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                                                    Abstract   :     This chapter summarizes recent work suggesting that human immunose-
nescence may be closely related to both psychological distress and stress hormones. 
The age-related immunological changes are also similarly found during chronic 
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stress or glucocorticoid exposure. It follows that endogenous glucocorticoids (cor-
tisol) could be associated to immunosenescence. When compared with young 
subjects, healthy elders are emotionally distressed in parallel to increased corti-
sol/dehydroepiandrosterone (DHEA) ratio. Furthermore, chronic stressed elderly 
subjects may be particularly at risk of stress-related pathology because of further 
alterations in glucocorticoid-immune signaling. Although DHEA and its metabo-
lites have been described with immune-enhancing properties, their potential use 
as hormonal boosters of immunity should be interpreted with caution. The psy-
choneuroendocrine hypothesis of immunosenescence is presented in which the age-
related increase in the cortisol/DHEA ratio is major determinant of immunological 
changes observed during aging. We finally discuss that strictly healthy elders are 
largely protected from chronic stress exposure and show normal cortisol levels and 
T-lymphocyte function. This information adds a new key dimension on the biology 
of aging and stress.  

         Keywords   :     Aging    •      Immunosenescence    •      Glucocorticoids    •      Lymphocytes    

         1   Introduction  

   Aging is a continuous and slow process that compromises the normal functioning 
of various organs and systems in both qualitative and quantitative terms. The clini-
cal consequences of immunosenescence may include increased susceptibility to 
infectious diseases, neoplasias and autoimmune disease (Castle  2000 ). This altered 
morbidity is not evenly distributed and should be influenced by other immune-mod-
ulating factors, including genetic background and chronic stress exposure (Bauer 
 2005 ). Indeed, several immunosenescence-related changes (e.g., thymic involu-
tion, lower counts of naïve T-cells and blunted T-cell proliferation) resemble those 
observed following chronic stress (McEwen et al.  1997 ; Selye  1936 ) or glucocorti-
coid (GC) treatment (Fauci  1975 ).  

   In addition to immunosenescence, the endocrine system also undergoes important 
changes during aging (endocrinosenescence). It has been demonstrated a decline in 
growth hormone (GH), sex hormones and dehydroepiandrosterone (DHEA) with 
aging (Roshan et al.  1999 ). DHEA is the major secretory product of the human 
adrenal and is synthesized from cholesterol stores (   Fig. 1   ). The hormone is uniquely 
sulphated (DHEAS) before entering the plasma, and this prohormone is converted 
to DHEA and its metabolites in various peripheral tissues (Canning et al.  2000 ). 
Following secretion, total DHEA in the circulation consists mainly of DHEAS—the 
serum concentration of free DHEA is less than 1%. Serum DHEA levels decrease 
by the second decade of life reaching about 5% of the original level in the elderly 
(Migeon et al.  1957 ). It has been suggested that DHEAS/DHEA may antagonize 
many physiological changes of endogenous glucocorticoids (Hechter et al.  1997 ) 
including enhancing immunomodulatory properties.     

   There is also evidence suggesting that aging is associated with significant activa-
tion of the hypothalamic-pituitary-adrenal (HPA) axis (Halbreich et al.  1984 ; Heuser 
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et al.  1998 ; Luz et al.  2003 ) in increased production of cortisol in the man. The HPA 
axis is pivotal for the homeostasis of the immune system and its dysregulation has 
been associated with several immune-mediated diseases. For instance, HPA axis 
over-activation, as occurs during chronic stress, can affect susceptibility to or sever-
ity of infectious disease through the immunosuppressive effect of the glucocorti-
coids (Kiecolt-Glaser et al.  1996 ); (Vedhara et al.  1999 ). In contrast, blunted HPA 
axis responses are associated with enhanced susceptibility to autoimmune inflam-
matory disease (Sternberg  2002 ). It is noteworthy to mention that elderly subjects 
are particularly at risk for both infectious and chronic inflammatory diseases. Fur-
thermore, chronic inflammatory diseases may be associated with premature aging 
of the immune system and present several similarities of immunosenescence includ-
ing shortening of cellular telomeres, decreased T-cell receptor specificities, loss of 
naïve T-cells and increased production of proinflammatory cytokines (Straub et al. 
 2003 ). Dysregulation of the HPA axis may contribute to but it is not solely responsi-
ble to immunosenescence. Chronic stressed elderly subjects may be at risk of stress-
related pathology because of further alterations in GC immunoregulation (immune 
signaling).  

