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Athletes, military personnel, fire fighters, mountaineers and astronauts may beAbstract
required to perform in environmental extremes (e.g. heat, cold, high altitude and
microgravity). Exercising in hot versus thermoneutral conditions (where core
temperature is ≥1°C higher in hot conditions) augments circulating stress hor-
mones, catecholamines and cytokines with associated increases in circulating
leukocytes. Studies that have clamped the rise in core temperature during exercise
(by exercising in cool water) demonstrate a large contribution of the rise in core
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temperature in the leukocytosis and cytokinaemia of exercise. However, with the
exception of lowered stimulated lymphocyte responses after exercise in the heat,
and in exertional heat illness patients (core temperature >40°C), recent laboratory
studies show a limited effect of exercise in the heat on neutrophil function,
monocyte function, natural killer cell activity and mucosal immunity. Therefore,
most of the available evidence does not support the contention that exercising in
the heat poses a greater threat to immune function (vs thermoneutral conditions).

From a critical standpoint, due to ethical committee restrictions, most laborato-
ry studies have evoked modest core temperature responses (<39°C). Given that
core temperature during exercise in the field often exceeds levels associated with
fever and hyperthermia (~39.5°C) field studies may provide an opportunity to
determine the effects of severe heat stress on immunity. Field studies may also
provide insight into the possible involvement of immune modulation in the
aetiology of exertional heat stroke (core temperature >40.6°C) and identify the
effects of acclimatisation on neuroendocrine and immune responses to
exercise-heat stress. Laboratory studies can provide useful information by, for
example, applying the thermal clamp model to examine the involvement of the
rise in core temperature in the functional immune modifications associated with
prolonged exercise.

Studies investigating the effects of cold, high altitude and microgravity on
immunity and infection incidence are often hindered by extraneous stressors (e.g.
isolation). Nevertheless, the available evidence does not support the popular belief
that short- or long-term cold exposure, with or without exercise, suppresses
immunity and increases infection incidence. In fact, controlled laboratory studies
indicate immuno-stimulatory effects of cold exposure.

Although some evidence shows that ascent to high altitude increases infection
incidence, clear conclusions are difficult to make because of some overlap with
the symptoms of acute mountain sickness. Studies have reported suppressed
cell-mediated immunity in mountaineers at high altitude and in astronauts after
re-entering the normal gravity environment; however, the impact of this finding
on resistance to infection remains unclear.

Athletes engaged in heavy training programmes, somewhat surprising given the widely acknowl-
particularly those involved in endurance events, ap- edged neuroendocrine role in the exercise-induced
pear to be more susceptible to infection.[1-3] Labora- changes in immune function[15] and the potential for
tory and field-based experiments have implicated exaggerated neuroendocrine responses during exer-
immune depression as being at least partly responsi- cise in a stressful environment.[16] Athletes, military
ble for the reported increased incidence of infection personnel, fire fighters and mountaineers are often
in athletes.[4-9] Many factors are known to influence required to perform vigorous physical activity in
the immune response to exercise, including: the adverse environmental conditions. These adverse
intensity and duration of exercise;[8,10,11] nutritional environmental conditions may present themselves
status;[12,13] and the psychological stress of training as extremes of heat and humidity, cold, high altitude
and competition.[14] Unfortunately, relatively little is and in a small number of cases as the microgravity
known about the effects of exercising in environ- that accompanies spaceflight. Even in staged world
mental extremes on immune responses. This is sporting events such as the Olympic Games, an

 2006 Adis Data Information BV. All rights reserved. Sports Med 2006; 36 (11)
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Fig. 1. Overview of the potential modulators of immune function under stress. Environmental stressors such as heat, cold, high altitude or
microgravity may indirectly influence immune function through the initiation of a stress hormone response involving the hypothalamic-
pituitary-adrenal (HPA) axis and sympatheticoadrenal-medullary (SAM) axis. Hyperthermia may also have a direct effect on immune
function (reproduced from Jonsdottir,[17] with permission). ACTH = adrenocorticotropic hormone; β-end = β-endorphin; GH = growth
hormone.

athlete can be required to compete in adverse envi- 1).[17] Specifically, the central control stations of the
ronmental conditions to which they are neither na- stress system reside within the hypothalamus and
tive nor resident, such as the altitude of Mexico City the brain stem. The hypothalamic-pituitary-adrenal
in 1968 or the extreme heat and humidity of Athens (HPA) axis and sympatheticoadrenal-medullary
in 2004. Despite appropriate preparation, exercise in (SAM) axis provide the effector limbs by which the
environmental extremes can induce a stereotypical brain influences the body’s response to stress princi-
stress hormone response over and above that seen pally by controlling the production of adrenal hor-
during exercise in more favourable conditions.[16] mones.[18] Stimulated by the hypothalamic cortico-
Following a brief overview of stress-induced tropin-releasing hormone,[19] the HPA axis regulates
mediators of immune function, this article will criti- the release of adrenocorticotropic hormone from the
cally discuss the research evidence to date from anterior pituitary, which, in turn, regulates the pulsa-
studies examining the effects of environmental ex- tile release of cortisol by the adrenal cortex. Sympa-
tremes (heat, cold, high altitude and spaceflight) on thetic innervation of peripheral organs also mediate
immune responses at rest and after exercise to deter- the body’s response to stress with further catecho-
mine if exercising in environmental extremes poses lamine (adrenaline [epinephrine] and noradrenaline
a greater threat to immune function than exercising [norepinephrine]) contributions from the SAM ax-
in more favourable conditions. is.[20] Aside from these dominant axes, anterior pitu-

itary hormones known to modulate immune func-
1. Overview of Stress-Induced Mediators tion (e.g. growth hormone and prolactin) may also
of Immunity be released during stressful situations.[21,22]

Stressors such as exercise, heat or hypoxia, are Evidence supports an interaction between
characteristically met by a series of coordinated neuroendocrine and immune responses to exer-
hormonal responses controlled by the CNS (figure cise.[15] For example, sympathetic nerve innervation

 2006 Adis Data Information BV. All rights reserved. Sports Med 2006; 36 (11)



4 Walsh & Whitham

of organs of the immune system (e.g. primary lym- lipopolysaccharide (LPS)-induced production of
pro-inflammatory cytokines in macrophages duringphoid tissue) indicates an autonomic nervous system
bacterial infection.[35,36] Aside from the wellinvolvement in immune modulation under stress.[23]

characterised intracellular roles, there is emergingThe expression of β-adrenergic receptors on im-
evidence that HSPs have extracellular roles in im-mune cells is well documented and since these re-
munity.[37] For example, it has been demonstratedceptors are the targets for catecholamine signalling
that Hsp72 binds specifically to antigen-presentingit is generally considered that catecholamines have
cells, resulting in an up-regulation of pro-inflam-significant effects on immune cell function during
matory cytokines, co-stimulatory and antigenstress.[16] Besides the widely recognised influence of
presenting molecules, which have crucial roles instress hormones on leukocyte trafficking,[24,25] stress
adaptive immunity.[38,39] Furthermore, it has beenhormones are also thought to influence immune
demonstrated that exercise causes an increase instatus through the differentiation and stimulation of
circulating Hsp72,[40-43] leading many authors totype I (cell-mediated) and type II (humoral) T lym-
posit a role for HSPs in the stress-induced alterationphocytes through modulation of the cytokines pro-
in immune function.[37,38,44,45] In addition, severalduced by innate immune cells.[26] For example,
immune functions also appear to be mediated by theglucocorticoids and catecholamines suppress as-
actions of reactive oxygen and nitrogen species.[46]

pects of type I (cell-mediated) immunity through
Given this information, compared with exercisedirect effects on cytokine production (e.g. tumour

in more favourable environmental conditions, wenecrosis factor-α [TNFα], interferon-γ [IFNγ], in-
might hypothesise that exercise in adverse environ-terleukin [IL]-2 and IL-6) by type I T-helper
mental conditions, with increased stress responses,cells,[27-30] and down-regulation of IL-12 receptors
will cause greater disruption to immune functionon T and natural killer (NK) cells.[31] Given that
and host defence.these cytokines stimulate functional activity of T

cytotoxic cells, NK cells and activated macro-
2. Heat Stress and Immune Functionphages, a reduction in the activity of the cell-medi-

ated (type I) arm of immunity may result. Further-
It is important to distinguish between the increasemore, type I and type II responses are thought to be

in body temperature that accompanies a fever (coremutually inhibitory. In line with this, type II T-
temperature maintained at >37.2°C) and the increase

helper cells treated with glucocorticoids increase the
in body temperature that accompanies passive heat

production of IL-10, which is known to inhibit type I
exposure and vigorous physical activity.[16] An in-

immunity (e.g. by decreasing macrophage func-
crease in endogenous pyrogens such as IL-1, IL-6,

tion).[32,33] Therefore, stress hormone responses may
IFN and TNFα raise body temperature during a

influence cell-mediated and humoral arms of immu-
fever through an increase in the hypothalamic tem-

nity by altering the local cytokine milieu. perature set point. During passive heat exposure or
In addition to the better established stress hor- vigorous physical activity, the hypothalamic tem-

mone/immune interactions, additional stress-in- perature set point remains the same but problems
duced mediators of immune function are thought to with heat dissipation cause body temperature to
be involved. Heat shock proteins (HSPs) are rise.[16] It is widely accepted that the rise in body
cytosolic intracellular proteins present in all cells to temperature during a fever activates the immune
maintain protein homeostasis. An up-regulation of system, which improves survival during an infection
intracellular HSPs occurs in response to a wide and shortens disease duration.[47-49] In addition, the
number of stressors such as heat, ischaemia, oxida- rise in body temperature during a fever is known to
tive stress and microbial infections.[34] Of relevance, inhibit bacterial growth rate.[47] Immunologists have
HSP70 ((Author: Hsp70 for consistency?)) is examined the effects of a range of incubation tem-
thought to protect the host by negatively regulating peratures on immune function in vitro[50-53] and the

 2006 Adis Data Information BV. All rights reserved. Sports Med 2006; 36 (11)
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efficacy of inducing artificial fever by whole-body trophils, lymphocytes, NK cells and eosinophils and
heating as a treatment to enhance suppressed in vivo decrease monocyte numbers (table I).[71,72] In con-
immune function in cancer patients.[54-56] Animal trast, more recent studies have shown limited
and clinical data support preclinical observations changes in circulating leukocyte, neutrophil and
that whole-body hyperthermia can enhance cytotox- lymphocyte numbers when core temperature was
ic ionising irradiation and chemotherapy without a increased to ~38°C by immersing men to mid-chest
commensurate increase in bone marrow suppression in 39°C water for 80 minutes or by exposing men to
and morbidity.[57-59] Also, whole-body hyperthermia 3 hours in a climate chamber at 40°C (table I).[63,73]

has been shown to result in early engraftment of
The discrepant findings between the more recentdonor marrow in the setting of allogenic bone mar-

studies and those previously are probably due to therow transplantation.[60] Empirical studies have also
relatively modest increase in core temperatureshown that regular sauna bathing decreases the inci-
(~1°C) in the recent studies compared with the larg-dence and duration of viral infections.[61,62]

er increase in core temperature (2–2.5°C) in theRecently, exercise immunologists have investi-
older studies. In support of this, immersion in hotgated the role that the rise in core temperature may
water (39.5°C) to mid-chest for 2 hours, duringplay in the neuroendocrine and immune alterations
which time core temperature rose to 39.5°C, resultedassociated with heavy exercise.[63-65] Such a putative
in a greater number of circulating neutrophils, NKrole for the rise in core temperature in the immune
cells and monocytes after immersion compared withalterations associated with vigorous exercise might
immersion in warm water (34.5°C) [table I].[74] Sim-not be surprising given the temperature dependency
ilarly, whole-body hyperthermia (2°C core tempera-of a wide number of immune functions shown in in

vitro studies. During vigorous exercise, particularly ture rise) has been shown to have beneficial effects
in warm weather, core temperature frequently ex- on immune function in cancer patients,[54-56] which
ceeds levels associated with fever and hyperthermia include amongst others, an increase in circulating
(~39.5°C) and after races, core temperatures of lymphocyte counts in the hours after heating.[56]

