, Uden, Netherlands), ac-
cording to the manufacturer’s instructions. The absorbance was
measured spectrophotometrically with a microplate reader (VersaMax,
Molecular Devices, California, USA). Whole blood (2 mL) treated
with EDTA was analysed for total leukocytes, neutrophils, lympho-
cytes, monocytes, and haematocrit with an automated Coulter coun-
ter (XE-2100D, Sysmex, Kobe, Japan) by the clinical haematology
group at Keimyung University.

Lymphocyte subsets were assessed by measuring the concentra-
tions of T cells (CD3+), B cells (CD19+), natural killer (NK) cells
(CD16+) and activated T-cells (CD69+). Two-colour immunophe-
notyping of EDTA-treated whole blood was used to determine T cell
subsets by CD3 [fluorescein isothiocyanate (FITC)] and CD16 [phy-
coerythrin (PE)] mixed (10 ul each) with 100 ul of whole blood.
An additional 100 ul of blood was mixed with 10 ul each of CD19
(FITC), and CD69 (PE). All reagents were purchased from BD Biosci-
ences (San Jose, CA, USA) and samples were stained as per the
manufacturer’s instructions within 6 hours of collection. Briefly, mixed
samples were vortexed and incubated for 20 min at room tempera-
ture (RT) in the dark. After adding 2 mL of FACS Lysing Solution to
lyse red blood cells, samples were vortexed and incubated for
a further 10 min at RT. Samples were centrifuged (300 g for 5 min
at RT), washed with 2 mL of phosphate-buffered saline (PBS) con-
taining 0.1% sodium azide, centrifuged (200 g for 5 min at RT), and
fixed with 0.5 mL PBS (1% paraformaldehyde). Samples were stored
at 3°C for no more than 48 h before analysis by a FACScan flow
cytometer (Becton Dickson, San Jose, CA, USA) and CELLQuest
software (BD Biosciences). The lymphocyte population was gated
using forward-scatter versus side-scatter characteristics and 10,000
events were counted per sample. Cell concentrations of each lym-
phocyte subset were calculated by multiplying the percentage of cells
with appropriate fluorescence by the absolute number of lymphocytes
obtained from the blood tests. Whole blood cell concentrations,
plasma concentrations of cortisol and calprotectin were corrected for
exercise-induced changes in blood volume according to Dill and
Costill [111.

Statistical analyses
Values are reported as the mean = standard error (SE). All statistical
analyses were performed using SPSS for Windows (Version 13.0).
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Significant differences of dependent variables were analysed using
a three-way (time X ambient temperature X group) repeated-mea-
sures ANOVA and Bonferroni adjustments were used for post hoc
analysis. P<0.05 was considered statistically significant.

RESULT S |
Heart rate increased during exercise (Figure 2), and was signifi-
cantly lower in the cold than the thermoneutral conditions (tem-
perature main effect, F=5.075, P<0.05) in both groups. Heart rate
responses also demonstrated significant interactions between time
and temperature (F=5.913, P<0.001) or time X temperature x
group (F=2.119, P<0.01) without a significant difference between
groups. Heart rate significantly changed in both groups over time
(P<0.05, Figure 2) during exercise and recovery as compared to
rest. During recovery from exercise in the cold, heart rate remained
elevated 120 min after exercise in both groups.

Blood lactate concentration significantly changed in both groups
over time (time main effect, F=22.801, P<0.001) during exercise
and recovery as compared to rest. Blood lactate concentration in the
non-acclimatized group tended to be higher in the cold than the
thermoneutral conditions. In the acclimatized group, lactate tended
to be lower in the cold than the thermoneutral conditions, but these
differences did not reach statistical significance (Figure 3). Blood
lactate concentration had returned to resting values after 30 min of
recovery in both groups.
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FIG. 2. COMPARISON OF HEART RATE DURING SUBMAXIMAL EXERCISE
BETWEEN COLD AND THERMONEUTRAL CONDITIONS IN COLD-
ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS

Note: * P <0.05 compared to rest (O min), Significant main effect by 3-way
ANOVA : Temperature (P =0.038), Time (P <0.001), Significant interaction
time X temperature (P <0.001), time X group x temperature (P <0.001)
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Tympanic temperature was significantly lower in the cold than the
thermoneutral conditions (temperature main effect, F=20.710,
P<0.001) in both groups. Tympanic temperature changed signifi-
cantly in both groups over time (time main effect, F=12.312,
P<0.001). There was a significant time X temperature effect
(F=10.604, P<0.001) for tympanic temperature. Tympanic tem-
perature was significantly lower compared to rest in both groups at
the end of resting cold exposure, and also at the end of exercise in
cold conditions. In contrast, tympanic temperature was significantly
higher compared to rest after exercise in thermoneutral conditions
(Figure 4).

