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温度ストレスが免疫機能に与える影響

永井正則

CHANGES IN IMMUNE ACTIVITIIES BY THERMAL STRESS
― An Overview of  Findings in the 1980’s and 1990’s ―

Masanori NAGAI

Abstract
  The immune system, reacting to bacterial and viral infections, affects nervous and endocrine systems, and the nervous and 
endocrine systems, by responding to various stressors, then affect both humoral and cell-mediated immune response.  Acute 
thermal stress increases the number of NK cells and T (CD8) cells, and reduce the number of T (CD4) cells.  These changes 
are mainly mediated by β-actions of the sympathetic neurones.  The secretion rate of salivary sIgA (sIgA), the predominant 
immunoglobulin in the mucosal immune system, is increased by acute cold stress probably via β-adrenoceptors.  Properties of 
stressors and individual differences in the styles coping with stress infl uence the sIgA response to stress.  Long-term exposure to 
thermal stress activates the hypothalamic-pituitary-adrenal axis, and suppresses immune activities.   The phagocytotic activity 
of macrophages, the number and activity of NK cells, and the antibody production are inhibited by chronic thermal stress.  The 
composition of T (CD4) cell subtypes is also infl uenced by chronic stress.  The decrease in the ratio of Th1 cells to Th2 cells by 
chronic stress provides different patterns of cytokines released by these T cells and infl uence the immune activity.  The dominance 
of Th1 or Th2 predicts the susceptibility of the hypothalamic-pituitary-adrenal axis to stressors in animal models.  Heat shock 
proteins (HSPs) induced by heat exposure infl uence the expression of the T cell receptor (TCR) and the intracellular signalling in 
T cells.  HSPs also block the transcription of TNF mRNA and decrease the production TNF by macrophages. 
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要　旨

　温熱生理学の分野では、温度ストレスが免疫機能に与える影響についての報告が頻繁に現れるようになったのは、1980 年

代初頭からであった。それから 20 年の間に、免疫系と自律神経系との相互作用、さらにこれらに内分泌系を加えた三つの

調節系の相互関連についての知見が急速に増大した。この現象は、温熱生理学分野のみに留まらず、広範な研究分野で同時

に進行し、その結果、人の健康や病態についてより総合的に理解することが可能となった。さらに、人の心理状態や行動様

式が、免疫系と自律神経系、内分泌系の三つの調節系に及ぼす影響についても大幅に理解が進み、社会神経科学 (Social 

Neuroscience) や心理神経免疫学 (Psychoneuroimmunology) などの新分野が誕生することとなった。本稿では、これらの進

展を準備した 1980年代と 1990年代の温度ストレス関連の研究成果について概説する。急性温度ストレスを扱った部分では、

ストレス時の細胞性免疫を修飾する自律神経系の働き、自律神経系を介した粘膜免疫の修飾と人の行動様式との関連に力点

を置いた。長期温度ストレスを扱った部分では、視床下部 - 脳下垂体 - 副腎髄質系とサイトカインやケモカインを介した

ストレス時の全身性免疫の反応に焦点を当てた。熱ショックタンパクを扱った部分では、熱ストレスによって産生された熱

ショックタンパクが、細胞性免疫に与える影響について述べた。山梨県環境科学研究所環境生理学研究室は、1997 年に開設

された。本稿で取り上げたような研究が充実期を迎え、将来への展望が開けてきた時期と重なっていた。このような時背景は、

環境と健康をテーマに研究を遂行する上で大きな恩恵となった。

キーワード：ストレス、分泌型免疫グロブリン A、全身性免疫、粘膜免疫、熱ショックタンパク
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Introduction     
　The immune system, reacting to the infections by pathogens, 
affects nervous and endocrine systems, and the nervous 
and endocrine systems, by responding to various stressors, 
in turn affect the immune system (Fig. 1). Cytokines, such 
as  interleukin 1 (IL-1) and tumor necrosis factorα (TNF-α), 
produced and released by macrophages and monocytes in 
response to the infection affect the hypothalamus and cause 
various physiological responses including fever (Fig. 2). 
Concomitantly, cytokines activate the release of corticotropin-
releasing hormone (CRF) from the hypothalamus.  CRF 
stimulates the release of adrenocorticotropic hormone (ACTH) 
from the pituitary gland and activates the sympathetic nervous 
system at the same time.  Adrenocortical hormones released 
by ACTH suppress immune activity (Fig. 3). Glucocorticoids 
induce the apoptosis of T cells and B cells and therefore suppress 
their immune activities. Glucocorticoids also suppress the 
production of interleukin 2 (IL-2) by T cells and the production 
of immunoglobulins by B cells.  Glucocorticoids act on the 
macrophages and inhibit their phagocytotic and chemotaxic 
activities as well as their production of cytokines such as IL-1 
and TNF-α.  The increased level of catecholamines as a result of 
the activation of the sympathetic neurones and adrenal medulla 
also suppresses T cell activities via β-adrenergic receptors.  
　On the other hand, stressors, if they are strong enough, 
affect the nervous and endocrine systems and suppress immune 