>40.6°C have been reported in conscious runners[66] Hyperthermia has been shown to decrease circulat-
and 42–43°C in collapsed runners.[67]

ing T-lymphocyte (CD3+) numbers after hot water
Section 2.1 will focus on the effects of passive immersion mainly due to a decrease in the number

heat stress on leukocyte and cytokine responses in of circulating T-helper (CD4+) lymphocytes (table
studies that have involved sauna bathing, exposure I).[74] The helper : suppressor (CD4+/CD8+) lym-
to a climate chamber, water immersion and phocyte ratio fell from 1.8 to 0.9 during artificial
hyperthermic limb perfusion. Section 2.4 will focus hyperthermia in another study[75] and, given that a
on the effects of exercise in the heat on leukocyte CD4+/CD8+ ratio of >1.2 is thought to be important
and cytokine responses and a possible role for im- for immune competence, this fall might impair host
mune activation in the aetiology of exertional heat defence.[76,77] Likewise, in patients with heatstroke
illness (also see reviews by Shephard[16,68] and Lim

(mean core temperature 41.4°C), a decrease in T-
and Mackinnon[69]).

lymphocyte (CD3+), T-helper (CD4+) lymphocytes
and the CD4+/CD8+ ratio has been reported (table

2.1 Passive Heating and Leukocyte Counts
I).[78] Conversely, the increase in CD14+ monocyte
count observed 2 hours after hot water immersionIt has been known for some time that exposure to
(table I)[74] might represent improved immune func-heat stress resulting in elevated core temperature
tion and possibly host defence as the important roleevokes an increase in circulating leukocytes.[70] Ar-
that monocytes serve in phagocytosis, antigen pres-tificial fever (core temperature ~39.5°C), evoked by
entation and cytokine production is wellapproximately 2 hours of immersion in 41–45°C
recognised.[77]water, has been shown to increase circulating neu-

 2006 Adis Data Information BV. All rights reserved. Sports Med 2006; 36 (11)



6 Walsh & Whitham

Table I. Effects of whole-body passive heating on circulating leukocyte, differential leukocyte and lymphocyte subset counts

Study Participants Method Tre (°C) % Change circulating leukocytesa

Kappel et al.[21] 8 M RA 2h whole-body immersion in ~39.5°C 39.5–39.8 Leukocytes ↑7% (↑72% at 2h)
water Lymphocytes ↔ (↓17%)

Neutrophils ↑32% (↑139%)
Monocytes ↔ (↑125%)
CD3+ ↔ (↓27%)

Cross et al.[63] 9 M RA 80 min whole-body immersion in 39°C ~38 Leukocytes ↑22%
water Lymphocytes ↑13%

Granulocytes ↑13%
Monocyte ↑75%

80 min whole-body immersion in 23°C 36.4 Leukocytes ↔
water Lymphocytes ↔

Granulocytes ↔
Monocytes ↔

Downing et al.[72] 3 Immersion in 41–45°C water 39–39.5 Leukocytes ↑27%
Lymphocytes ↑10%
Neutrophils ↑39%
Monocytes ↔

Severs et al.[73] 11 M RA 3h exposure to 40°C 30% RH air ↑0.7 Leukocytes ↔
Lymphocytes ↔
Granulocytes ↔
Monocytes ↔

3h exposure to 23°C air ↓0.3 Leukocytes ↔
Lymphocytes ↔
Granulocytes ↔
Monocytes ↔

Kappel et al.[74] 8 M RA 2h whole-body immersion in 39.5°C 39.5 Leukocytes ↑38%* (↑140%* at 2h)
water Lymphocytes ↑31% (↓20%)*

Neutrophils ↑38% (↑254%)*
Monocytes ↔ (↑56%)*
%CD3+ ↓16% (↓19%)
%CD16+ ↑67% (↔)

2h whole-body immersion in 34.5°C 36.7 Leukocytes ↔ (↔)
water Lymphocytes ↔ (↔)

Neutrophils ↔ (↔)
Monocytes ↔ (↔)
%CD3+ ↔ (↔)
%CD16+ ↔ (↔)

Bouchama et al.[78] 11 M and F Patients presented to hospital 41.4 Versus healthy controls
heat-stroke Leukocytes ↑133%
patients Lymphocytes ↑73%

% CD3+ ↓14%
% CD4+ ↓60%
% CD8+ ↓78%
% CD16+/CD56+ ↑100%
% CD19+ ↓29%

a Data are presented as approximate percentage change from baseline or vs healthy controls. Data in parentheses indicate 2h post-
immersion vs baseline.

F = female; M = male; RA = recreationally active; RH = relative humidity; Tre = rectal temperature; ↑ indicates significant increase (p < 0.05);
↓ indicates significant decrease (p < 0.05); ↔ indicates no change; * indicates significant difference between conditions (p < 0.05).

The proposed mechanisms responsible for the from the blood vessel walls and enter the circulation.
leukocytosis associated with hyperthermia include In addition, the secretion of cortisol, which induces
increases in cardiac output[16] and plasma catecho- migration of neutrophils from the bone marrow into
lamines,[4] which cause leukocytes to demarginate the circulation,[25] has also been proposed to account
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for the hyperthermia-induced leukocytosis.[74] As hyperthermia-induced neutrophilia. However, a re-
cent article has shown that neutralisation of granulo-the leukocytosis induced by 30 minutes of exposure
cyte colony stimulating factor (G-CSF), with in-to an 80°C sauna was 2-fold greater in rehydrated
traperitoneally administered monoclonal antibody tocompared with dehydrated subjects, a dominant role
G-CSF, blocked the hyperthermia-induced peripher-for the increase in cardiac output in the
al neutrophilia in mice housed for 24–36 hours athyperthermia-induced leukocytosis has been sug-
34.5°C (core temperature 39.5–40°C).[79] Interest-gested.[16]

ingly, blockade of the glucocorticoid receptor withTo further elucidate the mechanisms responsible
mifepristone failed to modify hyperthermia-inducedfor the leukocytosis associated with hyperthermia,
neutrophilia.[79] These very recent data, in an animalKappel et al.[21] had subjects perform 2 hours of hot
model of hyperthermia, suggest that hyperthermia-water immersion (where core temperature reached
induced expression of G-CSF drives the sustained39.5°C) on four occasions with prior infusion of
peripheral neutrophilia that occurs during sustained

saline (control), propranolol, somatostatin or nalox-
(24–36 hours) hyperthermia, whereas glucocorti-

one to block β-adrenergic receptors, growth hor-
coid generation plays a limited role in this response.

mone release and β-endorphin receptors, respective-
In summary, passive heat stress that results in a

ly. Only somatostatin (growth hormone blocker)
core temperature >39°C is associated with an in-

decreased the leukocytosis 2 hours after hot water
crease in circulating leukocyte numbers primarily

immersion compared with saline infusion due to a
due to a large increase in circulating neutrophils and

blunted neutrophilia at this time. There was no influ-
also to smaller increases in circulating lymphocytes,

ence of propranolol (β-adrenergic receptor blocker) NK cells and monocytes. In contrast, circulating T-
or naloxone (β-endorphin receptor blocker) on the lymphocyte (CD3+) numbers fall during hyperther-
circulating number of leukocytes or leukocyte sub- mia; this is due to a decrease in circulating T-helper
sets. Hormone receptor blockade had no influence (CD4+) lymphocytes. The leukocytosis associated
on the numbers of T-helper (CD4+) and suppressor with hyperthermia may be partly accounted for by
(CD8+) lymphocytes or the numbers of NK cell an increase in the demargination of leukocytes from
(CD16+ and CD56+), B-lymphocytes (CD19+) and the blood vessel walls as a result of the increase in
monocytes (CD14+), although β-adrenergic block- cardiac output (increase in shear stress). Studies
ade with propanolol slightly increased T-cell using hormonal blockade and hormone infusion do
(CD3+) numbers during hyperthermia. As β-adren- not support a role for catecholamines and β-en-
ergic and β-endorphin receptor blockade had limited dorphin in the circulating leukocyte response to
influence on circulating leukocyte, lymphocyte and hyperthermia. Recent evidence indicates a more
monocyte counts in response to hyperthermia the limited role for cortisol than previously thought and
authors suggested that circulating concentration of a larger role for growth hormone and G-CSF as
catecholamines and β-endorphins have limited in- powerful mediators of the leukocyte response to
volvement in the circulating leukocyte response to hyperthermia.
hyperthermia. These findings also suggest that
growth hormone is a powerful mediator of neutro- 2.2 Passive Heating, Thermal Conditioning
phil recruitment into the peripheral circulation in and Cytokine Responses
response to hyperthermia. Although the authors did
not block the cortisol response in this study (e.g. by The cellular responses to heat insults or ‘heat
infusion of metyrapone, mifepristone or etomidate) shock’ are highly conserved and predominantly me-
others have shown that cortisol administration in- diated by HSPs. Interestingly, it seems apparent that
duces a neutrophilia.[25] Taken together, the findings once subjected to excessive heat, cells are able to
of these studies suggest that growth hormone and survive subsequent endotoxin challenges that would
possibly cortisol may both mediate the normally result in death.[80] This acquired tolerance
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may be mediated by the direct effect of heat on port of this, the induction of G-CSF, IL-1β and IL-6
is known to have a direct stimulatory effect on stemimmune cells,[81] or more likely by an indirect effect
cells and/or progenitor cells related to leukocyte orof HSP accumulation. HSP accumulation is associ-
platelet production (figure 2).[88] Alongside the moreated with a decreased expression of the pro-inflam-
widely acknowledged role for stress hormones, thematory mediators of endotoxin shock, TNFα and
hyperthermia-induced increase in cytokines in pe-IL-1β.[35,36,49] While tightly regulated expression of
ripheral blood (G-CSF, IL-1 β, IL-6, IL-8 and TNF-these cytokines is required for host defence, dys-
α) and the bone marrow (IL-3 and GM-CSF) mightregulated expression of these cytokines has been
also mediate the widely reported leukocytosis withshown to cause multiorgan injury, sepsis, shock and
hyperthermia.[70-72] In accordance with this hypothe-death.[82] For example, mice lacking a functional
sis, a recent study indicates a substantial role forTNFα gene not only show the expected susceptibili-
raised plasma G-CSF in the hyperthermia-inducedty to lethal infections with intracellular pathogens
neutrophilia.[79]

but surprisingly mount a progressive lethal inflam-
Katschinski et al.[57] suggested that the hypothe-matory response to stimuli that are not normally

sis (figure 2) provides a basis for the observationlethal.[82,83] It has also been suggested that dysregu-
that specific anticancer therapies, such as chemo-lated expression of pro-inflammatory cytokines is
therapy and radiotherapy for which myeloid sup-involved in the aetiology of heat illness (see section
pression is the major toxicity, can have their benefi-2.8).[84] Indeed, a growing body of literature sug-
cial effects markedly enhanced by whole-bodygests that elevated temperatures alter the expression
hyperthermia without a concomitant increase inof IL-1, TNFα and IFNs. This appears to be depen-
morbidity.[59,89] In summary, the hyperthermia-in-dent upon the magnitude and timing of the tempera-
duced increase in pro-inflammatory cytokines inture change, whether there is a bacterial challenge
peripheral blood might account, at least in part, forand the cellular source of the cytokines.[85] For ex-
the hyperthermia-induced leukocytosis and the im-ample, housing mice at 35.5°C rather than 23°C
proved immune function and reduced morbidity inraised core temperature from 36.5–37.5°C to
cancer patients and bacterially challenged mice ex-39.2–39.7°C, improved survival and reduced the
posed to hyperthermia.bacterial load in mice infected with Klebsiella

pneumoniae peritonitis.[82] This effect was associat-
2.3 Passive Heating and Leukocyte Function

ed with activation of heat shock protein gene
(HSF-1) and a suppression of TNFα. Since the