   The present chapter summarizes recent findings that suggest that immunosenes-
cence may be closely related to both psychological distress and stress hormones. In 
particular, striking similarities of immunological changes are found during aging, 
stress exposure or GC treatment in vivo. The neuroendocrine hypothesis of immu-
nosenescence is reconsidered in which both the psychological distress and increased 
cortisol/DHEA (C/D) ratio are thought to be major determinants of immunological 
changes observed during aging. We also discuss the protective effects of a strictly 
health status during chronic stress exposure during aging.  

   Fig. 1          Adrenal steroidog-
enic pathways     
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       2   The SENIEUR Protocol  

   It remains controversial whether immunosenescence cause or are caused by underly-
ing disease commonly observed in elderly populations. Therefore, strenuous efforts 
have been made to circumvent this problem by separating “disease” from “aging”, as 
exemplified by the application of the SENIEUR protocol (Ligthart et al.  1984 ) that 
defines rigorous criteria for selecting healthy individuals in immunogerontological 
studies. The health conditions are checked accordingly to clinical investigations 
and to hematological and various biochemical parameters. The exclusion criteria 
includes: infections, acute or chronic inflammation, autoimmune diseases, heart dis-
ease, undernourishment, anemia, leucopenia, clinical depression, neurodegenerative 
disease, neoplasia and use of hormones and drugs. Based on this protocol, it is pos-
sible to select up to 10% of strictly healthy volunteers from elderly populations.  

       3      Healthy Aging is Associated with Emotional Distress 
and Increased Cortisol/DHEA Ratio  

   Psychological distress may be an important risk factor for immunosenescence. 
Human aging has been associated with several psychological and behavioral 
changes, including difficulty to concentrate, progressive cognitive impairments and 
sleep disturbances (Howieson et al.  2003 ; Piani et al.  2004 ). Although individu-
ally identified, these alterations may be associated with major depression. Indeed, 
depression is highly prevalent in several age-related chronic degenerative diseases, 
including cardiovascular diseases, Parkinson’s disease, Alzheimer’s dementia, can-
cer and rheumatoid arthritis (Dew et al.  1998 ). In addition, both aging (Gabriel et al. 
 2002 ) and major depression (Schiepers et al.  2005 ; Trzonkowski et al.  2004 ) have 
been associated to increased levels of proinflammatory cytokines and could thus 
contribute for further immunological diseases in the frail elderly.  

   We have recently demonstrated that healthy aging was associated with significant 
psychological distress. In particular, it was found that SENIEUR elders were sig-
nificantly more stressed, anxious and depressed than young adults (Collaziol et al. 
 2004 ; Luz et al.  2003 ). Several stressors were ascribed to the healthy elders, includ-
ing: feeling unable to work or having problems to perform their house work, sexual 
problems and reduced libido, loss of a relative or friend, and social exclusion. The 
literature regarding age-related psychological changes is controversial and others 
did not find these changes (Nolen-Hoeksema and Ahrens  2002 ). This could be due 
to methodological issues, since specific clinical interviews are required to assess 
depression in the elderly.  