activity by the same mechanism involving CRF release and 
sympathetic activation.  Antibody and cell-mediated responses of 
the immune system are both infl uenced by a variety of stressors.  
For example, the activity of the splenic killer T cells (NK cells), 
which attack target cells in a major histocompatibility complex-
restricted manner (Herberman and Ortaldo 1981), is reduced in 
students undergoing an examination (Kiecolt-Glaser et al. 1984) 
or persons experiencing adverse life events (Locke et al. 1984).  
The reduction of NK cell activity is also observed in women 
who are pregnant (Gregory et al. 1985; Salméron et al. 1991) or 
who are suffering the death of their spouse (Irwin et al. 1988).  
In patients who have undergone general anaesthesia or traumas 
due to burn and surgery, NK cell activity is reduced as well 
(Blazar et al. 1986; Koenig et al. 1987; Tonnesen et al. 1984; 
Walton 1978).
　The secretory immunoglobulin A (sIgA) is the predominant 
immunoglobulin in the mucosal immune system, acts 
protectively against respiratory and gastrointestinal infections.  A 
number of studies have shown that salivary sIgA concentration 
and its secretion rate are reduced in individuals reporting 
relatively high levels of chronic stress and the absence of 
a positive attitude (Evans et al. 1996; Graham et al. 1988; 
McCleland et al. 1985).  On the contrary, acute stress such as 
mental arithmetic has been reported to cause an increase in 
salivary sIgA during or shortly after exposure to the stressor 
(Bristow et al. 1997; Carroll et al. 1996; Willemsen et al. 1998; 

Fig. 1  Interactions between the brain and immune system via 
neuroendocrine systems. CRH: corticotropin releasing 
hormone, ACTH: adrenocoroticotropic hormone, NA: 
noradrenaline, NY: neuropeptide Y, SP: substance P, VIP: 
vasoactive intestinal peptide, PRL: prolactin, GH: growth 
hormone, TSH: thyroid stimulating hormone, FSH: follicle 
stimulating hormone, LH: luteinizing hormone 

Fig. 2  Interactions between the brain and immune system 
via  cytokines. Cytokines in the brain are synthesized and 
released by resident macrophages and microglial cells.  PGs: 
prostaglandins 
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Zeier et al. 1996).  Long-term reduction of sIgA is considered 
to refl ect the activity of the hypothalamic-pituitary-adrenal axis, 
i.e. increases in CRF, ACTH and glucocorticoid release, whereas 
short-term increase in sIgA is supposed to be a result of an 
increase in catecholamines from the sympathetic nerve terminals 
and adrenal medulla (Willemsen et al. 1998).  Alternatively, 
reduced sIgA associated with chronic stress may be explained by 
the downregulation of receptors as a result of repeated exposure 
to short-term challenge (McCleland et al. 1985).  Whatever the 
case, these fi ndings clearly show that the nervous and endcrine 
systems affect both antibody- and cell-mediated immune 
response when challenged by various physical and psychological 
stressors.  
　Besides the hypothalamic-pituitary-adrenal axis and the 
sympathetic nervous activities, heat shock proteins (HSPs) also 
modulate immune activities.  As molecular chaperones (Craig 
1993), HSPs binding to polypeptides play essential roles in 
folding and transportation of polypeptides in almost all cells 
(Table 1). HSPs, expressed at moderately higher levels by heat 
stress, protect cells by removing denatured proteins and restoring 
normal ones.  Experiments in vitro have shown that HSPs affect 
the expression of T cell receptors (TCR) and presentation of 
antigens (Liossis and Tsokos 1997; Nambiar et al. 2000; Nossner 
et al. 1996).  In this article, the relationship between immune 
activity and stress is discussed with special reference to thermal 
stress.  
 
Acute thermal stress and immune activities     
 　It is consistently reported that laboratory stressors, such 
as stroop test and mental arithmetic, cause an increase in the 