2.3.1 Neutrophils
growth rate of Klebsiella pneumoniae on agar plates

Incubation of neutrophils at 40°C for 1 hour has
at 39.5°C and 37°C was not different, the authors

been reported to increase bactericidal capacity com-
indicated that the reduced bacterial load in the mice

pared with incubation at 37°C.[53] Increasing incuba-
housed at 35.5°C resulted from alterations in host- tion temperature from 37 to 39°C has also been
pathogen interaction rather than a direct toxic effect shown to enhance the rate of neutrophil migra-
of the warmer temperature on bacteria.[82]

tion.[90] Total body hyperthermia treatment in cancer
Katschinski et al.[57] showed that whole-body patients using isolated limb perfusion (heating

hyperthermia (1 hour of exposure to 41.8°C) in- perfusate to 41.5°C) for up to 6 hours transiently
duces peripheral cytokines (~6-fold increase in G- raised neutrophil bactericidal capacity to within
CSF, IL-1β, IL-6, IL-8 and TNFα), which have both healthy control values.[54] However, the temperature
direct stimulatory effects on haematopoietic tissue dependence of neutrophil function appears to be
and indirect effects by stimulating the production of more complicated than previously thought. For ex-
haematopoietic growth factors (IL-3 and granulo- ample, a recent study showed that increasing the in
cyte macrophage-colony stimulating factor [GM- vitro incubation temperature between 33 and 41°C
CSF]) in the bone marrow (figure 2).[57,86,87] In sup- decreased the up-regulation of neutrophil CD11b
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Pluripotent stem cells

Regulatory T cells,
bone marrow
stroma cells

Bone
marrow

Peripheral
blood

TNFa
IL-1b
IL-6

IL-1b
IL-6

IL-10

IL-8

G-CSF

Myleloid stem cells

MegakaryocytesNeutrophillic
myleocytes

Polymorpho-
nucleated

neutrophills

Promonocytes

MonocytesMonocytes

Platelets

IL-3

IL-10GM-CSF

WBH WBH

Fig. 2. Schematic description of 41.8°C whole-body hyperthermia (WBH) × 60 minutes WBH-induced haematopoietic effects. Peripheral
monocytes produce interleukin (IL)-1β, IL-6, IL-8, IL-10, granulocyte colony stimulating factor (G-CSF) and tumour necrosis factor-α (TNFα)
in response to WBH. Several positive and negative feedback loops are shown: IL-1β, IL-6 and G-CSF have direct stimulatory effects on
maturation and differentiation of haematopoietic cells. Additionally, IL-1β, IL-6 and TNFα have secondary effects, i.e. induction of granulo-
cyte macrophage-colony stimulating factor (GM-CSF) and IL-3 production by bone marrow stroma cells and/or regulatory T cells, which lead
to stimulation of pluripotent and/or myeloid stem cells. IL-8 acts as a neutrophil activator; IL-10 serves as a negative feedback control by
inhibiting cytokine synthesis by monocytes. Thin lines with arrow heads represent differentiation, maturation; thick lines with arrow heads
represent stimulation and production, thin lines originating from thick lines represent a negative feedback loop. The area within the oval
represents the marrow space and the area outside the oval represents the peripheral blood (reproduced from Katschinski et al.,[57] with
permission from Elsevier).

expression with TNFα but increased phorbol-myris- (PHA)-stimulated mononuclear cells is reported to
tate acetate-stimulated neutrophil oxidative burst be elevated in hyperthermic (core temperature
linearly with incubation temperature.[52] In contrast, 39°C) compared with normothermic (core tempera-
others[91] have shown little change in neutrophil ture 37°C) individuals after water immersion.[71]

oxidative burst when core temperature was in- Similarly, whole-body heating in cancer patients
creased to 39.5°C during 2 hours of hot water im- (2°C rise in core temperature) increased mitogen-
mersion in healthy young men. stimulated mononuclear cell IL-1, IL-2 and IFN

production in vitro. Mitogen responses were in-
2.3.2 Lymphocytes creased 2- to 3-fold when the temperature was
A 3-hour period seated in a climate chamber raised.[56] The increase in mononuclear cell IL-1 and

(40°C), which evoked a modest 0.7°C rise in core IL-2 production may represent improved immune
temperature (~38°C) did not alter lymphocyte function as these cytokines are known to stimulate
proliferative responses to a number of mitogens or NK cell activity,[92,93] monocyte phagocytosis[94] and
the in vitro production of immunoglobulins.[73] monocyte cytotoxic activity.[95,96] IFN-γ production
However, IL-2 production in phytohaemagglutinin from lymphocytes stimulated with PHA increased
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10 Walsh & Whitham

4- to 16-fold in hyperthermic monkeys[71] and typhimurium and Listeria monocytogenes) was unal-
humans[72] after a 2°C rise in core temperature. IFNγ tered when in vitro incubation temperature was in-
production is critical to antiviral defence and it has creased from 37 to 40°C.[53] Furthermore, another in
been suggested that the suppression of IFNγ produc- vitro study has shown that IL-1 production by mac-
tion may be implicated in the increased risk of rophages did not change appreciably after increas-
infection after prolonged bouts of exercise.[97]

ing the incubation temperature from 38 to 40°C.[101]

Hyperthermic isolated limb perfusion (heating
In an in vivo study, raising core temperature from 37perfusate to 42°C) for 1 hour enhanced PHA-stimu-
to 39°C with hot water immersion did not alter LPS-lated T-lymphocyte function 24 hours after and 1
stimulated monocyte TNFα release.[71] However,week after treatment in patients with malignant mel-
the duration of exposure to febrile range temperatureanoma.[55] These authors,[55] and others[54,56,98,99]

may be important. For example, during in vitrohave acknowledged a potential role for immunologi-
cal activation using hyperthermia for the treatment incubation at 40°C the initial rate of LPS-stimulated
of malignant melanomas. monocyte cytokine release (IL-1β, IL-6 and TNFα)

was preserved but more prolonged incubation (24
2.3.3 Natural Killer Cell Activity hours) decreased cytokine production.[102] The au-
Natural killer cell activity (NKCA) was increased thors speculated that the suppressed cytokine profile

when core temperature was raised from 37 to 39°C
after 24 hours at 40°C might prevent prolonged

by hot water immersion.[71] Both NK cell (CD16+)
exposure to potentially cytotoxic cytokines.[102] Tak-number and IL-2 stimulated NKCA were increased
en together, the in vitro and in vivo work to dateafter hot water immersion that evoked a core tem-
suggests that monocyte bactericidal capacity andperature of 39.5°C.[74] Hyperthermic isolated limb
cytokine production are unaffected by a modestperfusion in melanoma patients has also been shown
increase in temperature, but prolonged exposure toto increase NKCA.[55] Clearly the magnitude of the

rise in core temperature is important as a more febrile range temperatures may decrease cytokine
modest 0.7°C rise in core temperature during 3 production.
hours of seated rest in a climate chamber at 40°C did In summary, with the exception of monocyte
not alter either NK cell number (CD16+ and

function, which does not appear to be affected by a
CD56+) or cytolytic activity compared with seated

brief increase in temperature within the rangerest in thermoneutral (23°C) conditions.[73] Al-
37–39°C, an increase in in vitro or in vivo tempera-though a role for stress hormones is often put for-
ture of ~2°C is acknowledged to enhance neutrophil,ward, the increase in plasma catecholamines,
lymphocyte and NK cell function. The magnitude ofgrowth hormone and β-endorphin with hyperther-
the change in leukocyte cell counts and functionmia are unlikely to account for the increase in NK-

CA because blocking the effects of these hormones with heat stress appears to be dependent upon the
had no effect on NKCA after 2 hours of hot water magnitude of the rise in in vitro or in vivo tempera-
immersion that resulted in a core temperature of ture and possibly the duration of exposure. For
39.5°C.[21] Downing and Taylor[71] have proposed example, leukocyte counts and function remained
that the increase in NKCA with elevated core tem- unaltered with a ~0.7°C rise in core temperature but
perature is most likely due to increased plasma

were enhanced with ~2°C rise in core tempera-concentration of IL-1, IL-2 and IFNγ known to
ture.[73,74] Furthermore, a brief increase in incubationenhance NKCA per cell.[92,93,100]

temperature from 37 to 40°C did not alter LPS-
stimulated monocyte cytokine release but more pro-2.3.4 Monocytes
longed incubation at 40°C (24 hours) decreasedMonocyte bactericidal capacity for a range of

organisms (including Escherichia coli, Salmonella cytokine production.[102]
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2.4 Exercise in the Heat and An elegant experimental model used by one re-
Immune Function search team,[63-65] which involves both exercise with

a rise in core temperature (exercise in hot water) and
Compared with exercise in thermoneutral condi- exercise without a rise in core temperature (exercise

tions, exercise in hot conditions is associated with in cold water: thermal clamp), has provided an inter-
increased core temperature, cardiovascular drift, cir- esting insight into the contribution of the exercise-
culating stress hormones and catecholamines and an induced rise in core temperature to the neuroen-
increased reliance on carbohydrate as a fuel docrine and immune alterations with exercise. Sec-
source.[103-105] Unsurprisingly, compared with ther- tion 2.5 will present and critically discuss the find-
moneutral conditions, endurance performance in the ings from the small number of studies investigating
heat is impaired.[105] Evidence supports an interac- the effect of fixed-duration exercise in hot compared
tion between neuroendocrine and immune responses with thermoneutral conditions on leukocyte and
to exercise.[15] Therefore, performing exercise in hot cytokine responses. Potential mechanisms underly-
conditions with associated elevated circulating ing the immune responses to exercise in the heat will
stress hormones and catecholamines would be ex- be discussed with a particular emphasis on the re-
pected to cause greater immune disturbance com- sults from the thermal clamping studies. Finally, a
pared with exercise in thermoneutral conditions. possible role for immune activation in the aetiology
Athletes, military personnel and fire fighters regu- of exertional heat illness (section 2.8) will also be
larly undertake vigorous activity in hot conditions, discussed.[68,69]

often when wearing protective clothing that does not
facilitate evaporative heat loss, resulting in core 2.5 Exercise in the Heat and
temperature often >40°C.[66,67] It is therefore some- Leukocyte Counts
what surprising that to date the number of studies