Based on the haematocrit values, plasma volume changed in both
groups over time during the recovery phase after submaximal exercise.
Haematocrit values significantly changed in both groups over time
(time main effect, F=25.068, P<0.001). Although there were no
statistically significant differences of main effects between tempera-
ture conditions or groups, haematocrit values of the non-acclimatized
group had not returned to resting values after 120 min of recovery
in post hoc tests (Table 2).

Plasma cortisol concentration changed in both groups over time
during the recovery phase after submaximal exercise (time main
effect, F=7.304, P<0.001). However, there were no significant
differences between conditions or groups. Plasma cortisol concentra-
tion in the acclimatized group tended to be lower during the recovery
phase after exercise in the cold than the thermoneutral conditions,
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FIG. 3. COMPARISON OF BLOOD LACTATE CONCENTRATION DURING
SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL
CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (O min), Significant main effect by 3-way
ANOVA: Time (P <0.001)
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Physiological and leukocyte subset responses to exercise and cold exposure in cold-acclimatized skaters

TABLE 2. CHANGES OF HAEMATOCRIT VALUE, CORTISOL AND CALPROTECTIN CONCENTRATIONS AT REST, BEFORE AND AFTER

SUBMAXIMAL EXERCISE

. . Recovery phase (min
Variables Group Condition Rest e?(gl;gir:e 0 30 yp 6(() ) 120 3 way ANOVA
Cold 4222 43.60*  43.89* 42.06 41.90 42.42
Acclimatized 0.87 0.72 0.97 0.88 0.86 0.75
Thermoneutral 41.50 41.63 43.13* 41.52 41.37 42.17 Ti : P<0.001
Hematocrit 0.85 0.80 0.88 0.92 0.87 0.98 Te : NS
(%) Cold 43.75 44.34*  44.88* 43.45 43.77 44.59 Gr:NS
Non- 0.90 0.67 0.90 0.90 0.92 112 Interaction(TixTe) : P<0.001
acclimatized Thermoneutral ~ 43.10 43.03 45.15* 43,52 43.59 44 55*
0.92 0.93 1.02 1.09 0.94 0.99
Cold 22825 153.15* 26271  247.45  143.03  128.79*
Acclimatized 27.59 21.93 47.18 51.04 28.72 23.56
Thermoneutral 24596  196.39  339.83  320.51  220.09  167.28 Ti : P<0.001
Cortisol 29.14 22.87 4417 43.95 24.94 34.18 Te : NS
(nmol-L™") Cold 27397 17829* 27739 29141 23815  211.12 Gr:NS
Non- 48.64 30.90 65.22 75.84 63.76 37.52  Interaction(TexGr): P<0.05
acclimatized Thermoneutral 213.88  179.72  269.31  298.63  213.18  140.49*
30.65 37.27 4742 49.41 52.75 26.38
Cold 4.04 4.60* 9.26* 10.37* 9.76* 9.95*
Acclimatized 0.95 0.88 1.13 1.20 1.07 1.58
Thermoneutral 4.46 3.91* 9.46* 7.47* 10.75* 8.98* Ti : P<0.001
Calprotectin 0.07 0.85 1.03 0.92 1.34 0.79 Te : P<0.05
(ug-L™) Cold 5.00 5.10 11.86* 9.74* 11.67* 11.25* Gr:NS
Non- 0.67 0.70 1.54 1.19 1.27 1.54 Interaction : NS
acclimatized Thermoneutral ~ 4.07 3.39* 9.75* 8.19* 9.16* 10.07*
0.50 0.44 1.40 1.08 1.01 1.00

Note: Values are mean and SE, * P<0.05 compared to rest, Ti: time, Te: temperature, Gr: group, NS: no significance