number of circulating NK cells and T suppressor/cytotoxic (CD8) 
lymphocytes, a decrease in the ratio of T cell subsets (CD4/CD8) 
and the proliferation of T cells to mitogens (Bachen et al. 1992; 
Herbert et al. 1994; Sieber et al. 1992; Zakowski et al. 1992).      
　Levels of environmental temperature and the rate of 
temperature changes constitute potent stressors and affect 
immune activity.  Acute cold exposure, at  5 C゚ for 20 min, 
reduces the number of helper T cells (CD4) in male students 
(Henning et al. 1993).  Also, acute cold exposure of young 
men at 4 C゚ for 30 min suppresses the proliferative response of 
lymphocytes to a mitogen, phytohemagglutinin, at 3-4 h after 
exposure (Jurankova et al. 1995).  In heat stroke, the number 
of T helper (CD4) lymphocytes is decreased and the number 
of circulating NK cells and T suppressor/cytotoxic (CD8) 
lymphocytes is increased (Hammami et al. 1998).
　Microinjection of CRH into the lateral ventricle of the rat 
increases the sympathetic nervous activity and decreases the 
splenic NK cell activity and T cell proliferation (Irwin et al. 
1992).  The increase in splenic sympathetic nervous activity by 
stress causes a suppression of the splenic NK cell activity in rats 
(Shimizu et al. 1996).  Adrenalectomy blocks the stress-induced 
suppression of T cell proliferation in the peripheral blood but 
not in the spleen, and  intravenous injection of β-adrenergic 
antagonist blocks T cell proliferation in the spleen but not in the 
peripheral blood vice versa (Cunnick et al. 1990).  Transection of 
the splenic sympathetic nerves enhances an antigen production 
by the spleen in mice (Williams et al. 1981).  Therefore, immune 
activities of the spleen are tonically inhibited by the splenic 
sympathetic neurones through their β-actions.  In humans, a 
nonselective adrenoceptor antagonist, labetalol, blocks the 
cellular immune responses to mental stress, i.e. an increase 
in peripheral NK cell number, a decrease in the ratio of T cell 

Fig. 3  Glucocorticoids and the cytokine network.

Table 1 Major HSP members and related peptides. Based on 
Motomura et al. (2001).
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subsets (CD4/CD8), and a reduced T cell proliferation (Bachen 
et al. 1995).  The increase in peripheral NK cell number in 
response to acute mental stress is inhibited by oral administration 
of β-adrenoceptor antagonist, propranolol (Benschop et al. 
1994). 
　Among acute stresses, passive stress such as a cold pressor 
test decreases the secretion rate of sIgA, and active stress such 
as mental arithmetic increases the rate of sIgA secretion in 
males but not in females (Willemsen et al. 2002).  In addition to 
properties of stressors, coping styles with stress also affect the 
secretion of sIgA.  Coping styles with stress are grossly divided 
into two groups, i.e. emotion-focused type and problem-focused 
type, according to Lazarus (1993).  We have recently observed 
that videotaped public speech, as a laboratory stressor, decreases 
the rate of sIgA secretion in female students with emotion-
focused type but not in those with problem-focused type  (Wada 
et al. 2005).  On the other hand, speech stress causes an increase 
in variation of interbeat intervals (CVPP) in female students 
with problem-focused type.  It is, therefore, hypothesized 
that anticipatory styles in coping with stress cause different 
responses in the mucosal immune system and autonomic nerves 
innervating the heart.  Our observation coincides with the fact 
that preejection period (PEP) of the heart, employed as an index 
for β-adrenergic activity (Cacioppo 1994), reveals a negative 
correlation with the secretion rate of sIgA during mental 
arithmetic (Williams et al.1981).  At the same time, this result 
provides a possibility that the secretion rate of sIgA is inhibited 
by the sympathetic nervous activity via β-adrenoceptors.  On 
the other hand, α-blockade by phentramine has been reported to 
enhance the cold stress-induced increase in serum IgA in mice 
(Carr et al. 1992).
     The mechanism underlying sIgA responses to stress is not 
well clarifi ed, but following three processes are at least involved.  
The first process is a facilitation of the translocation that 
enables the salivary gland to release more sIgA, the second is a 
stimulation of active transport of sIgA across the membrane from 
its store site in either glandular connective tissue (Brandtzaeg 
1971) or salivary epithelial cells (Snider 1991), and the third 
is an increase in IgA release by plasma B cells.  Released IgA 
is formed into secretory sIgA (sIgA) and transported into the 
saliva.   

Long-term exposure to thermal stress
　Chronic stress generally activates the hypothalamic-pituitary-
adrenal axis, and suppresses immune activities  (Fig.  3).   The 
defence of the lung against bacteria relies on the phagocytotic 
activity of alveolar macrophages (Goldstein et al. 1977).  The 
survival rates of Staphylococcus aureus and Proteus mirabilis 
in the mouse lung 4 h after inhalation are increased by heat 
exposure at 35.5 C゚ for 7 days and 14 days (Yamamoto et al. 
1999b).  This result shows that the phagocytotic activity of 