   In parallel to psychological distress, we have also observed that SENIEUR elders 
had significantly higher (~45%) salivary cortisol production throughout the day 
compared to young adults (Luz et al.  2003 ). Cortisol peaked in the morning and 
presented a nadir at night, with a regular circadian pattern for both groups. These 
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data further suggest that healthy aging is associated with significant activation of the 
HPA axis (Deuschle et al.  1997 ; Ferrari et al.  2000 ; Ferrari et al.  2004 ; Halbreich et 
al.  1984 ; Heuser et al.  1998 ; Van Cauter et al.  1996 ). However, some previous stud-
ies have also observed an flattened diurnal amplitude of ACTH and cortisol levels 
during aging (Deuschle et al.  1997 ; Ferrari et al.  2004 ). Increased cortisol levels are 
also seen in demented patients (Maeda et al.  1991 ), major depression (Gold et al. 
 1988 ) or during chronic stress (Bauer et al.  2000 ; Kirschbaum et al.  1995 ).  

   In addition, it was observed that healthy elders had lower DHEA levels (-54%) 
throughout the day compared to young adults (Luz et al.  2006 ). Furthermore, elders 
also displayed a flat circadian pattern for DHEA secretion. The morphological corre-
lates of the age-related changes of DHEAS/DHEA secretion are progressive atrophy 
of the zona reticularis of adrenal glands (Ferrari et al.  2001 ). The lack of appropriate 
DHEA levels could be another detrimental factor during immunosenescence since 
this hormone has immune enhancing properties (as further discussed in this chapter).  

   The higher cortisol in parallel to lower DHEA levels will consequently lead to 
higher C/D ratios throughout the day. The assessment of molar concentrations con-
stitute another way to evaluate the adrenal function in the organism (Butcher and 
Lord  2004 ; Ferrari et al.  2001 ; Straub et al.  2000 ). The measurement of isolated 
hormonal samples may be an oversimplification and the C/D ratio may contribute 
to the effective determination of functional hypercortisolemia. The impaired DHEA 
secretion, together with the increase of cortisol, results in an enhanced exposure of 
various bodily systems (including brain and immune system) to the cytotoxic and 
modulatory effects of GCs. Some brain cells (hypocampus) and lymphocytes are 
specially targeted by the cortisol because they express higher densities of mineralo 
receptors (MRs) and GC receptors (GRs) (McEwen et al.  1997 ). The peripheral 
tissues of elders may be thus more vulnerable to the GC actions in a milieu of low 
protective DHEA levels. The antagonist action of DHEA to cortisol in the brain 
suggests that measurement of cortisol alone may provide an incomplete estimate of 
hypercortisolemia.  

   In our previous study, psychological distress was positively related to salivary 
cortisol levels and negatively correlated to DHEA levels during aging (Luz et al. 
 2003 ). Therefore, it becomes difficult to dissociate these neuroendocrine changes 
observed in the elderly with those produced by psychological stimuli. It should be 
also pointed out that endocrinosenescence includes a substantial decline in several 
hormones, including growth hormone, testosterone, progesterone and aldosterone—
all of which with reported immunomodulatory properties. Thus the endocrinosenes-
cence may be considered as another risk factor for immunosenescence.  

     3.1      The  G lucocorticoid Cascade Hypothesis  

   Cumulative neural damage produced by stressors during life may contribute to 
increased HPA function during aging. In this context, peripheral GCs may have an 
important role in damaging key brain areas involved with regulation of the HPA 
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axis. Evidence for GC involvement in hippocampal aging led to the establishment 
of the “glucocorticoid cascade hypothesis” (Sapolsky et al.  1986 ). This hypoth-
esis states that GCs participate in a fed-forward cascade of effects on the brain 
and body. In this case, progressive damage to the hippocampus, induced by GCs, 
promotes a progressive elevation of adrenal steroids (i.e. cortisol) and dysregula-
tion (down-regulation of GC receptors) of the HPA axis (Sapolsky et al.  1986 ). 
The glucocorticoid cascade hypothesis of aging is a prime example of “allostatic 
load” (McEwen  1998 ; McEwen  2003 ) since it recognizes a mechanism that gradu-
ally wears down a key brain structure, the hippocampus, while the gradually dys-
regulated HPA axis promotes pathophysiology in tissues and organs throughout out 
the body. The net results of the age-related hippocampal damage are impairment 
of episodic, declarative, spatial, and contextual memory and also in regulation of 
autonomic, neuroendocrine, and immune responses. It should be mentioned that the 
effects of glucocorticoids on the hippocampus are reversible.  