Severs et al.[73] had recreationally active subjectsthat have examined the effects of exercise in the heat
randomly perform two 30-minute bouts of cycling atand exertional heat illness on immune function just
50% maximal oxygen uptake (V̇O2max) with 45break into double figures. Comparing neuroen-
minutes of rest between in thermoneutral (23°C) anddocrine responses to exercise in hot with responses
hot (40°C) conditions. Core temperature increasedto exercise in thermoneutral conditions also presents
by 0.9 and 1.6°C after the two bouts of exercisean attractive experimental model to investigate the
performed in thermoneutral and hot conditions, re-effects of stress on immune function and the possi-
spectively (table II). Both bouts of exercise pro-ble role that neuroendocrine modulation plays in the
duced a significant leukocytosis with typical in-altered immune response with exercise. Exercise-
creases in circulating neutrophil, lymphocyte andinduced immune disturbances in thermoneutral con-
monocyte numbers. Under thermoneutral condi-ditions[106,107] are often attributed to neuroendocrine
tions, the second bout of exercise evoked a similarresponses and the rise in core temperature associated
leukocytosis to the first bout. However, in hot condi-with exercise.[16] However, it is difficult to identify
tions, the core temperature rise was larger after thewhether the observed effects of exercise on immune
second bout of exercise with larger increases infunction are due to: (i) a direct effect of elevated
circulating neutrophil, monocyte, lymphocyte andcore temperature on immune responses; (ii) elevated
lymphocyte subsets (CD3+, CD4+ and CD8+). Thecore temperature exerting its influence on immune
authors suggested some synergism between heat andfunction indirectly through increased neuroen-
exercise exposure, possibly due to large incrementsdocrine activation; (iii) increased neuroendocrine
in circulating levels of catecholamines under hotactivation as a result of exercise per se and not as a
conditions.result of the rise in core temperature; (iv) an as yet

unknown mechanism; or (v) a combination of one or In an attempt to identify the contribution of
more of the above. hyperthermia to the differential leukocytosis of ex-
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Table II. Effects of environmental temperature on the circulating leukocyte, differential leukocyte and lymphocyte subset count response to
exercise

Study Participants Method Final Tre (°C) % Change circulating leukocytesa

Cross et al.[63] 9 M RA 40 min cycling 65% V̇O2max immersed 39.1 Leukocytes ↑50%*
to mid-chest in 39°C water Lymphocytes ↑61%*

Granulocytes ↑40%
Monocytes ↑100%

40 min cycling 65% V̇O2max immersed 37.8 Leukocytes ↑33%
to mid-chest in 23°C water Lymphocytes ↑30%

Granulocytes ↑38%
Monocytes ↑94%

Rhind et al.[64] 10 M RA 40 min cycling 65% V̇O2peak immersed 39.2 Leukocytes ↑29%* (50% at 2h post*)
to mid-chest in 39°C water Lymphocytes ↑38%* (↔)

Granulocytes ↑29%* (88%*)
Monocytes ↔ (↔)
CD3+ ↑24%* (↓14%*)
CD4+ ↑10%* (↔*)
CD8+ ↑35%* (↓12%)
CD19+ ↔ (↑26%)
CD16+/CD56+ ↑157%* (↔)

40 min cycling 65% V̇O2peak immersed 37.5 Leukocytes ↔ (↑40)
to mid-chest in 18°C water Lymphocytes ↑31% (↔)

Granulocytes ↔ (↑50%)
Monocytes ↔ (↔)
CD3+ ↑7% (↔)
CD4+ ↓6% (↔)
CD8+ ↔ (↔)
CD19+ ↔ (↑44%)
CD16+/CD56+ ↑86% (↔)

Severs et al.[73] 11 M RA 2 × 30 min exercise at 50% V̇O2max, ↑1.6 Bout 1, bout 2
separated by 45 min sitting in 40°C, Leukocytes ↑50%*, ↑80%**
30% RH Lymphocytes ↑70%, ↑110%*

Granulocytes ↑30%, ↑100%*
Monocytes ↑75%, ↑125%
CD3+ ↑60%, ↑95%*
CD19+ ↑60%, ↑80%
CD4+ ↑40%, ↑120%*
CD8+ ↑70%, ↑90%*

2 × 30 min exercise at 50% V̇O2max, ↑0.9 Bout 1, bout 2
separated by 45 min sitting in 23°C, Leukocytes ↑30%, ↑40%
30% RH Lymphocytes ↑30%, ↑60%

Granulocytes ↑30%, ↑75%
Monocytes ↑30%, ↑75%
CD3+ ↑35%, ↑50%
CD19+ ↑35%, ↑50%
CD4+ ↑25%, ↑30%
CD8+ ↑30%, ↑55%

Mitchell et al.[108] 10 M RA 75 min cycling 55% V̇O2peak in 38°C, ~38.8 Leukocytes ↑14%* (↑12% at 2h post*)
45% RH (euhydrated) Lymphocytes ↑11%* (↓32%)

Neutrophils ↑23% (↑45%*)
CD3+ ↑5%* (↓30%*)
CD4+ ↔ *(↓33%)
CD8+ ↑12%* (↓24%)
CD16+/CD56+ ↑119%* (↔)

Continued next page
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Table II. Contd

Study Participants Method Final Tre (°C) % Change circulating leukocytesa

75 min cycling 55% V̇O2peak in 22°C, ~37.6 Leukocytes ↔ (↔)
30% RH (euhydrated) Lymphocytes ↔ (↓22%)

Neutrophils ↔ (↔)
CD3+ ↓9% (↓21%)
CD4+ ↓17% (↓25%)
CD8+ ↓6%* (↓17%)
CD16+/CD56+ ↑35% (↓29%)

Niess et al.[109] 7 M ET 60 min running 90% VIAT in 28°C and 39.8† Lymphocytes ↑50% (↔ at 3h post)
50% RH Neutrophils ↑90% (↑250%)*

Monocytes ↔ (↑63%)*

60 min running 90% VIAT in 18°C and 38.7 Lymphocytes ↑47% (↔)
50% RH Neutrophils ↑83% (↑170%)

Monocytes ↔ (↑63%)

Laing et al.[110] 13 M ET 2h cycling 60% V̇O2max in 30°C, 76% 38.7 Leukocytes ↑184% (129%)
RH Lymphocytes ↑37% (↔)

Neutrophils ↑285% (↑236%)
Monocytes ↑125%** (↑75%**)

2h cycling 60% V̇O2max in 20°C, 60% 38.1 Leukocytes ↑153% (↑94%)
RH Lymphocytes ↑47% (↔)

Neutrophils ↑238% (↑179%)
Monocytes ↑100% (↑25%)

McFarlin and Mitchell[111] 10 M RA 60 min cycling 60% V̇O2peak in 38°C, ~38.7 Leukocytes ↑24% (↑77% at 2h post)
45% RH air Lymphocytes ↑60%* (↔*)

Neutrophils ↑50% (↑165%)

60 min cycling 60% V̇O2peak in 8°C, ~ 37.7 Leukocytes ↑24% (↑53%)
50% RH air Lymphocytes ↔ (↔)

Neutrophils ↑31% (↑87%)

Brenner et al.[112] 7 M military 60 min cycling 55% V̇O2peak immersed 38.3 Leukocytes ↑40%
recruits to mid-chest in 35°C water Lymphocytes ↑40%

Granulocytes ↑38%*
Monocytes ↔
CD3+ ↔
CD4+ ↔
CD8+ 66%
CD19+ ↔
CD16+/CD56+ ↑218%

60 min cycling 55% V̇O2peak immersed 37.2 Leukocytes ↑35%
to mid-chest in 18°C water Lymphocytes ↑38%

Granulocytes ↑35%
Monocytes ↔
CD3+ ↔
CD4+ ↔
CD8+ ↑50%
CD19+ ↔
CD16+/CD56+ ↑113%

a Data are presented as approximate percentage change from baseline. Data in parentheses indicate sample collected later in
recovery vs baseline.

ET = endurance trained; M = male; post = post-exercise; RA = recreationally active; RH = relative humidity; Tre = rectal temperature; VIAT =
velocity at individual anaerobic threshold; V̇O2max = maximum oxygen uptake; V̇O2peak = peak oxygen uptake; ↑ indicates significant
increase (p < 0.05); ↓ indicates significant decrease; ↔ indicates no change; * indicates significant difference between conditions (p < 0.05);
** indicates significant difference between conditions (p < 0.01); † indicates Tre determined by pill telemetry.

ercise two studies had subjects perform 40 minutes one occasion with a rise in core temperature (cycling
of cycling at 65% peak oxygen uptake (V̇O2peak) on immersed to mid-chest in 39°C water) and on anoth-
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Table III. Plasma adrenaline (epinephrine), noradrenaline (norepinephrine) and cortisol responses to 40 minutes of cycling at 65% peak
oxygen uptake in hot and cold water (reproduced from Rhind et al.,[64] with permission)

Hormone Condition Sample timea Recovery

rest (0 min) exercise (40 min) 70 min 160 min

Adrenaline (pmol/L) Hot 284 ± 33 1 776 ± 2034 1 072 ± 236* 468 ± 71

Cold 242 ± 29 716 ± 127*‡ 311 ± 47 259 ± 41

Noradrenaline (pmol/L) Hot 2 528 ± 243 11 535 ± 1718† 5 054 ± 2458* 2 663 ± 262

Cold 2 291 ± 196 4 491 ± 540†‡ 3 684 ± 513* 2 822 ± 272

Cortisol (nmol/L) Hot 470 ± 44 608 ± 60 768 ± 68* 373 ± 35

Cold 535 ± 67 551 ± 63 384 ± 47‡ 295 ± 37

a Values are mean ± SEM, n = 10 males. Significantly different from resting: * p < 0.05 and † p < 0.001. Significant difference
between trials: ‡ p < 0.05.

er occasion without a significant rise in core temper- with hormone levels. The authors stated that
hyperthermia mediates exercise-induced leukocyteature (thermal clamp condition involved cycling
redistribution to the extent that it causes sympathoa-immersed to mid-chest in 18 or 23°C water [figure
drenal activation, with alterations in circulating3].[63,64] Exercising in the thermal clamp condition
adrenaline, noradrenaline and cortisol.[64]

substantially reduced the rise in circulating leuko-
More recently, 75 minutes of cycling at 55%cytes, neutrophils, lymphocytes (table II),[63,64] lym-

V̇O2peak in recreationally active males evoked aphocyte subsets (CD3+, CD4+ and CD8+) and NK
larger increase in leukocyte and neutrophil numberscell (CD16+ and CD56+) numbers (table II)[64] but
post-exercise and 2 hours post-exercise and a largernot the increase in circulating monocyte num-
increase in lymphocytes, lymphocyte subsets

bers.[63,64] The thermal clamp reduced exercise-in-
(CD3+, CD4+ and CD8+) and NK cell (CD16+ and

duced increments of plasma adrenaline, nora- CD56+) numbers post-exercise after the exercise
drenaline and growth hormone and abolished the was performed in hot (38°C) compared with ther-
increase in plasma cortisol concentration (table moneutral (22°C) conditions where final core tem-
III).[63,64] Multiple regression analysis showed that peratures were ~38.7 and 37.7°C, respectively (table
core temperature had no direct association with lym- II).[108] Interestingly, the authors had subjects per-
phocyte subsets but was significantly correlated form the exercise bouts in both hot and thermoneu-

tral conditions on one occasion with sufficient fluids
to match sweat losses (euhydrated) and on another
occasion without fluids (dehydrated). The results
showed that hydration status had little impact on
leukocyte counts after exercise suggesting a much
greater impact of heat stress than hydration status on
leukocyte trafficking after exercise.