36

* —O— Nonacclimatized-cold

—# Nonacclimatized-thermoneutral
M

3

30min
Rest

60mn  10mn 20min  30min  40min  50min  60min 10min  30m:n  60min  120min

Exercise Recovery

—O— Acclimatized-cold
—8& Acclimatized-thermoneutral

30mn  60min 10min 20mn  30mn  40min  0min  60min  10mn  30mm  60mm  120mm

Rest Fxercise Recoverv

FIG. 4. COMPARISON OF TYMPANIC TEMPERATURE DURING
SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL
CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (O min), Significant main effect by 3-way
ANOVA: Time (P <0.001), Temperature (P <0.001), Significant interaction
time x temperature (P <0.001)

while that of the non-acclimatized group did not decrease after ex-
ercise in cold exposure or during the recovery time (Table 2). Plasma
cortisol concentration significantly decreased as compared to rest
after 60 min exposure to cold or thermoneutral conditions before
exercise in both groups and temperature conditions.

During the recovery phase after submaximal exercise, there was
an increase in the numbers of total leukocytes (Table 3), neutrophils,
lymphocytes, and monocytes (all time main effects, P<0.001).
The number of neutrophils in the acclimatized group was signifi-
cantly (P<0.05) higher before exercise and immediately after sub-
maximal exercise in the cold than the thermoneutral conditions, while
the non-acclimatized group showed no significant difference between
cold and thermoneutral conditions (Figure 5). Lymphocyte counts in
the non-acclimatized group were higher immediately after submax-
imal exercise in the cold than in thermoneutral conditions. Con-
versely, in the acclimatized group, they were lower after exercise in
the cold than in thermoneutral conditions. The concentration of lym-
phocytes in the acclimatized group was significantly (P<0.05)
lower at 30 min of recovery in the cold than the thermoneutral
conditions, while in the non-acclimatized group lymphocytes tended
to be higher in the cold than the thermoneutral conditions (Figure 6).
Monocytes did not show a significant difference between conditions
or groups.

Plasma calprotectin concentration changed in both groups over
time during the recovery phase after submaximal exercise (time main
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TABLE 3. CHANGES OF TOTAL LEUKOCYTES, CD3+ AND CD19+ CONCENTRATIONS AT REST, BEFORE AND AFTER SUBMAXIMAL

Kim K. et al.

EXERCISE
. " Recovel hase (min
Variables Group Condition Rest e?(gr'?:irge 0 30 P 6(() ) 120 3 way ANOVA
Cold 5.90 6.53 7.32* 8.02* 9.01* 10.09*
Acclimatized 0.40 0.54 0.67 0.48 1.37 0.80 Ti : P<0.001
Thermoneutral 5.26 5.22 7.56* 6.14* 7.53* 8.03* Te: NS
Leukocytes 0.33 0.29 0.38 0.39 0.46 0.58 Gr:NS
(10°-L7) Cold 4.09 453 5.64* 5.26* 6.36* 7.01* Interaction(TexGr):
Non- 0.33 0.37 0.36 0.50 0.83 0.82 P<0.05
acclimatized Thermoneutral 5.03 4.94 7.25* 6.70* 7.52* 8.19*
0.69 0.72 1.17 1.46 1.34 1.32
Cold 1.29 1.01 0.83 0.90 0.82* 0.62*
Acclimatized 0.26 0.30 0.15 0.33 0.17 0.12 T P<0.001
Thermoneutral 1.64 1.49 1.15 1.11* 0.83* 0.73* o
cD3+ 0.24 0.26 0.19 0.24 0.17 0.13 Te:NS
(10°-L7) Cold 1.38 1.27 1.30 1.1 0.97 0.82 Gr:NS
Interaction : NS
Non- 0.34 0.25 0.34 0.23 0.22 0.20
acclimatized Thermoneutral ~ 2.22 1.96 1.86 2.02 1.72 1.47
0.55 0.48 0.44 0.64 0.55 0.46
Cold 0.27 0.30 0.29 0.28 0.20* 0.19*
Acclimatized 0.05 0.07 0.05 0.10 0.04 0.04
Thermoneutral 0.32 0.34 0.29 0.25 0.18* 0.16* Ti: P <0.01
CD19+ 0.04 0.05 0.06 0.05 0.03 0.03 Te : NS
(10%-L) Cold 0.35 0.32 0.46 0.29 0.30 0.19 Gr:NS
Non- 0.07 0.07 0.10 0.04 0.08 0.03 Interaction : NS
acclimatized Thermoneutral 0.29 0.34 0.31 0.38 0.33 0.26
0.08 0.14 0.08 0.14 0.14 0.13