alveolar macrophages becomes less efficient when exposed to 
chronic heat.  
     Long-term cold exposure at 4 Ｃ゚ and heat exposure at 35both 
decrease the number and activity of splenic NK cells in mice 
from day 1 to day 16 of exposure accompanying elevated levels 
of serum cortisol (Won and Lin 1995).  
　The primary immune response of mice to inactivated 
Sendai virus (HVJ), which is characterized by an increase in  
immunoglobulin G (IgG) production with its plateau on 13 
days after the challenge of the antigen, is suppressed by heat 
exposure at 35.5 C゚ for 4 – 12 days (Yamamoto et al. 1999a).  In 
animals exposed to heat, a decrease in tissue weight is obvious 
in the thymus and spleen as well as a general decrease in body 
weight.  The serum concentration of corticosterones increases 
consistently, reaches its maximum on day 1 of heat exposure, 
and decreases gradually. 
　Cold exposure of calves at –5 C゚ enhances the delayed-type 
hypersensitivity (DTH) response of the skin by 42% in the fi rst 
week of exposure, but reduces DTH response in the second 
week by 14% (Kelly et al. 1982).  Heat exposure of calves at 
35decreases DTH response by 42% without causing any increase 
during whole course of exposure.  These results indicate that 
the number or the activity of T helper (CD4) lymphocytes is 
decreased by thermal stress lasting over 2 weeks.
　Heat exposure of mice to 35 C゚ infl uences the composition of 
T cell subtypes (Asaki and Iriki 1998).  Within T helper (CD4) 
lymphocytes, Th0, Th1, and Th2 cells can be distinguished 
(Jacobs and Schmidt 1999).  They are identifi ed by their patterns 
of cytokine-release.  Th0 cells secrete anti-inflammatory 
interleukin 4 (IL-4) and proinflammatory interleukin 2 (IL-
2) and interferon γ (IFN-γ).  Th1 cells are proinflammatory 
cells which release IL-2, IFN-γ, and tumor necrosis factor α 
and β (TNF-α and TNF-β).  Th1 cells are essential for DTH 
response.  Th2 cells produce IL-4, IL-5, IL-6, and IL-10.  These 
cytokines released from Th2 cells play indispensable roles in the 
differentiation and proliferation of B cells.  The number of Th1 
cells decreases at the third week of exposure, while the number 
of Th2 cells increases shortly after the onset of heat exposure 
and remains at high levels during the exposure.  The decrease 
in Th1 cells from the third week predicts a decrease in DTH 
response observed in calves.
　Cytokines such as IL-2 and IFN-γ, released from Th1 cells 
support cell-mediated immune responses.  In contrast, Th2-
type cytokines, IL-4 and IL-5, enhance the humoral immune 
responses. In animal model, a possibility is proposed that 
the dominance of Th1 or Th2 predicts the susceptibility of 
the hypothalamic–pituitary-adrenal axis to stressors.  Balb/
c mice are Th2-dominant animals, and C57bl/6 are Th1-
dominant (Heinzel et al. 1991; Scott et al. 1989).  In comparison 
with these two strains, the stress-induced increase in 
glucocorticoids is greater in Balb/c mice (Shanks et al. 1994).  
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A similar association between the immune reactions and the 
hypothalamic-pituitary-adrenal axis has also been observed in 
rats (Kavelaars et al. 1997).  It is likely that a high reactivity 
of the hypothalamic-pituitary-adrenal axis is associated with a 
high capacity to generate Th2-type responses and low reactivity 
of the hypothalamic-pituitary-adrenal axis with a high capacity 
to generate Th1-type responses.  Long-term exposure to heat 
affects immune activities by modulating the ratio of Th1 cells to 
Th2 cells.  

Heat shock proteins and immune activities
  Almost all organisms synthesize a set of proteins called heat 
shock proteins (HSPs) in response to an increase in temperature 
(Lindquist 1986).  HSPs are also expressed constitutively at 
normal temperatures, and synthesized by a variety of nonlethal 
transient stresses, including hyperthermia, oxygen radicals, 
heavy metals, ethanol and amino acid analogues.  Exercise also 
induces an expression of HSPs in leucocytes (Shastry et al. 
2002) and skeletal muscle (Thompson et al. 2002), and increases 
serum HSPs in humans (Febbraio et al. 2002).  For this reason, 
HSPs are also termed stress proteins.  In general, HSPs protect 
cells from stresses by inhibiting the aggregation of denatured 
proteins and refolding nature ones (Table 1).  Heat tolerance of 
cells depends on the production of HSPs (Polla and Kantengwa 
1991; Ribeiro et al. 1995).  
　HSPs influence the intracellular signalling of T cells and 
production of cytokines.  In human T lymphocytes exposed to 
42 C゚ for 8-24 hr, the production of inositol trisphosphate (IP3) 
and subsequent increase in intracellular calcium concentration 
mediated by T cell receptor with CD3 antigen (TCR/CD3) 
are downregulated (Liossis and Tsokos 1997).  A decrease 
in TCR ζ chain expression is thought to be a cause for the 
downregulation of TCR/CD3-mediated production of IP3 and 
increase in intracellular free calcium (Nambiar et al. 2000).  An 
overexpression of HSP 70 causes a deceleration of TCR/CD3-
mediated response (Liossis et al. 1997).  These studies lead a 
possibility that HSPs production due to heat stress modulates the 
signal transduction in T cells and therefore immune activities.    
　Tumor necrosis factor α (TNF-α) incites the production 
of interleukins (ILs), chemokines and nitric oxide (NO), and 
activates the infl ammatory cascade.  Studies in vitro show that 
HSPs block the transcription of TNF mRNA and decrease TNF 
production (Ensor et al. 1994; Fouqueray et al. 1992; Snyder et 
al. 1992).  TNF-α potently stimulates macrophages to produce 
IL-1, and IL-1 reveals a broad effect on immune functions, e.g. 
proliferation of T and B cells and chemotaxis of neutrophils.  
Therefore, HSPs may infl uence the immune activities after heat 
stress by modulating the cytokine network.  A possibility is 
also proposed that HSPs inhibit the inducible NO synthase and 
NO production (Hauser et al. 1996; Won et al. 1995; Wong and 
Wispé 1997). 