In highly trained runners, 1 hour of treadmill
running at 75% V̇O2max in hot (28°C) compared
with thermoneutral (18°C) conditions, where final
core temperatures were 39.8 and 38.7°C, respective-
ly, resulted in significantly higher circulating neu-
trophils and monocyte counts 3 hours after exercise
(table II).[109] The authors postulated that the larger
increase in neutrophils after exercise in the heat was
due to the larger increase in plasma cortisol and
growth hormone immediately after exercise on this
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trial: both cortisol[25] and growth hormone have been maximal exercise in thermoneutral conditions in
humans[114] and sustained hyperthermia in mice[79]shown to mobilise neutrophils into the peripheral
has been proposed. It remains to be shown if largercirculation during and after exercise.[21,113] Unfortu-
increases in plasma G-CSF are also responsible fornately, the authors[109] did not acknowledge a possi-
the larger recruitment of neutrophils into the circula-ble role for raised plasma G-CSF in the augmented
tion after exercise in the heat.neutrophilia with exercise and heat stress: recent

evidence points towards G-CSF, rather than cortisol,
driving the peripheral neutrophilia associated with 2.6 Exercise in the Heat and

Cytokine Responsesexercise[114] and hyperthermia.[79] The authors[109]

suggested that the lack of an additional effect of
It is widely recognised that hyperthermia is asso-exercise in hot conditions on lymphocyte counts

ciated with an increase in plasma cytokines (e.g. IL-might be due to the similar adrenaline response to
1β and TNFα)[71,115] and altered in vitro and in vivoexercise in hot and thermoneutral conditions: plas-
cytokine production.[102,116,117] It is also widelyma adrenaline is known to be an important determi-
recognised that heavy exercise in thermoneutralnant of circulating lymphocyte counts.[64] It is note-
conditions evokes sequential increases in the plasmaworthy that studies involving prolonged exercise in
concentration of several pro-inflammatory cy-hot compared with thermoneutral conditions, with
tokines (e.g. TNFα, IL-1β and IL-12) and subse-ad libitum fluid intake, where only a modest aug-
quently several anti-inflammatory cytokines (IL-1ramentation of core temperature was reported under
and IL-10).[65,118] Given the importance of well regu-hot conditions (< 1°C), have shown increased physi-
lated cytokine responses for optimal immune func-ological stress but failed to show a significant effect
tion and host defence[82,83,119,120] and the potential forof additional heat stress on leukocyte counts.[110,111]

exercise in the heat to demonstrate greater immune
In summary, in comparison with exercise in disturbances,[73,108,109] it is somewhat surprising that

thermoneutral conditions, exercise of the same dura- the effects of combined exercise and heat stress on
tion in hot conditions that evokes a larger increment plasma cytokine responses and intracellular cy-
in core temperature (≥1°C vs thermoneutral condi- tokine production have received little attention.
tions) is associated with larger numbers of circulat- Plasma IL-6 concentration has been shown to in-
ing leukocytes during recovery. The effects of pro- crease after prolonged exercise with additional heat
longed exercise performed to fatigue in hot com- stress but remain unchanged when the exercise was
pared with thermoneutral conditions on leukocyte performed in thermoneutral[112,121] or cold condi-
trafficking has not been determined. Given that sub- tions.[65] However, confusion exists over plasma IL-
jects would not be expected to exercise for as long in 6 responses to exercise with additional heat stress
hot conditions, we might anticipate similar circulat- because others[109,122,123] have shown similar plasma
ing stress hormone and leukocyte responses to fa- IL-6 responses to prolonged exercise with and with-
tiguing exercise in hot and thermoneutral condi- out additional heat stress. In addition, the contribu-
tions. The findings of studies that have clamped the tion of the rise in core temperature to the stereotypi-
rise in core temperature during exercise (by having cal increases in plasma cytokines with exercise in
subjects exercise in cold water) show that as much thermoneutral conditions has until recently re-
as half of the leukocytosis observed with exercise is mained unknown.[65] To investigate this, Rhind et
attributable indirectly to the rise in core temperature al.[65] recently had ten men perform 40 minutes of
through hyperthermia-induced sympathoadrenal ac- cycling at 65% V̇O2peak on one occasion immersed
tivation and the known effects of elevated plasma in hot water (39°C) and on another occasion in cold
catecholamines and cortisol on leukocyte traffick- water (18°C), where core temperature after exercise
ing. More recently, a putative role for G-CSF in the in hot water rose from 37.2 to 39.1°C (+1.9°C) and
recruitment of neutrophils into the circulation after where core temperature was successfully clamped
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Fig. 4. Changes in circulating concentrations of (a) interleukin (IL)-1(ra) receptor antagonist, (b) IL-6, (c) IL-12 and (d) tumour necrosis
factor-α (TNFα) responses to cycle exercise during hot (39°C) and cold (18°C) water immersions. Mean values (± standard error) are
expressed as both change (∆) relative to the respective baseline (time 0) values (as shown in insets) and as percentage change (∆%) from
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significant (p < 0.01) within-condition differences vs pre-exercise; ** indicates significant (p < 0.0001) within-condition differences vs pre-
exercise; † indicates significant (p < 0.01) difference between hot and cold conditions.

(+0.4°C) during exercise in cold water. Exercising decrease synthesis of the pro-inflammatory
cytokines and increase synthesis of the anti-inflam-under the thermal clamp conditions blunted in-
matory cytokines IL-6, IL-1ra and IL-10 via in-creases in circulating catecholamines, cortisol and
creases in cAMP.[26]growth hormone. The stereotypical exercise-in-

duced elevations in plasma IL-1ra, IL-6, IL-12 and A recent study[121] examined intracellular cy-
TNFα were abolished when exercise was performed tokine responses to 90 minutes of cycling at 70%
with a thermal clamp (figure 4). The authors noted V̇O2peak on one occasion at 35°C and on another
that given the close interrelationship between occasion at 15°C where core temperature after exer-
neuroendocrine hormones and cytokines[124] that it cise in the heat was 39.1°C (+1 vs 15°C trial). LPS-
was likely that the significant increases in circulat- stimulated monocytes produced less IL-6 and TNFα
ing cytokines with heat stress were induced at least during recovery from exercise, possibly due to ele-
partly by the elevation in circulating stress hor- vated stress hormones, but additional heat stress did
mones.[65] Indeed, stimulation of α2-adrenoceptors not alter monocyte cytokine production. These find-
by noradrenaline has been shown to reduce cyclic ings agree with another study showing no significant
adenosine monophosphate (cAMP) and enhance the difference between exercising in hot and ther-
synthesis of the pro-inflammatory cytokines TNFα moneutral conditions on LPS-stimulated monocyte
and IL-12.[26] Conversely, stimulation of β2-adre- TNFα release.[125] Despite the lack of an effect of
noceptors by adrenaline infusion has been shown to additional heat stress on monocyte cytokine produc-
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tion after exercise, plasma IL-6 and TNFα were ever, similar increases in plasma myeloperoxidase
shown to be ~4- and ~2-fold higher after exercise in (MPO) concentration were observed after exercise
the heat.[121] This suggests that IL-6 and TNFα were on hot and thermoneutral trials. The authors noted
being produced by tissues and organs other than that augmented release of neutrophil granule con-
mononuclear cells. The most likely source of the stituents, such as MPO and elastase, in response to
additional IL-6 after exercise and heat stress is skel- exercise reflect direct neutrophil activation in vitro.
etal muscle[126-128] particularly as contracting skele- As the greater neutrophilia after exercise in hot
tal muscle IL-6 production is raised when intramus- conditions was not paralleled by a larger increase in
cular glycogen stores are reduced[128] and the reduc- plasma MPO it was speculated that this might reflect
tion in intramuscular glycogen stores is exacerbated a suppressive effect of severe heat stress on neutro-
with raised muscle temperature[129] and after exer- phil activation. We recently had trained cyclists
cise with additional heat stress.[130] The glucoregu- perform 2 hours of cycling at 60% V̇O2max in a
latory role for skeletal muscle IL-6 release has re- randomised crossover design, once in hot (30°C)
cently been reviewed elsewhere.[131] A similar ex- and on another occasion in thermoneutral (20°C)
planation for the raised plasma TNFα with exercise conditions where final core temperatures were 38.7
and heat stress is unlikely given that skeletal muscle and 38.1°C, respectively.[110] Prolonged exercise in
does not produce or release TNFα.[132] Indeed, the hot conditions resulted in significantly higher plas-
authors[121] were unable to determine the source of ma cortisol concentration post-exercise (~20%) and
the raised plasma TNFα with exercise and heat 2 hours post-exercise (~30%) compared with
stress. thermoneutral conditions. Circulating neutrophil

numbers were elevated post-exercise and 2 hoursIn summary, with the exception of IL-6, there is
post-exercise but were not different between trials.limited information on the effects of exercise with
LPS-stimulated neutrophil degranulation (elastaseadditional heat stress on plasma cytokine responses.
release per neutrophil) decreased after prolongedUsing an elegant thermal clamp model, one research
exercise but once again was not significantly differ-team[65] have shown that exercise (albeit only 40
ent between trials. These results suggest that com-minutes at 65% V̇O2peak) does not provide a suffi-
pared with thermoneutral conditions, a modest aug-cient stimulus for cytokine release unless the exer-
mentation in the core temperature response (0.6°C)cise is accompanied by a rise in core temperature.
and plasma cortisol response to prolonged exerciseThe evidence to date points towards elevated circu-
in hot conditions does not influence neutrophil traf-lating stress hormones as being at least partly re-
ficking or neutrophil degranulation responses.sponsible for altered plasma cytokine responses

(e.g. TNFα, IL-1ra, IL-12) to exercise with addi-
2.7.2 Lymphocytestional heat stress.[65] A role for intramuscular glyco-
Performing two 30-minute bouts of cycling atgen depletion and associated skeletal muscle IL-6