Note: Values are mean and SE, * P <0.05 compared to rest, Ti : time, Te : temperature, Gr : group, NS : no significance
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FIG. 5. COMPARISON OF NEUTROPHIL CONCENTRATION AFTER
SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL
CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (O min), Significant main effect by 3-way
ANOVA: Time (P <0.001), Significant interaction time X group X
temperature (P =0.004), # P <0.05 compared to thermoneutral conditions
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effect, F=50.597, P<0.001), and was significantly different between
temperature conditions (F=4.827, P=0.048). After 60 min of rest-
ing exposure to cold or thermoneutral conditions before exercise,
calprotectin levels increased in the cold, whereas levels decreased
in thermoneutral conditions (Table 2). Calprotectin tended to be
higher in the non-acclimatized group during the recovery phase after
exercise in the cold than the thermoneutral conditions, but the ac-
climatized group showed no difference. During the recovery phase
after submaximal exercise, there was an increase in the ratio of
calprotectin to neutrophils in both groups, and the acclimatized group
had a significantly higher ratio (P<0.05) immediately after sub-
maximal exercise as compared to rest in thermoneutral conditions.
The non-acclimatized group tended to have a greater increase than
the acclimatized group with no statistical difference (Figure 7).

CD3+ cells significantly decreased in both groups over time (time
main effect, F=11.748, P<0.001) during recovery after submaximal
exercise as compared to rest (Table 3). The cell number of the ac-
climatized group was significantly lower after 60 min of recovery
than rest in both conditions.

CD19+ cells significantly changed in both groups over time (time
main effect, F=4.035, P<0.01) during recovery as compared to
rest. CD19+ cells in the non-acclimatized group tended to be high-
er immediately after submaximal exercise in the cold as compared
to rest or during resting cold exposure (before exercise) with no
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FIG. 6. COMPARISON OF LYMPHOCYTE CONCENTRATION AFTER
SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL
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Note: Significant main effect by 3-way ANOVA: Time (P <0.001), * P <0.05
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FIG. 7. COMPARISON OF THE RATIO OF CALPROTECTIN TO NEUTROPHILS
AFTER SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL
CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (O min), Significant main effect by 3-way
ANOVA: Time (P <0.001)

statistical difference (Table 3). CD19+ cells in the acclimatized group
were significantly lower at 60 min of the recovery phase than rest
in both conditions.

CD16+ and CD69+ cells significantly changed in both groups
over time (time main effect, F=19.859, P<0.001 & F=2.901,
P<0.05) during recovery after submaximal exercise as compared to
rest. Immediately after submaximal exercise in both groups, there
was an increase in CD16+ and CD69+ cells as compared to rest
and before exercise in cold or thermoneutral conditions (Figure 8 &
Figure 9). CD16+ cells in the acclimatized group were significantly
lower after 30 min of the recovery phase than rest in both conditions.

DISCUSSION
Cold exposure has an additive effect on physiological responses to
exercise. In the present study, heart rate was lower in the cold than
in thermoneutral conditions during submaximal exercise for both
groups. This response was likely due to the parasympathetic activa-
tion of the baroreflex receptor, and a blunted epinephrine response
which serves to prevent an increase in core temperature during ex-
ercise in cold conditions [27]. Defending core temperature against
cold exposure to limit heat loss is mediated by peripheral vasocon-
striction. Peripheral vasoconstriction redistributes blood to the core,
causing increased stroke volumes and a slightly decreased heart
rate [25]. However, in the present study heart rate during exercise
was similar between the two groups, which suggests that acclima-
tization did not influence the catecholamine response to exercise.
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FIG. 8. COMPARISON OF CD16+ CELL CONCENTRATION AFTER
SUBMAXIMAL EXERCISE BETWEEN COLD AND THERMONEUTRAL
CONDITIONS IN COLD-ACCLIMATIZED AND NON-ACCLIMATIZED GROUPS
Note: * P <0.05 compared to rest (O min), Significant main effect by 3-way
ANOVA: Time (P <0.001)
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Note: Significant main effect by 3-way ANOVA: Time (P =0.019)

Peripheral vasoconstriction decreases peripheral blood flow and re-
duces convective heat transfer from the body’s core to skin during
cold exposure. Consequently, heat loss is reduced and core tem-
perature is maintained, but skin temperature decreases, thereby
reducing the thermal gradient between the skin and the environment.
This may explain why tympanic temperature was significantly lower
in the cold than the thermoneutral conditions in this study.