　The action of HSPs to inhibit the aggregation of mutant 
proteins may be useful for the protection and therapeutic 
treatment of protein folding diseases, e.g. spinocerebellar ataxia 
1 (Cummings et al. 1998) and spinal and bulbar muscular 
atrophy (Kobayashi et al. 2000).  The roles of molecular 
chaperones expressed in malignant cells are also emphasized in 
the etiology and therapy of cancer (Soti and Csermely 1998).  
Moderate overexpression of molecular chaperones expands life 
span in the fruit fl y and nematodes (Lithgow et al. 1995; Smith 
1958; Tatar et al. 1997).  The accumulation of damaged proteins 
by oxidative stress is thought to be a major factor of senescence 
(Jazwinski 1996; Sohal and Weindruch 1996). Therefore, it 
is hypothesized that the elimination of damaged proteins by 
molecular chaperones delays senescence and increases life span.   

Remarks
　In this article, influences of thermal stress on immune 
activities and immuno-modulatory activities of the autonomic 
and endocrine systems are briefly reviewed on the basis of 
fi ndings mainly attained between the 1980’s and 1990’s.  Citing 
heat stress researches, interrelationships among the immune, 
autonomic, and endocrine systems are also emphasized.  In 
these two decades, researchers have clearly noticed the fact 
that the immune, autonomic, and endocrine systems work in a 
synergetic manner for self-defense.  It was generally accepted 
that the cooperation of these three systems results from the 
integrative function of the brain.  Therefore, to know how 
the cooperation works and in what situation it does not work 
properly was expected for complete understandings of health 
and disease. It was obvious that the brain function managing 
the cooperation of these three systems contains mental aspects 
in it.  Researchers, giving a great attention to mental aspects, 
founded new fi elds, such as social neuroscience (Cacioppo 1994) 
and psychoneuroimmunology (Schedolwski and Tewes 1999).  
Knowledge obtained between the 1980’s and 1990’s greatly 
contributed to advance interdisciplinary studies concerning 
physical and mental health.  
　Yamanashi Institute of Environmental Sciences (YIES) was 
founded in 1997.  Studies exploring the relationship between 
the environment and health in the department of physiology 
of YIES were set up on the basis of scientific achievement in 
these two decades.  Studies of the department brought us a 
great deal of new and important findings in 15 years after the 
foundation.  Hereby, we remind that we greatly owe to the works 
of researchers and their efforts in these decades.  

References 
Asaki Y, Iriki M (1998) Influence of global warming on the 

health and immunity in the aged (in Japanese). Global 
Environ Res 2: 147—162.

Bachen EA, Manuck SB, Cohen S, Muldoon MF, Raible 



6

永井正則

R, Herbert TB, Rabin BS (1995) Adrenergic blockade 
ameliorates cellular immune responses to mental stress in 
humans. Psychosom Med 57: 366—372.

Bachen EA, Manuck SB, Marsland AL, Cohen S, Malkoff SB, 
Muldoon MF, Rabin BS (1992) Lymphocyte subset and 
cellular immune responses to a brief experimental stressor. 
Psychosom Med 54: 673—679.

Benschop RJ, Nieuwenhuis EES, Tromp EAM, Godaert GLR, 
Ballieux RE, van Doornen JP (1994) Effects of β-adrenergic 
blockade on immunologic and cardiovascular changes 
induced by mental stress. Circulation 89: 762—769.

Blazar BA, Rodrick ML, O’Mahony JB, Wood JJ, Bessey PQ, 
Wilmore  DW, Nammick JA (1986) Suppression of natural 
killer-cell function in humans following thermal and 
traumatic injury. J Clin Immunol 6: 26—36.

Brandtzaeg P (1971) Human secretory immunoglobulins. VII. 
Concentrations of parotid IgA and other secretory proteins 
in relation to the rate of flow and duration of secretory 
stimulus. Arch Oral Biol 16: 1295—1310.

Bristow M, Hucklebridge F, Clow A, Evans P (1997) Modulation 
of secretory immunoglobulin A in saliva in relation to an 
acute episode of stress and arousal. J Psychophysiol 11: 
248—255.

Cacioppo JT (1994) Social neuroscience: Autonomic, 
neuroendocrine, and immune responses to stress.  
Psychophysiol 11: 248—255.

Carr DJJ, Woolley TW, Blalock JE (1992) Phentolamine but not 
propranolol blocks the immunopotentiating effect of cold 
stress on antigen-specific IgM production in mice orally 
immunized with sheep red blood cells. Brain Behav Immun 
6: 50—63.