50% V̇O2max with 45 minutes of rest betweenproduction most likely accounts for the augmented
thermoneutral (23°C) and hot (40°C) conditions re-plasma IL-6 response to exercise with additional
sulted in decreased PHA-stimulated lymphocyteheat stress.[121]

proliferation that was exacerbated when the exercise
2.7 Exercise in the Heat and was performed in hot conditions.[73] The authors
Leukocyte Function suggested that the larger decrease (56%) in PHA-

stimulated lymphocyte proliferation after the second
2.7.1 Neutrophils exercise bout under hot conditions most likely re-
In highly trained runners, 1 hour of treadmill flected altered proportions of the various lympho-

running at 75% V̇O2max in hot (28°C) compared cyte subsets (e.g. increased NK cells or B lympho-
with thermoneutral (18°C) conditions evoked a cytes). In the same study, pokeweed mitogen stimu-
greater neutrophilia 3 hours into recovery.[109] How- lated immunoglobulin (Ig) production (particularly
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IgM) was unaffected by exercise in thermoneutral hyperthermia on the opening of tight junctions has
conditions but elevated when exercise was per- also been shown with large molecules being able to
formed in the heat. Given that Ig production depends penetrate the barrier at temperatures >41.5°C (figure
on B- and T-lymphocyte counts (T-helper lympho- 5).[137] Hyperthermia also induces nitric oxide pro-
cytes aid and T-suppressor lymphocytes inhibit the duction in the splanchnic region and IFNγ produc-
process), the authors suggested that increases in the tion from activated T cells and NK cells, both of
proportion of B lymphocytes and T-helper lympho- which have been shown to open tight junctions and
cytes could account for the increase in Ig production reduce tight junction integrity.[138,139]

when exercise was performed in the heat. More Endotoxaemia appears to be the major contribut-
recently, we have shown that 2 hours of cycling at ing factor to the multiple organ failure in EHS.[139]

60% V̇O2max in either hot (30°C) or thermoneutral In support of this, monkeys treated with oral antibi-
(20°C) conditions evokes a similar reduction in sali- otics to reduce gut bacteria do not become endotox-
va IgA (s-IgA) secretion rate in trained cyclists.[133]

aemic during experimental heat stroke[140] and those
2.7.3 Natural Killer Cells treated with anti-LPS plasma have increased surviv-
Using the same experimental protocol, involving al rates when exposed to heat stroke.[141] HSP ex-

two 30-minute bouts of cycling at 50% V̇O2max, pression has been shown to protect against heat-
another study found no effect of exercise either in induced loss of tight junction integrity and ischae-
thermoneutral or hot conditions on NKCA.[73] Stud- mia and reperfusion injury of the gut.[137] Collective-
ies involving prolonged continuous exercise at ly, the research evidence suggests that inhibiting
~60% V̇O2max show elevated NKCA immediately endotoxin exposure or its internal effects improves
after exercise that is unaffected by performing the EHS survival.[139]

exercise in hot conditions.[108,111]
Increases in plasma endotoxin concentration

have been reported after prolonged heavy exercise2.8 Exertional Heat Illness (EHI) and
in race horses,[142] ultra-marathon runners[143] andImmune Function
triathletes.[144,145] At the completion of an ultradis-
tance triathlon, mean plasma LPS concentration was2.8.1 A Role for Immune Activation in the
294 pg/mL,[143] which is comparable with levelsAetiology of EHI
seen in florid sepsis patients.[146] The increase in GIExertional heat stroke (EHS), the most severe
permeability and resulting endotoxaemia with se-form of exertional heat illness (EHI), is a life threat-
vere exercise-heat stress stimulates pyrogenicening acute heat illness characterised by hyperther-
cytokine release (TNFα, IL-1 and IL-6) from acti-mia (core temperature >40.6°C) and neurological
vated tissue macrophages and plasma mono-abnormalities that occur after exposure to high am-
cytes.[139] These pyrogenic cytokines may raise thebient temperature and humidity.[134] Although the
hypothalamic thermoregulatory set point contribut-causes appear to be multifactorial, a systemic in-
ing to the development of EHS (figure 5).[139] Inflammatory response appears to be involved in the
support of this contention are results from studiespathogenesis of EHI and EHS.[69,84,135,136] During
showing that animals receiving IL-1 receptor antag-exercise-heat stress, the redistribution of cardiac
onist demonstrate enhanced survival after experi-output from internal organs to cutaneous circulation
mentally induced heatstroke.[141] In addition, theproduces hypoxia, oxidative stress and nitrosative
production of pyrogenic cytokines in skeletal mus-stress in the gastrointestinal (GI) epithelium result-
cle, particularly damaged muscle (e.g. rhabdomyol-ing in GI dysfunction (figure 5). The GI ischaemia
ysis), may also play a role in the onset of EHS againcauses damage to the intestinal mucosal membrane
through pyrogenic cytokine-induced increases in theincluding enterocyte necrosis and opening of tight
hypothalamic thermoregulatory set point (figurejunctions, which results in increased permeability

and leakage of endotoxin. A direct effect of 5).[134,147] Interestingly, the skeletal muscle relaxant
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Exercise + heat stress
Impact possibly mediated by:
training status, acclimation,
pre-existing fever, hydration,

carbohydrate availability

Muscle trauma
e.g. rhabdomyolysis

Reduced GI blood flow

GI tissue hypoxia

Opens GI tight junctions
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Stress
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Fig. 5. Possible links and mechanisms involved in the alteration of immune function with exercise-heat stress. A direct effect of raised
temperature and indirect effect of augmented circulating stress hormones may alter immune function during exercise-heat stress. Reduced
gastrointestinal (GI) blood flow during exercise-heat stress may cause GI membrane damage and endotoxin leakage. Endotoxin activates
circulating monocytes/tissue macrophages increasing the release of cytokines known to modify immune function. Augmented circulating
cytokines during exercise-heat stress may raise the hypothalamic-thermoregulatory temperature set point, possibly contributing to the
development of exertional heat illness. Accordingly, immune function has been reported to be suppressed in patients with exertional heat
illness and heat stroke. HPA = hypothalamic-pituitary-adrenal axis; IFN = interferon; IL = interleukin; LPS = lipopolysaccharide; Mø =
macrophage; SAM = sympatheticoadrenal-medullary axis; TNFα = tumour necrosis factor-α.

dantrolene, which has received recent attention as tients (leukocytes: 13.1 in heatstroke vs 5.6 109/L in
the drug of choice for treating malignant controls [table I]). The lymphocytosis in heatstroke
hyperthermia, has been shown to decrease tissue and patients was mainly due to increases in suppressor
plasma pyrogenic cytokines and improve survival in T-lymphocytes (CD8+) and NK cells (CD16+ and
an animal model of septic shock.[134] These results CD56+). Decreased percentage of helper T-lympho-
might suggest a significant contribution of muscle- cytes (CD4+) and increased percentage of suppres-
derived pyrogenic cytokines in EHS aetiology, but sor T-lymphocytes (CD8+) resulted in a markedly
this requires substantiation in a human model of suppressed helper: suppressor T-lymphocyte ratio in
EHS alongside further research into the potential heatstroke patients (0.4 vs 1.8 in heatstroke and
therapeutic use of dantrolene for treatment of EHS. controls, respectively): possibly contributing to the

increase in infections reported in heatstroke pa-
2.8.2 Immune Responses in Patients with

tients.[78]
Heat Injury

In a follow-up study that took place during theDuring a pilgrimage to Mecca in 1990, one re-
1993 pilgrimage to Mecca,[148] the same researchsearch group compared circulating leukocyte distri-
group compared 14 heatstroke patients (core tem-bution in 11 heatstroke patients (core temperature
perature 42.3°C) with 7 heat-stressed controls sub-41.4°C) and 40 healthy controls resting at room
jected to the same living conditions (core tempera-temperature.[78] Compared with the healthy controls,
ture not presented) and 11 controls rested at normalthe number of circulating leukocytes and lympho-

cytes was significantly elevated in heatstroke pa- room temperature. In this study, blood samples were
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also collected after cooling the heatstroke patients to recruits (mean core temperature 38.6°C).[149] Inter-
≤39.4°C (range 25–255 minutes). To highlight the esting is that these core temperature responses were
severity of these heatstroke cases, it is noteworthy observed after military recruits performed only a
that three patients had core temperature >43°C, two short duration run (~3.2km) as part of their normal
patients were in shock (systolic blood pressure training in warm weather. This indicates that EHI
<90mm Hg) and three required intubation and can occur during relatively brief exercise in warm
mechanical ventilation. One patient died, and after weather as well as more prolonged exercise in hot
cooling, four patients had persistent neurological weather.
deficits (stupor, coma) and one patient had GI bleed-

In summary, prolonged exercise of fixed duration
ing.

in hot compared with thermoneutral conditions
In agreement with the previous investigation,[78] (where core temperature was ≥1°C higher in hot

lower T-lymphocytes (CD3+) and helper T-lympho- conditions) augments circulating stress hormone,
cytes (CD4+) and higher percentages of suppressor catecholamine and cytokine responses with associ-
T-lymphocytes (CD8+) and NK cells (CD16+ and ated increases in circulating leukocyte numbers.
CD56+) were observed in heatstroke compared with Studies comparing the effects of moderate heat
rested controls. More modest changes in lympho- stress and severe heat stress (heatstroke patients)
cyte subsets were observed in the heat-stressed con- suggest a continuum of the responses of circulating
trols (same direction as heatstroke patients) sug- leukocytes, differential leukocytes, lymphocyte sub-
gesting a continuum for the responses of lympho- sets and cytokine responses to heat stress. Accord-
cyte subsets to heat stress. Cooling either partially or ingly, thermal clamping studies have demonstrated a
completely restored lymphocyte subsets to normal large contribution of the rise in core temperature
in heatstroke patients. Although a significant in- during exercise in the leukocytosis and
crease in circulating catecholamines was observed cytokinaemia of exercise. With the exception of
in heatstroke patients, there were no significant cor- lowered PHA-stimulated lymphocyte responses af-
relations between catecholamines and the percent- ter exercise in the heat, and in EHI patients, recent
age or absolute numbers of lymphocyte subsets. The laboratory studies show a limited effect of exercise
authors suggested a possible role for elevated in the heat (vs thermoneutral conditions) on neutro-
cytokines in the observed alterations in leukocyte phil function, monocyte function, NKCA and sali-
and lymphocyte subsets.[78,148] In support of this vary immunity. Therefore, the results from these
contention, the same authors have reported elevated studies do not support the contention that exercising
circulating TNFα and IL-1[135] and elevated circulat- in the heat poses a greater threat to immune function
ing TNF receptors (TNFR 60 and 80) and IL-6 in (vs thermoneutral conditions). However, It is note-
heatstroke patients compared with rested con- worthy that due to the tight restrictions enforced by
trols.[136] Indeed, it has been known for a while that ethical committees, most laboratory studies examin-
the induction of a number of cytokines (e.g. G-CSF, ing immune responses to exercise in the heat have to
IL-1β and IL-6) has a direct stimulatory effect on date evoked only modest increases in core tempera-
leukocyte production (figure 2).[88] Moreover, a very ture (final core temperature <39°C). Given that core
recent study has demonstrated a role for the temperature during exercise in the field often ex-
hyperthermia-induced cytokinaemia in the altered ceeds 40°C in athletes, military personnel and fire
leukocyte responses to hyperthermia in mice.[79]

fighters undertaking vigorous physical activity in
hot conditions, field studies may provide an oppor-In another recent study, PHA-stimulated lympho-
tunity for researchers to determine the effects ofcyte responses (lymphocyte CD69 expression, an
severe heat stress on the immune response to exer-early activation marker) were reduced in military
cise. From a more critical standpoint, laboratoryrecruits with suspected EHI (mean core temperature