   Sapolsky and col. (1986) have also proposed that several age-related pathologies 
are also observed following excessive glucocorticoid exposure and include muscle 
atrophy (Salehian and Kejriwal  1999 ), osteoporosis/hypercalcemia (Tamura et al. 
 2004 ), hyperglycemia/hyperlipidemia, atherosclerosis, type II diabetes and major 
depression (Juruena et al.  2003 ; Lee et al.  2002 ).  

     4      Similarities between Aging and Chronic Glucocorticoid 
Exposure  

   We have now discussed that healthy aging is associated with psychological distress 
in parallel to increased C/D ratio. All leucocytes exhibit receptors for the neuroen-
docrine products of the HPA and sympathetic-adrenal medullary axes. It seems rea-
sonable to speculate that increased cortisol and lower DHEA may thus contribute to 
immunological changes observed during aging. This section will provide significant 
evidence that the immunological changes observed during aging are also similarly 
found during psychological stress or chronic GC exposure.  

     4.1      Changes in Cellular Trafficking  

   Trafficking or redistribution of peripheral immune cells in the body is of pivotal 
importance for effective cell-mediated immune responses. Aging is associated 
with several peripheral enumerative changes in leukocytes, including a decrease of 
naive (CD45RA+) and an increase of memory (CD45RO+) T-cells, an expansion 
of CD28- T-cells or an increase of natural killer (NK) cells (Gabriel et al.  1993 ; 
Globerson and Effros  2000 ; Hannet et al.  1992 ; Martinez-Taboada et al.  2002 ). 
Overall, cellular components of the innate immune system (e.g., monocytes, neu-
trophils and NK-cells) seems to be preserved during aging in contrast to several 
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age-related decrements in adaptive immune responses—especially T-cells (Pawelec 
et al.  2002 ). However, T-cells are also especially targeted in the same direction dur-
ing chronic stress exposure (Biondi  2001 ) or following GC treatment in vivo(Bauer 
et al.  2002 ; McEwen et al.  1997 ) (see  Table     1   ). Immunologists have recently charac-
terized a new T-cell subset (CD4+C25+FoxP3+) with important regulatory role in 
suppressing excessive or misguided immune responses that can be harmful the host. 
These lymphocytes were called regulatory T (Treg) cells and are responsible for 
turning off immune responses against self antigens in autoimmune disease, allergy 
or commensal microbes in certain inflammatory diseases (Fontenot et al.  2003 ; Sak-
aguchi  2000 ). It was interestingly found that aging, glucocorticoid or chronic-stress 
can increase peripheral Treg cell numbers (Hoglund et al.  2006 ; Navarro et al.  2006 ; 
Trzonkowski et al.  2006 ). In spite of the several similarities among age- and stress-
related immunological alterations, only a few studies have addressed the role of 
stress factors on human immunosenescence.     

     We have recently investigated the role of psychoneuroendocrine factors in regu-
lating the distribution of peripheral T-cell subsets during healthy aging (Collaziol 
et al.  2004 ). The mechanisms underlying the regulation of the peripheral pool of 
lymphocytes are still largely unknown. It has been speculated that CD95 (APO1/
Fas) may be involved in this process through engagement of apoptosis (Potestio 
et al.  1999 ). CD95 is a member of tumour necrosis factor (TNF) family and its 
ligand (CD95L) is found on activated T-cells (Nagata and Golstein  1995 ). The 
CD95-CD95L binding seems to play an important role in maintaining the cellular 
homeostasis of the immune system and may contribute to stress-related changes in 
cell trafficking (Yin et al.  2000 ). Confirming previous reports, we recently demon-
strated that changes in lymphocyte distribution were noted in the elderly as dem-
onstrated by a significant drop in naïve T-cells associated with higher expression 