Carroll D, Ring C, Shrimpton J, Evans P, Willemsen G, 
Hucklebridge F (1996) Secretory immunoglobulin A and 
cardiovascular response to acute psychological challenge. 
Int J Intern Med 3: 266—279.

Craig EA (1993) Chaperones: Helpers along pathways to protein 
folding. Science 260: 1902—1903.

Cummings CJ, Mancini MA, Antalffy B, DeFranco DB, Orr HT, 
Zoghbi HY (1998) Chaperone suppression of aggregation 
and altered subcellular proteasome localization imply 
protein  misfolding in SCA1. Nat Genet 19: 148—154.

Cunnick JE, Lysle DT, Kucinski BJ, Rabin BS (1990) Evidence 
that shock-induced immune suppression is mediated by 
adrenal hormones and peripheral β-adrenergic receptors. 
Pharmacol Biochem Behav 36: 645—651.

Ensor JE, Wiener SM, McCrea KA, Viscardi RM, Crawford 
EK, Hasday JD (1994) Differential effects of hyperthermia 
on macrophage interleukin-6 and tumor necrosis factor-α 
expression. Am J Physiol 266: C967—C974.

Evans P, Doyle A, Hucklebridge F, Clow A (1966) Positive 
but not negative life events predict vulnerability of upper 

respiratory illness. Br J Health Psychol 1: 339—348.
Febbraio MA, Ott P, Nielsen HB, Steensberg A, Keller C., 

Krustrup P, Secher NH, Pedersen BK (2002) Exercise 
induces hepatosplanchnic release of heat shock protein 72 
in humans. J Physiol 544: 957—962.

Fouqueray B, Philippe C, Amrani A, Perez J, Baud L (1992) 
Heat  shock prevents lipopolysaccaride-induced tumor 
necrosis factor-synthesis by rat mononuclear phagocytes. 
Eur J Immunol 22: 2983—2987.

Goldstein E, Lippert W, Warshaure D (1977) Pulmonary alveolar 
macrophage---defender against bacterial infection of the 
lung. J Clin Invest 54: 519—528.

Graham NM, Bartholomeusz RC, Taboonpong N, La Brooy JT 
(1988) Does anxiety reduce the secretion rate of secretory 
IgA in  saliva? Med J Aust 148: 131—133.

Gregory CD, Shah LP, Lee H, Scott IV, Golding PR (1985) 
Cytotoxic reactivity of human natural killer (NK) cells 
during normal pregnancy: a longitudinal study. J Clin Lab 
Immunol 18: 175—181.

Hammami MM, Bouchama A, Shail E, Aboul-Enein HY, Al-
Sedairy,  S (1998) Lymphocyte subsets and adhesion 
molecules  expression in heatstroke and heat stress. J Appl 
Physiol 84: 1615—1621.

Hauser GJ, Dayao EK, Wasserloos K, Pitt BR, Wong HR (1996) 
HSP induction inhibits iNOS mRNA expression and 
attenuates hypotension in endotoxin-challenged rats. Am J 
Physiol 271:  H2529—H2535.

Heinzel FP, Sadick MD, Mutha SS, Locksley RM (1991) 
Production  of IFN-γ, IL-2, IL-4 and IL-10 by CD4+ 
lymphocytes in vivo during healing in progressive murine 
leishmaniasis. Proc Nat Acad Sci USA 88: 7011—7015.

Henning J, Laschefski U, Becker H, Rammsayer T, Netter P 
(1993) Immune cell and cortisol responses to physically and  
pharmacologically induced lowering of body temperature.  
Neuropsychobiol 28: 82—86.

Herberman RG, Ortaldo JR (1981) Natural killer cells: their role 
in defense against disease. Science 214: 24—30.

Herbert TB, Cohen S, Marsland AL, Bachen EA, Rabin 
BS, Muldoon MF, Manuck S (1994) Cardiovascular 
reactivity and the course  of immune response to an acute 
psychological stressor.  Psychosom Med 56: 337-344.

Irwin MR, Daniels M, Risch SC, Bloom E, Weiner H (1988) 
Plasma cortisol and natural killer cell activity during 
bereavement. Biol Psychiat 24: 173—178.

Irwin M, Hauger R, Brown M (1992) Central corticotropin- 
releasing hormone activates the sympathetic nervous 
system and reduces immune function: Increase responsivity 
of the aged rat. Endocrinol 131: 1047—1053.

Jacobs R, Schmidt RE (1999) Foundations in immunology. In: 
Schedlowski M., Tewes U. (Eds.) Psychoneuroimmunology 
An Interdisciplinary Introduction. Kluwer Academic and 



7

温度ストレスが免疫機能に与える影響

Plenum Publishers, New York, pp. 39—62.
Jazwinski SM (1996) Longevity, genes, and aging. Science 273:  

54—59.
Jurankova E, Jezova D, Vigas M (1995) Central stimulation 

of hormone release and the proliferative response of 
lymphocytes in humans. Mol Chem Neuropathol 25: 213—
223.