40.4°C) for up to 24 hours compared with control studies investigating the effects of moderate heat
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stress (core temperature <39°C) on immune re- known to mediate and modulate immune function.
sponses to exertion provide relatively limited infor- Therefore, it is plausible that any immune changes
mation about the possible involvement of immune observed during cold exposure might be due indi-
activation and systemic inflammation in the aetiolo- rectly to cold exposure evoked muscle contractions
gy of EHS (core temperature >40.6°C). Finally, the associated with shivering thermogenesis and/or to
effects of heat acclimatisation on the immune re- SNS activation rather than cold exposure directly.
sponse to exercise in hot conditions warrants en- The following sections will focus on the small
quiry. number of studies that have investigated firstly the

effects of passive cooling on immune responses and
secondly the effects of a combination of cold expo-3. Cold Stress and Immune Function
sure and exercise on immune responses. Studies that

It is commonly believed that chilling of the body have provided URTI incidence in personnel station-
increases susceptibility to upper respiratory tract ed in Antarctica will also be critically discussed to
infection (URTI). Indeed, use of the term ‘colds’ establish whether the commonly held belief that
may come from the common belief that cold expo- cold exposure increases URTI incidence is credible
sure causes URTI.[16,150] Exercise immunologists and if so whether cold-induced suppression of im-
have a keen interest in the effects of cold exposure mune function is responsible.
on immune function and URTI incidence because
athletes and military personnel, particularly in the 3.1 Passive Cooling and Leukocyte Counts
northern hemisphere, regularly perform in ambient
conditions below 0°C (also see reviews by Shephard Immersion of healthy young men to mid-chest in
and Shek[151] and Castellani et al.[150]). Although cold water (14°C) for 1 hour evoked a leukocyto-
evidence is scant, there are reports documenting sis.[155] However, immersion in cold water (23°C)
increased incidence and severity of URTI at ski for 40 minutes, which resulted in ~0.8°C reduction
schools[152] and during military patrols involving in core temperature did not alter total leukocyte
high levels of energy expenditure and exposure to numbers.[63] In another study, subjects sat for 2
cold conditions.[153] It remains unclear if the reports hours in a climate chamber maintained at 5°C where
showing increased URTI during prolonged cold ex- core temperature decreased from 37.0 to 36.5°C.[112]

posure are due to: confined living conditions, nega- The authors observed a small but significant leuko-
tive energy balance, sleep deprivation, cold expo- cytosis after cold exposure due to increases in circu-
sure per se or to a combination of these factors. lating neutrophil and lymphocyte numbers. Cold

The most important factors that contribute to exposure was associated with increased numbers of
lowering of core temperature in cold conditions circulating T-lymphocytes (CD3+), B-lymphocytes
(hypothermia = core temperature <36°C) appear to (CD19+) and NK cells (CD16+ and CD56+). The
be inappropriate clothing and unanticipated wetting authors suggested that the modest rise in circulating
of clothing. The length of exposure to cold condi- leukocyte numbers during cold exposure may be
tions and the reduction in metabolic heat production attributed to a noradrenaline mediated mobilisation
that accompanies fatigue are also important factors of demarginated cells. Future studies may be able to
in the development of hypothermia.[154] In an at- confirm this by blocking the effects of noradrenaline
tempt to defend core temperature during cold expo- during cold exposure. T-lymphocyte helper (CD4+)
sure shivering thermogenesis and peripheral vaso- and suppressor (CD8+) numbers remained unaltered
constriction are initiated. Shivering muscle contrac- after acute cold water immersion in a previous
tions are the same as muscular contraction during study.[155] Although an acute bout of cold exposure
exercise except that no useful work is performed.[150] appears to have only a small impact on immune cell
Peripheral vasoconstriction is under sympathetic counts, there is some evidence that repeated cold
nervous system (SNS) control and SNS activation is exposure evokes improved immune responsiveness.
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When Jansky et al.[155] had subjects repeat cold climate chamber (5°C) where core temperature de-
water immersion (1 hour at 14°C) three times per creased by ~0.6°C resulted in elevated NKCA.[112]

week for 6 weeks they noted an increased T-lym- The authors noted, contrary to popular belief, that
phocyte (CD3+), helper (CD4+) and suppressor cold exposure had an immuno-stimulating effect
(CD8+) T-lymphocyte number and an increased possibly related to the enhanced noradrenaline re-
proportion of activated T- and B-lymphocytes ex- sponse to cold exposure. Similarly, another study
hibited through increased expression of HLA-DR+. showed that monocytes incubated for 1 hour at 34°C

killed a greater number of E. coli compared withIn summary, short-term cold exposure may cause
incubation for 1 hour at 37°C.[53] This finding mighta small leukocytosis with an increase in circulating
also be considered favourable for host defence.number of neutrophils, lymphocytes, T- and B-lym-

phocytes and NK cells that appears to be dependent In summary, there is limited evidence to support
on the interaction between the magnitude of the a suppression of leukocyte counts or function with
reduction in core temperature and the duration of either short- or long-term cold exposure. In fact,
exposure. Noradrenaline-mediated mobilisation of contrary to popular belief, tightly controlled labora-
demarginated cells is most likely responsible for the tory studies indicate an immuno-stimulatory effect
small changes in circulating leukocyte numbers with of acute and repeated bouts of cold exposure.
cold exposure. In one study, immune responsiveness
improved after repeated bouts of cold exposure over 3.3 Exercise in Cold Conditions and
several weeks.[155] Taken together, the results from Immune Function
studies involving an acute bout of cold exposure or

Compared with steady-state exercise in ther-repeated bouts of cold exposure over several weeks
moneutral conditions, exercise in cold air conditionsshow if anything beneficial rather than detrimental
is associated with similar or slightly lower coreeffects of cold exposure on leukocyte counts.
temperature, muscle temperature and cardiac output
and with increased respiratory heat loss, ventila-3.2 Passive Cooling and Leukocyte Function
tion,[159] oxygen uptake[160] and carbohydrate oxida-

In ten patients undergoing surgery, intraoperative tion.[154,161] Substrate depletion due to the higher rate
hypothermia, where core temperature fell by 4°C of carbohydrate oxidation whilst cycling at 70%
(core temperature 33°C) was associated with a de- V̇O2max in very cold (4°C) compared with ther-
crease in neutrophil oxidative burst and neutrophil moneutral conditions (21°C) most likely accounts
capacity to ingest Escherichia coli.[156] However, for the decreased time to exhaustion whilst exercis-
lack of a control group undergoing surgery under ing in very cold conditions.[105]

normothermic conditions is a serious limitation in Few studies have examined immune responses to
this study. It remains to be shown if a more modest exercise in cold conditions in humans. These studies
reduction in core temperature (1–2°C) decreases have mostly involved short-duration exercise proto-
neutrophil function in a tightly controlled laboratory cols lasting <1 hour and have compared immune
study. In patients who experienced a modest 1°C responses following exercise in cold conditions with
drop in core temperature during surgery a reduction immune responses to exercise in hot rather than
in lymphocyte proliferation and IL-2 production 24 thermoneutral conditions. Nevertheless, although
and 48 hours after surgery has been reported com- limited, the evidence to date does not support the
pared with normothermic patients.[157] It remains popular belief that exercising in cold conditions
unclear if these findings translate into higher infec- suppresses immune function. Two studies had
tion after surgery. healthy young men immersed to mid-chest in water

In tightly controlled laboratory studies, 30 min- perform 40 minutes of cycling at 65% V̇O2max in
utes of exposure to a cold room (4°C) where core cold (18–23°C) and hot (39°C) water where core
temperature decreased ~0.5°C[158] and 2 hours in a temperature increased by ~0.5°C in cold and by
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~2.0°C in hot conditions (figure 3).[63,64] Exercising relative humidity (85%). In addition to any cooling
effect of breathing cold air on the oral cavity andin cold water attenuated the leukocytosis observed
upper airways, there might also be a drying effectafter exercise in hot water with smaller increases in
because cold air is dry. In light of these criticisms,circulating neutrophils and lymphocytes (table II).
we had trained cyclists ride for 2 hours at 70%The authors suggested that the significantly reduced
V̇O2max in an environmental chamber in very cold(>50%) increment in plasma catecholamines and
conditions (–6.4°C) and thermoneutral conditionscompletely abolished plasma cortisol response to
(19.8°C and 66% relative humidity).[164] Interesting-exercise in cold conditions (table III) was most
ly, s-IgA secretion rate decreased to a similar extentlikely responsible for the attenuated leukocytosis
after prolonged exercise in cold-dry conditions andafter exercising in the cold. Given that increases in
thermoneutral conditions.[164]plasma catecholamines and cortisol are thought to

be partly responsible for the reported immune per-
3.4 Immune Responses and Upperturbations with prolonged high-intensity exer-
Respiratory Tract Infection in Personnelcise,[15] blunting these responses by exercising in
Stationed in Antarcticacold water might be favourable for immune function

and host defence.
s-IgA and IgM concentrations have been reported

In another study, the same group had subjects
to be lower during the first 4 months of a 1-year

perform a 1-hour bout of cycling at 55% V̇O2peak Antarctica expedition.[165,166] Unfortunately, the lack
immersed in cold (18°C) and thermoneutral (35°C)

of a control group and data for URTI incidence are
water where a more modest ~1°C rise in core tem- limitations in these studies. The authors suggested
perature occurred after exercise in thermoneutral that the pattern of change in mucosal immunity
water compared with ~0.2°C rise in core tempera- during the expedition was consistent with the re-
ture after exercise in cold water.[112] Total and differ- sponses to the psychological stresses associated
ential leukocyte counts were similar after exercise in with prolonged Antarctic isolation.[165,166] Indeed,
cold and thermoneutral water. In the same study, psychological stress[167] and changes in mood
NKCA increased similarly after exercise in cold and state[168] have been shown to suppress mucosal im-
thermoneutral conditions, which agrees with a more munity. Moreover, depressed cell-mediated immu-
recent study involving 1 hour of cycling at 60% nity has been shown to correlate with psychological
V̇O2peak in an environmental chamber in cold (8°C) stress[169] and perceived anxiety[170] during Antarctic
and hot (38°C) conditions.[111]

expeditions.
Tomasi et al.[9] suggested that the decrease in s- To date, there is still no conclusive evidence to

IgA concentration after a 50km cross-country ski support a direct effect of prolonged cold exposure
race might have been partly due to the large inflow on URTI incidence. Reports from a number of
of cold air lowering the temperature of the mucous Antarctic research studies have shown little evi-
membranes. In an attempt to identify the effects of dence of URTI among personnel except immediate-
exercising in cold conditions on s-IgA, another ly after the visit of supply ships, when new strains of
group has shown similar s-IgA concentration after virus are imported into the community.[151,171,172]

healthy males performed a 30-minute treadmill run The increase in the susceptibility to newly imported
at 80% V̇O2max in an environmental chamber set at viruses in personnel stationed in Antarctica may be
6°C, 19°C and 34°C.[162] From a critical standpoint, partly due to enhanced survival of viruses in the cold
s-IgA was reported as a concentration and not as a climate[151] or to crowded living conditions.[173,174] In
secretion rate, thus ignoring any drying effect of oral addition, prolonged cold exposure may cause drying
breathing whilst exercising.[163] Furthermore, only a of the mucosal surfaces, slowing of tracheal cilia[175]

short 30-minute exercise bout was used along with or a deterioration of the normal barrier function of
an ambient temperature above freezing and a high the skin,[176] all of which may decrease host de-
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fence.[150,151] It appears that once immunity has de- sure to high altitude on lymphocyte trafficking and
veloped to the new strains of virus that the incidence lymphocyte function.[184] T-lymphocyte function
of URTI is similar in inhabitants of cold and temper- has been reported to be suppressed following short
ate climates. periods (~5 days) of altitude exposure

(>2500m).[180] PHA-stimulated lymphocyteIn summary, the evidence to date does not sup-
proliferation was also suppressed following a simu-port the popular belief that short- or long-term cold
lated 5-day stay at an altitude of 7620m in a decom-exposure, with or without exercise, suppresses im-
pression chamber.[183]mune function and increases URTI incidence.