    Table 1      Changes in cellular trafficking. Direction of arrows indicate increase ( ), decrease ( ) 
or no change ( ) compared to corresponding control levels. ? = data not available; NK, natural 
killer; Treg = T-regulatory; CD3+CD45RA+, naïve T-cells; CD3+CD45RO+, memory T-cells. 
Based on references (Bauer et al.  2002 ; Biondi  2001 ; Fauci  1975 ; Globerson and Effros  2000 ; 
Hoglund et al.  2006 ; McEwen et al.  1997 ; Navarro et al.  2006 ; Trzonkowski et al.  2006 )      

   Cell      Aging      Stress      GC treatment   

   Neutrophils                     

   Monocytes                     

   NK cells                     

   B cells                     

   CD4+ T cells                     

   CD8+ T cells             or          

   Treg cells                     

   CD3+CD45RA+                     

   CD3+CD45RO+             or          

   CD3+CD28-            ?      ?   
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of CD95 in this subset (Collaziol et al.  2004 ). We have speculated this differential 
expression of CD95 may potentially select naive T-cells for apoptosis and could 
further explain age-related reductions in CD45RA+ (naïve) cells. Furthermore, 
healthy elders were significantly distressed and stress scores were found positively 
associated to CD95 expression on CD45RA+ cells.  

   Glucocorticoids may also contribute to the numerical cellular changes observed 
during aging. It has been demonstrated that GC-induced apoptosis on monocytes 
is at least partially mediated by the expression of both CD95 and CD95L (Schmidt 
et al.  2001 ). Another study showed that glucocorticoids may either induce T-cell 
apoptosis in a CD95-independent manner, or protect T-cells from CD95-mediated 
apoptosis (Zipp et al.  2000 ). Furthermore, there is some evidence that psychologi-
cal stress may regulate the proportion of peripheral lymphocytes via the expres-
sion of CD95. It has been demonstrated that chronic stress may induce lymphocyte 
apoptosis in mice (Yin et al.  2000 ) or in man (Oka et al.  1996 ) via upregulation of 
CD95. Our results support the concept that age- or stress-related increase in cortisol 
levels may be preferentially altering the expression of CD95 on CD45RA+ cells. 
Preliminary data from our laboratory indicate that human CD45RA+CD95+ cells 
are in fact more sensitive to dexamethasone (DEX) treatment in vitro(unpublished 
results). There is some data suggesting that human naïve T CD4+ cells are more sen-
sitive to DEX than memory T CD4+ cells (Nijhuis et al.  1995 ). Overall, our results 
suggest that there are complex psychoneuroendocrine interactions involved with 
the regulation of the peripheral pool of lymphocytes. In particular, it was shown that 
both psychological stress and GCs synergize during aging to produce alterations in 
T-cell trafficking.  