Interestingly, although the differences in blood lactate concentra-
tion did not reach statistical significance, lactate tended to be high-
er in the non-acclimatized group in cold versus thermoneutral condi-
tions. Conversely, in the acclimatized group, lactate tended to be
lower in cold versus thermoneutral conditions. The higher blood
lactate concentration during exercise in the cold is a result of lower
aerobic metabolism and reduced clearance of lactate as compared
to thermoneutral conditions [34]. The lower blood lactate concentra-
tion in the acclimatized group in the cold versus thermoneutral con-
ditions may be due to adaptive responses to cold conditions. Such
responses may involve activation of the sympatho-adrenal system
and greater lipid metabolism during exercise in cold as compared to
thermoneutral conditions [38].

Increases in concentrations of total leukocytes, neutrophils, lym-
phocytes and monocytes during the recovery phase after submaximal
exercise represent a mild and transient immune perturbation, which
is considered to be beneficial to immunosurveillance [9,241. The sus-
tained elevation of total leukocytes and neutrophils after 120 min of
recovery may be related to elevated cortisol levels in cold and ther-
moneutral conditions. Cold is known to affect leukocyte mobiliza-
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tion [16,4] and can suppress lymphocyte functional activities [1,10].
However, contrary to our expectations, there were no significant dif-
ferences in total leukocytes and subsets between temperature conditions
or groups. Others have reported that the concentration of leukocytes
and monocytes at rest was significantly higher in cold-acclimatized
swimmers versus non-acclimatized swimmers [12]. These findings
suggest that acute cold exposure does not necessarily suppress immune
function, and chronic adaptation to cold conditions may not modify
changes in immune function following exercise in the cold.

Castellani et al. [5] reviewed the literature and concluded that
cold-air exposure increased leukocyte and granulocyte counts regard-
less of whether the subjects exercised or had an elevated core tem-
perature before cold exposure, while changes in lymphocyte, mono-
cyte and NK cell count changes were more variable. In the present
study, submaximal exercise stimulated changes in total leukocytes
and lymphocyte subsets during the recovery phase. The increase in
total leukocytes during recovery was primarily due to an increase in
neutrophils. A more pronounced increase in neutrophils, but not in
lymphocytes, was found after exercise in this study. These results
showed a similar tendency to previous studies [19,22]. The other
previous works explained that increased neutrophils after endurance
exercise are due to the disruption of skeletal muscle [37]. Alterna-
tively, the attenuated response of neutrophils to repeated sessions
of endurance exercise can be an adaptive mechanism for preventing
pathophysiological reactions [36]. However, the higher neutrophil
count in the acclimatized group in cold conditions may indicate the
effect of cold exposure itself, and it is possible that neutrophils are
mobilized in response to exercise as well as cold stress.

Calprotectin is an inflammatory mediator released by neutro-
phils [41]. Plasma calprotectin concentration and the ratio of cal-
protectin to neutrophils increased after submaximal exercise, indicat-
ing increased neutrophil activity after exercise. As calprotectin
increased after 60 min exposure to cold conditions before exercise,
this finding suggests that calprotectin is also released in response to
cold stress itself. Calprotectin increased to a greater extent in the
non-acclimatized group compared to the acclimatized group. There-
fore, unaccustomed exercise in cold conditions may stimulate an
acute inflammatory response. However, this concept is not sup-
ported, as there was a lack of any significant difference between the
two groups in the ratio of calprotectin to neutrophils immediately
after submaximal exercise (Figure 7).

Monocytes are deployed rapidly from the marginal pool into the
circulation during the first minutes of strenuous exercise, but their
numbers quickly decrease upon cessation of activity [3]. Addition-
ally, prolonged cold exposure substantially magnified the extent of
monocytosis, and such cold-enhanced recruitment of monocytes is
presumably mediated by pronounced sympathetic nervous sys-
tem (SNS) activation accompanying prolonged cold stress [29].
However, monocyte concentration remained elevated at 120 min of
the recovery phase without a difference in these responses between
different conditions or groups in our results.
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The concentration of lymphocytes in the acclimatized group
tended to be lower immediately after submaximal exercise in the
cold than the thermoneutral conditions. In contrast, although the
difference did not reach statistical significance, lymphocyte counts
in the non-acclimatized group tended to be higher in the cold than
the thermoneutral conditions. The greater lymphocyte response in
the non-acclimatized group after exercise in cold conditions may be
associated with acute phase responses of the immune system due
to lack of adaptation to cold conditions. Exercising in cold water
attenuated the leukocytosis observed after exercise in hot water [8],
and the reduced cortisol response following exercise in cold water
might be favourable for immune function and host defence [14].