More recent studies have extended these findings
by showing that residing for longer (3-week) periods4. High Altitude and Immune Function
at altitudes of 2100–5050m also suppresses mito-

It is commonly believed that travelling to regions gen-stimulated lymphocyte proliferation and de-
of high altitude increases susceptibility to URTI. creases the circulating helper : suppressor (CD4+/
However, the evidence to support this is lacking and CD8+) T-lymphocyte ratio.[184,185] In contrast, other
the problem is compounded by possible misdiagno- aspects of immunity seem less affected by the stress
sis due to some overlap in the symptoms of acute of high altitude. Meehan et al.[183] indicated no
mountain sickness and URTI.[177] However, one pa- change in stimulated antibody production or muco-
per reports a higher prevalence of pneumonia in sal immunity when humans were exposed to the
20 000 soldiers stationed at an altitude of 3692m hypoxic conditions of altitude. These findings are
compared with >130 000 troops stationed at low further supported by data indicating no change in T-
altitude.[178] Anecdotal reports and specific case cell dependent and T-cell independent antibody re-
studies also document an increase in URTI symp- sponses following stimulation by various antigens in
toms when ascending to altitudes >4000m.[179] That humans and mice at altitudes >4000m.[186] B-cell
heightened levels of stress encountered at altitude function, therefore, appears less affected by altitude
may suppress immune function and possibly raise and hypoxia. The functional consequences of this
URTI incidence has been investigated in both ani- are implied in animal models, which despite indicat-
mals and humans. It is important to be cautious ing a reduced resistance to bacterial infection actual-
when interpreting the results from these studies as ly show decreased susceptibility to infection when
altered immune responses at high altitude might inoculated with viruses such as influenza.[180] Al-
reflect the effects of hypoxia per se or the effects of though the mechanisms underlying these findings
other extraneous stressors associated with mountain are unclear, stress hormone-mediated maintenance
ascents or residing in the unfamiliar environment of of type II (humoral) immunity and suppression of
a decompression chamber.[16] However, there is type I (cell-mediated) immunity may be partly re-
some evidence of reduced resistance to infection at sponsible.[26,187,188] In line with this contention, a
altitude in animals.[180] very recent study has shown decreased T-lympho-

Early studies adopted a model in which the im- cyte IFNγ expression (type I cytokine: cell-mediated
mune system of mice or rats was challenged with response) and unchanged T-lymphocyte IL-4 ex-
pathogenic bacteria at simulated altitudes of pression (type II cytokine: humoral response) on
4000–8000m.[181,182] Residing at altitude for periods ascent to and after 3 weeks at 5050m.[184]

of 14–100 days has been associated with reduced
survival rate in exposed animals compared with 4.1 Exercise at High Altitude and
non-exposed control animals.[181,182] In humans, a Immune Function
handful of studies report alterations in immune func-
tion as a consequence of exposure to high altitude. Along with the well known decrement in physi-
Studies have investigated the effect of both short (~5 cal performance, exercise at high altitude compared
days)[180,183] and longer (3 weeks) periods of expo- with exercise at sea level is associated with a num-
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ber of responses that might further depress immune function have used acute exercise bouts, one recent
training study has assessed the practice of ‘livingfunction. These include increased circulating stress
high, training low’ (LHTL)[195] on mucosal immuni-hormone concentrations, increased reliance on gly-
ty.[196] A group of cross-country skiers (n = 11)cogen and amino acids as fuels for exercise and
trained for 18 days at low altitude (1200m) and atissue hypoxia that might enhance local inflammato-
sub-sample of six skiers slept in hypoxic rooms (11ry responses and facilitate the penetration of endo-
hours/day) that progressively increased the simulat-toxins through the gut wall.[16,189] Given the ac-
ed altitude from 2500 to 3500m over the course ofknowledged immune alteration with exercise per-
the training camp (LHTL group). s-IgA concentra-formed at sea level[106,107] and the additional stress
tion tended to decrease in both the LHTL group andresponses to exercising at high altitude,[190] we
control group (n = 5) who lived without altitudemight expect a greater degree of immune depression
simulation (1200m) and this reduction reached sig-when exercise is performed at high altitude.[191,192]

nificance in the LHTL group (p < 0.01) and ap-Unfortunately, there are few tightly controlled
proached significance (p = 0.08) in the control groupstudies that have assessed this using exercise proto-
versus pre-training. Whilst the authors interpretedcols in hypoxic conditions. This may be due in part
this finding as a cumulative negative effect of both

to the problems in prescribing comparable exercise
exercise and altitude on mucosal immunity, limita-

intensities in normal and hypoxic environments,
tions in this study include the small number of

since V̇O2max is reduced in hypoxic conditions.
subjects in each group, the lack of significant differ-

However, one study has compared the effect of
ences between the LHTL and control group for s-

cycling for 20 minutes at 60% V̇O2max in normoxic
IgA concentration and the lack of a non-exercising

and hypoxic conditions (11.5% oxygen) on circulat-
control group sleeping in simulated altitude.[196] In

ing lymphocyte subpopulations.[193] The combina-
addition, the authors reported s-IgA only as a con-

tion of hypoxia and exercise increased the circulat-
centration and not as a secretion rate (saliva flow

ing number of lymphocytes over and above the
rate × s-IgA concentration). s-IgA secretion rate

response seen in normoxia, with the largest re- provides a better indication of mucosal immune
sponses seen for NK cells. Circulating numbers of status and protection against oral pathogens:[10,163]

NK (CD16+ and CD56+) cells increased 2-fold both low saliva flow rate[197] and low s-IgA concen-
during normoxic exercise but 5-fold during hypoxic tration[198-200] have been associated with raised UR-
exercise. Whilst the additional stress of hypoxia TI incidence.
appeared to augment typical exercise responses in In summary, although a small body of evidence
cell trafficking, NK cell activity following IL-2 or supports the commonly held belief that high-altitude
IFNα stimulation was unchanged in the hypoxic exposure increases URTI,[178,179] clear conclusions
environment.[193] Another group have noted that are difficult to make as there appears to be some
climbing from 1780 to 3198m suppresses the activa- overlap in the symptoms of acute mountain sickness
tion of circulating neutrophils normally seen during and URTI. Although high altitude exposure has
ascent without exercise.[194] The authors speculated limited effect on humoral immunity, a number of
that down-regulation of neutrophil function whilst studies have shown suppression of cell-mediated
climbing to high altitude may serve to limit exer- immunity at high altitude.
cise-induced inflammatory tissue damage that might
otherwise be exacerbated by cytotoxic neutrophils. 5. Spaceflight and Immune Function
It remains unclear whether down-regulation of neu-
trophil function whilst exercising at high altitude Extremes of heat,[201] changes in pressure, vibra-
might alter host defence and risk of URTI. tion, sleep deprivation,[202,203] impaired nutri-

While the handful of studies assessing the com- tion,[204,205] weightlessness and psychological
bined effects of exercise and altitude on immune stress[206] are examples of potentially stressful stim-
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uli that occur during space flight. As one may ex- sured in astronauts, with some evidence of sup-
pressed cell-mediated immunity by day 4 of spacef-pect, data from studies in these conditions are re-
light, with maximal suppression occurring afterstricted to small sample sizes and the practicalities
5–10 days.[227] Similar results have been found inof assessing immune function in microgravity envi-
cosmonauts[228] during longer duration flights. Hu-ronments. Variations in uncontrolled stressors have
moral immune responses to the microgravity envi-also caused variation in findings between studies.
ronment have not been extensively studied, but theHowever, alterations in immune function have been
available data suggest little change in serum Igreported following spaceflight.[207-212] Consistent
concentrations after exposure to microgravity.[214]with immune responses to other stressful environ-
Although the impact of the aforementioned immunements, a marked leukocytosis is one of the most
changes on resistance to infection is unclear,[208,229]regularly reported findings in astronauts upon re-
there is some evidence of an increased virulence ofentry into the earth’s atmosphere.[213-216] For exam-
pathogenic micro-organisms (e.g. Salmonella) withple, a meta-analysis of research into the effects of
microgravity, which may lead to an increase in8–57 days of spaceflight has confirmed a regularly
infections from micro-organisms during space mis-reported leukocytosis predominantly consisting of
sions.[230,231]raised circulating neutrophil numbers.[213] Reported

In summary, re-entering the normal gravity envi-increases in circulating stress hormones and cat-
ronment after microgravity exposure is associatedecholamines, during the potentially lethal ma-
with a leukocytosis, suppressed cell-mediated im-noeuvres of re-entry and landing, most likely ac-
munity and unaltered humoral immunity. Less iscount for the observed leukocytosis upon return to
known about the effects of spaceflight, particularlythe normal gravity environment.[217]

long-tem spaceflight, on URTI incidence.
Both animal and human studies have shown sup-

pression of mitogen-stimulated lymphocyte prolifer-
6. Conclusionsation as a result of spaceflight.[209,218] Suppressed

lymphocyte proliferation may prevail for up to 7 Exercising in hot compared with thermoneutral
days after re-entry into the earth’s atmosphere.[208]

conditions (where core temperature is ≥1°C higher
Spaceflight may also alter cytokine production, fol- in hot conditions) augments circulating stress hor-
lowing evidence suggesting a reduction in mitogen- mone, catecholamine and cytokine responses with
stimulated IL-2 production following short- and associated increases in circulating leukocytes. Stud-
long-term space flights;[219,220] however, some stud- ies that have clamped the rise in core temperature
ies report the contrary.[221-223] There is also some during exercise (40 minutes cycling in cool water)
disagreement between studies on the effects of demonstrate a large contribution of the rise in core
spaceflight on IFNγ production, with some indica- temperature in the leukocytosis and cytokinaemia of
tion of both increased and decreased concentrations exercise. Interestingly, with the exception of low-
following short- and long-term flights.[220,224,225] Re- ered stimulated lymphocyte responses after exercise
search has, however, suggested a reduction in NK in the heat, and in exertional heat illness patients
cell numbers and NKCA as a consequence of the (core temperature >40°C), recent laboratory studies
conditions associated with space travel.[214] There is show a limited effect of exercise in the heat on
evidence of a suppressed NK cell cytotoxicity index immune function. Therefore, most of the available
in cosmonauts following short- (7–14 days)[220] and evidence does not support the contention that exer-
long-term (211–237 days)[226] spaceflights. cising in the heat poses a greater threat to immune

Measures of cell-mediated immunity are possible function (vs thermoneutral conditions). However,
through a skin inoculation test assessing the re- from a critical standpoint, because of ethical com-
sponse to common recall antigens. The resulting mittee restrictions, most laboratory studies have
delayed hypersensitivity response has been mea- evoked only modest core temperature responses
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(<39°C). Given that core temperature during exer- in environmental extremes poses a greater threat to
immune function.cise in the field often exceeds levels associated with

fever and hyperthermia (~39.5°C) field studies may
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