       4.2      Changes in Innate Immunity—Focus on DCs  

   To date, the effects of stress or aging on dendritic cells (DC) are largely unknown. 
These professional antigen presenting cells play a determinant role on the inter-
face between innate and adaptive immunity (Steinman  2003 ). They sense patho-
gens through a myriad of toll-like receptors, endocytose them and produce immune 
mediators that lead to inflammation, such as TNF-α and nitric oxide (NO). They also 
secrete cytokines that are key to the development of specific, adaptive responses, 
such as type I interferons (IFN-α and –β), and IL-12. DC process antigens from 
pathogens and present them to T-cells and the concentration of antigen, the magni-
tude of co-stimulatory signals such as CD86 delivered, together with the cytokines 
produced, set up the stage for T-cell responses. Antigen presentation by mature DC 
leads to the initiation of immune responses, and the predominant cytokines pro-
duced can skew the response towards a TH1 or TH2 phenotype (Banchereau et al. 
 2000 ). Presentation by immature DC, however, can result in tolerance, in some situ-
ations even leading to the recruitment of regulatory, CD4+CD25+Foxp3+ T-cells 
(Luo et al.  2007 ; Yamazaki et al.  2006 ). Thus, DC play a fundamental regulatory 
role in immunity.  
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   An intriguing aspect of dendritic cell biology is the existence of differ-
ent subpopulations (Vremec and Shortman  1997 ). These can be distinguished 
by the expression of different surface markers, are distributed in different body 
compartments, and possess different functions. Also, some are derived from dis-
tinct precursors. Basically, both in human and mice, two subpopulations can be 
identified; tissue derived, and blood derived cells. Tissue derived DC include 
Langerhans cells (LC) and interstitial cells, that respectively reside in skin and 
tissues. They capture antigen in the periphery and migrate to lymph nodes, to inter-
act with other DC and T-cells. Blood derived DC are replenished in lymphoid 
organs from the blood, and are generally designated as plasmacytoid (important 
for anti-viral immunity-(Banchereau et al.  2000 ), myeloid or lymphoid, these latter 
ones apparently responsible for cross-presentation (the ability to present endocy-
tosed antigens in MHC Class I molecules—(Brossart and Bevan  1997 ). DC can be 
derived in vitro directly from bone marrow precursors (Inaba et al.  1992 ) and also 
from circulating monocytes, although the cells that arise from these cultures do not 
directly correspond to the same populations identified in vivo. Because so little is 
known about antigen presentation and T-cell activation by each subpopulation, it 
is important to identify the effects of stress on different DC populations, as well as 
how that relates to immunosenescence.  

   Probably, the most studied effect of chronic stress over dendritic cell function is 
the modulatory function of glucocorticoids. For example, in vitro studies show that 
murine bone marrow differentiated DC treated with DEX show downregulation of the 
costimulatory molecules CD86, CD40, CD54, as well as of MHC Class II, but not 
MHC Class I, molecules (Pan et al.  2001 ). This study also verified a decreased capac-
ity of MHC class II presentation of antigens, but not of endocytic activity for DEX 
treated DC, and a reduction on their production of interleukin (IL)-1β and IL-12. It 
has also been reported that glucocorticoids can downregulate the production of TNF-
α and IL-12, but not IL-10, by DC, and thus are able to affect skew T-cell responses 
towards a TH2 phenotype (Elenkov et al.  2000 ). Studies with glucocorticoids applied 
to skin in vivo for 7 days showed a reduction in the number of LC in situ, as well as 
a reduction in expression of costimulatory molecules, leading to reduced alloreactive 
stimulatory capacity (Ashworth et al.  1988 ). Accordingly, in transplant models, DEX 
has been shown to affect differentiation and reduce costimulatory function of DC 
(Abe and Thomson  2003 ) suppressing MHC Class II and CD86 expression (Muller et 
al.  2002 ), and consequently DC maturation in vitro. In the same study, treatment with 
DEX during graft procedure reduced DC, as well as T-cell, infiltration on the graft.  

   There are very few studies on DC function in experimental systems of psycho-
logical stress. One study found that the increase in corticosterone levels correlated 
with decreased processing of viral antigens and their presentation in MHC Class I 
molecules, leading to decreased antiviral immune responses (Truckenmiller et al. 
 2005 ). Their results pointed to an effect over the processing machinery of all cells, 
suggesting stress can profoundly affect the protein processing pathways. Finally, 
glucocorticoids can induce natural anti-inflammatory cells through DC. Studies 
with bone marrow derived DCs showed that glucocorticoids can not only impair 
development of immature DC into mature DC, but also that multiple restimulation 
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of CD4+ T-cells with DEX treated DC can lead to the expansion of T-cells with the 
regulatory phenotype (CD4+CD25+) (Matyszak et al.  2000 ), which are vital for the 
control of inflammation and autoimmunity in vivo.  