Cold exposure causes plasma norepinephrine concentrations
(a marker of SNS activity) to increase [6,71. Also, the SNS mediates
and modulates immune function [31] and thus cold exposure can
indirectly affect immune system responses through activation of the
SNS. The rise in circulating leukocytes during cold exposure may be
attributed to a norepinephrine-mediated demargination of white blood
cells [31]. Although the effects of cold exposure on plasma cortisol
concentrations are equivocal [13,40], plasma cortisol can modulate
the immune system [31], and the cortisol response pattern to exercise
has been considered to be predictive of an individual’s adaptation to
specific forms of stress [18]. In this study, plasma cortisol concentra-
tion decreased after 60 min of rest, but increased following exercise,
and then fell after 1 hour into the recovery phase. The results of the
present study indicate that lymphocytes and plasma cortisol concen-
tration increase transiently after exercise independent of cold acclima-
tization. Interestingly, in contrast with the acclimatized group, lympho-
cyte counts were higher in the non-acclimatized group after exercise
in the cold than in thermoneutral conditions, and did not decrease
after exercise in cold exposure even during recovery. Therefore, we
suggest that acclimatization to exercise in the cold may influence ex-
ercise-induced changes of lymphocytes and cortisol concentration.

The increase in total lymphocytes immediately after exercise was
primarily due to elevated NK (CD16+) cells, together with an increase
in activated T lymphocytes (CD69+). The mild and transient increase
of NK cells and activated T lymphocytes after submaximal exercise
could be described as a beneficial response to immune perturba-
tion [18]. Shepherd and Shek [33] suggested that severe chilling
acutely suppresses several cellular and humoral components of the
immune response, including a reduction in NK cell count. However,

we did not find evidence for the impairment of immunosurveillance
in response to cold stress during exercise. Although we found a
decrease in CD16+ cells during recovery, it is difficult to conclude
that immunosurveillance was in fact impaired. Brenner et al. [4]
suggested that heart rate, rectal temperature, and plasma stress
hormones may mediate the changes in total leukocytes, granulocytes,
monocytes, and several lymphocyte subsets. In addition, they sug-
gested that the modest rise in circulating leukocyte and neutrophil
numbers during cold exposure may be attributed to a norepinephrine-
mediated mobilization of demarginated cells, and reported increased
NK cell activity during cold exposure after exercise. Furthermore, NK
cell activity showed the greatest change after exercise in 18°C water.
Contrary to our expectations, we did not find prominent differences
in responses of lymphocyte subsets between conditions or groups
after exercise. The results of the present study also indicate that
lymphocyte subsets increase transiently after exercise independent
of cold acclimatization. McFarlin and Mitchell [23] reported similar
changes of NK cell activity and leukocytosis through a similar design
to our study. Increased mobilization of total lymphocytes, NK cells,
and activated T lymphocytes into the circulation immediately after
exercise is associated with an increased plasma cortisol response.
This relationship demonstrates that there is a carryover effect on these
immune cells with stress hormones after submaximal exercise [30].

CONCLUSION S /5
In summary, both acclimatized and non-acclimatized groups exhibited
lower heart rates in the cold than the thermoneutral conditions during
submaximal exercise. An increase in the numbers of total leukocytes,
neutrophils, lymphocytes and monocytes during recovery after sub-
maximal exercise is a mild and transient immune perturbation. The
increase in total leukocytes during recovery was primarily due to an
increase in neutrophils. Lymphocytes, lymphocyte subsets, and plasma
cortisol concentration increase transiently after exercise independent
of cold acclimatization. However, the acclimatized group activated
neutrophils after exercise in cold exposure, whereas the non-acclimatized
group activated lymphocytes and cortisol after exercise in cold exposure.
Acclimatization to exercise in the cold does not appear to influence
exercise-induced immune changes in cold conditions, with the possible
exception of neutrophils, lymphocytes and cortisol concentration.
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