Kavelaars A, Heijnen CJ, Ellenbroek B, van Loveren H, Cools 
AR (1997) Apomorphine-susceptible and  apomorphine-
unsusceptible Wistar rats differ in their susceptibility for 
inflammatory and infectious diseases: A study on rats 
with group specific differences in structure reactivity of 
hypothalamic-pituitary-adrenal axis. J Neurosci 17: 2580—
2584.

Kelly DW, Osborne CA, Evermann JF, Parish SM, Gaskins CT 
(1982) Effects of chronic heat and cold stressors on plasma 
immunoglobulin and mitogen-induced blastogenesis in 
calves. J Dairy Sci 65: 1514—1528.

Kiecolt-Glaser JK, Garner W, Speicher C, Penn GM, 
Holliday J, Glaser R (1984) Psychosocial modifiers of 
immunocompetence in medical students. Psychosom Med 
46: 441—453.

Kobayashi Y, Kume A, Li M, Doyu M, Hata M, Ohtusuka K, 
Sobue  G (2000) Chaperones Hsp70 and Hsp40 suppress 
aggregate formation and apoptosis in cultured neuronal 
cells expressing truncated androgen receptor protein with 
expanded  polyglutamine tract. J Biol Chem 275: 8772—
8778.

Koenig A, Koenig UD, Heicappel R, Stoeckel H (1987) 
Differences in lymphocyte mitogenic stimulation pattern 
depending on anaesthesia and operative trauma: 1. 
Halothane-nitrous oxide anaesthesia. Eur J Anaesthesiol 4: 
17—24.

Lazarus RS (1993) Coping theory and research: past, present, 
and future. Psychosom Med 55:  234-247. 

Lindquist S (1986) The heat-shock response. Ann Rev Biochem 
55: 1151—1191.

Liossis SNC, Ding XZ, Kiang JG, Tsokos GC (1997) 
Overexpression of the heat shock protein 70 enhances the 
TCR/CD3- and  Fas/Apo-1/CD95-mediated apoptotic cell 
death in Jurkat cells. J Immunol 158: 5668—5675.

Liossis SNC, Tsokos GC (1997) Heat shock of normal T-cells 
and cell lines downregulates the TCR/CD3-mediated 
cytoplasmic Ca2+ responses and the production of inositol 
triphosphate. Immunopharmacol Immunotoxicol 19: 511—
521.

Lithgow GJ, White TM, Melov S, Johnson TE (1995) 
Thermotolerance and extended life-span conferred by sigle-
gene mutations and induced by thermal stress. Proc Nat 
Acad Sci USA 92: 7540—7544.

Locke SE, Kraus L, Leserman J, Hurst MW, Heisel JS, Williams 

RM (1984) Life change stress psychiatric symptoms, and  
natural killer cell activity. Psychosom Med 46: 441—453.

McClelland DC, Alexander C, Marks E (1982) The need for 
power, stress, immune function and illness among male 
prisoners. J Abnorm Psychol 91: 61—70.

McClelannd DC, Ross G, Patel V (1985) The effect of an 
academic examination on salivary norepinephrine and 
immunoglobulin levels. J Human Stress 11: 52—59.

Motomura K, Cao Y, Taimura A, Kosaka M (2001) Molecular 
chaperone and folding: Lessons from heat shock protein 
research. In: Kosaka M, Sugahara T, Schmidt KL, Simon E 
(Eds) Thermotherapy for neoplasia, infl ammation, and pain. 
Springer Verlag, Tokyo, pp. 355—360. 

Nambiar MP, Fisher CU, Enyedy EJ, Warke VG, Krishnan S, 
Tsokos GC (2000) Heat stress downregulates TCRζ chain 
expression in human T lymphocytes. J Cell Biochem 79: 
416—426.

Nossner E, Goldberg JE, Naftzger C, Lyu SC, Clayberger C, 
Krensky AM (1996) HLA-derived peptides which inhibit T 
cell function bind to members of the heat shock protein 70 
family. J Exp Med 183: 339—348.

Polla BS, Kantengwa S (1991) Heat shock proteins and  
infl ammation. Curr Top Microbiol Immunol 167: 93—105.

Ribeiro SP, Villar J, Slutsky AS (1995) Induction of the stress 
response to prevent organ injury. New Horiz 3: 301—311.

Salméron OJ, Vaquer S, Salméron I, Moltó L, Lapeña P, 
Manzano L, de las Geros JI, Alvarez-Mon M (1991) 
Pregnancy is associated with a reduction in the pattern of 
the cytotoxic activity displayed by lymphokine-activated 
killer cells. Am J Reprod Immunol 26: 150—155.

Schedlowski M, Tewes U (1999) Psychoneuroimmunology: An 
Interdisciplinary Introduction. Kluwer Academic/Plenum 
Publishers, New York.

Scott P, Pearce E, Cheever AW, Coffman RL, Sher A (1989) 
Role of cytokines and CD4+ T-cell subsets in the regulation 
of parasite immunity and disease. Immunol Rev 112: 161—
182. 

Shanks N, Griffi ths J, Anisman H (1994) Central catecholamine 
alterations induced by stressor exposure: Analysis in 
recombinant inbred strains of mice. Behav Brain Res 63: 
23—33.

Shastry S, Toft DO, Joyner MJ (2002) HSP70 and HSP90 
expression in leucocytes after exercise in moderately 
trained humans. Acta Physiol Scand 175: 139—146.

 Shimizu N, Kaizuka Y, Hori T, Nakane H (1996)
　　 Immobilization increases norepinephrine release and 　　
　　reduces NK cytotoxicity in spleen of conscious rat.  Am J 
　　Physiol 271: R537—R544.
Sieber WJ, Rodin J, Larson L, Ortegas S, Cummings N, Levy 

S, Whiteside T, Herberman R (1992) Modulation of human 
natural killer cell activity by exposure to uncontrollable 



8

永井正則

stress. Brain Behav Immun 6: 141—156.
Smith JM (1958) Prolongation of the life of Drosophila 

subobscura  by a brief exposure of adults to a high 
temperature. Nature (Lond) 181: 496-497.

Snider MD (1991) Intersection of endocytic and exocytic 
membrane traffic in animal cells. In: Steer C.J., Hanover 
J.A. (Eds.) Intracellular traffi cking of proteins. Cambridge 
University Press, New York, pp. 36—38.

Snyder YM, Guthrie L, Evans GF, Zuckerman SH (1992) 
Transcriptional inhibition of endotoxin-induced monokine 
synthesis following heat shock in murine peritoneal 
macrophages. J Leukoc Biol 51: 181—187.

Sohal RS, Weindruch R (1996) Oxidative stress, caloric 
restriction, and aging. Science 273: 59—63.

Soti C, Csermely P (1998) Molecular chaperones in the etiology 
and therapy of cancer. Pathol Oncol Res 4: 316—321.

Tatar M, Khazaeli AA, Curtsinger JW (1997) Chaperoning 
extended life. Nature (Lond)390:30.

Thompson HS, Clarkson PM, Scordilis SP (2002) The repeated 
bout effect and heat shock proteins: intramuscular HSP27 
and HSP70 expression following two bouts of eccentric 
exercise in humans. Acta Physiol Scand 174: 47—56.

Tonnesen E, Huttel MS, Christensen NJ, Schmitz O (1984) 
Natural  killer cell activity in patients undergoing upper 
abdominal surgery: relationship to the endocrine stress 
response. Acta Anaesthesiol Scand 28: 654—660.

Wada M, Ohno H, Nagai M (2005) Responses to stress differ 
between college students with different coping strategies. 
Autonom Neurosci: Basic and Clinic 119: 125-126. 

Walton B (1978) Anaesthesia, surgery and immunology. 
Anaesthesia  33: 322—348.

Willemsen G, Carroll D, Ring C, Drayson M (2002) Cellular 

and mucosal immune reactions to mental and cold stress: 
associations with gender and cardiovascular reactivity. 
Psychophysiol 39: 222—228.

Willemsen G, Ring C, Carroll D, Evans P, Clow A, Hucklebridge 
F (1998) Secretory immunoglobulin A and cardiovascular 
react ions to mental  ar i thmetic  and cold pressor. 
Psychophysiol. 35: 252—259.

Williams JM, Peterson RG, Shea PA, Schmedtje JF, Bauer 
DC, Felten DL (1981) Sympathetic innervation of murine 
thymus and spleen: evidence for a functional link between 
the nervous and immune systems. Brain Res Bull 6: 83—
94.

Won SJ, Lin MT (1995) Thermal stresses reduce natural killer 
cell cytotoxity. J. Appl. Physiol. 79: 732—737.

Wong HR, Ryan M, Wispé JR (1997) The heat shock response 
inhibits inducible nitric oxide synthase gene expression by 
blocking Iκ-B degradation and NFκ-B nuclear translocation. 
Biochem Biophys Res Commun 231: 257—263.

Wong HR, Wispé JR (1997) The stress response and the lung. 
Am J Physiol 273: L1—L9.

Yamamoto S, Ando M, Suzuki E (1999a) High-temperature 
effects of antibody response to viral antigen in mice. Exp 
Anim 48: 9—14.

Yamamoto S, Katagiri K, Ando M (1999b) The effect of high 
temperature on pulmonary antibacterial defense in mice. 
Jpn J Biometeorol 36: 145—151.

Zakowski SG, McAllister CG, Deal M, Baum A (1992) Stress, 
reactivity, and immune function in healthy men. Health 
Psychol 11: 223—232.

Zeier H, Brauchili P, Joller-Jemelka HI (1996) Effects of work 
demands on immunoglobulin A and cortisol in air traffic 
controller. Biol Psychol 42: 413—423.