   Curiously, DHEA and DEX appear to have somewhat opposing effects over the 
differentiation of dendritic cells from monocyte precursors. The only study com-
paring the 2 hormones (Canning et al.  2000 ) showed that continuous presence of 
DHEA on dendritic cell cultures from monocytes in the presence of GM-CSF and 
IL-4 leads to the accumulation of immature DC, although markers like CD80 or 
CD40 are only slightly altered compared to the control. Cultures of monocytes in 
the same conditions, only continuously supplemented with DEX, however, leads 
to their differentiation into macrophage-like cells, with high CD14 expression, and 
low surface CD80 and CD40, with almost no IL-12, but high IL-10 production.  

   Aging has been associated with similar changes in DC function. While some 
report no changes in surface expression of MHC Class II and CD86 in aged in vitro 
monocyte-derived DC (Agrawal et al.  2007b ) or in vivo DC (Lung et al.  2000 ), oth-
ers have observed a markedly reduced expression of HLA-DR (Pietschmann et al. 
 2000 ) for monocyte enriched, lymphocyte depleted peripheral blood cells of aged 
subjects. Also, the numbers of LC in gingival epithelium (Zavala and Cavicchia 
 2006 ) or and skin (Bhushan et al.  2002 ) appear to be diminished in aged individu-
als. A normal TNF-α and IL-12 production by monocytes-derived DC from aged 
subjects was reported (Lung et al.  2000 ), but an increased TNF-α and IL-6 response 
to LPS was found by others (Agrawal et al.  2007a ), as well as a decreased migratory 
and phagocytic capacity. Monocyte-derived DC from elderly individuals were not 
impaired in their ability to induce T-cell responses (Grewe  2001 ) or proliferation 
of T-cell lines (Steger et al.  1997 ). However, the efficacy of autologous DC-based 
antitumor vaccines was impaired in aged individuals (Sharma et al.  2006 ).  

   In our laboratory, we compared the effects of stress induced glucocorticoids and 
aging on the differentiation of bone marrow derived DCs. Results are shown in 
Fig. 2     . After seven days of culture with IL-4 and GM-CSF (Inaba et al.  1992 ), 
murine bone marrow cells consistently yield three distinct populations of DC, as 
determined by MHC Class II and CD86 expression (   Fig. 2   ). The population in the 
upper right quadrant of the plots (Class II hi, CD86 hi) represents the mature DC, 
while the population in the middle (Class II lo, CD86 lo) contains the immature DC. 
The population in the bottom left quadrant is negative for both markers and has not 
yet started to differentiate. Bone marrow cultures from 6 month old mice yielded 
precisely these populations (in A and C). However, treatments with 10 -7  M DEX 
(B) on day 5 of culture lead to an arrest of dendritic cell differentiation, leaving 
the cells mostly at the immature stage. A similar pattern was observed in D, when 
bone marrow of a 2 year old mouse was cultured in the same conditions as A and C. 
Consequently, aged bone marrow produced mostly immature DC.     

     Together, these results consistently point to an inhibitory effect of stress, aging 
and glucocorticoids over DC function. They also suggest that these GCs can affect 
immunoregulation, modulating the TH1/TH2 decision and also leading to the gen-
eration of regulatory T-cells. These are pleiotropic effects, and it is likely that a 
variety of mechanisms is involved.  
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       4.3      Changes in  C ell-mediated  I mmunity  

   Although many components of the immune system show age-related changes, T-
cells show most consistent and largest alterations. T-cells are of pivotal importance 
for the generation of cell-mediated immunity. Cell-mediated immunity is a process 
that requires (1) recognition of antigens, (2) cell activation and proliferation, and (3) 
effector functions such as cellular cytotoxicity, phagocytosis, and immunoglobulin 
synthesis. Steps 2 and 3 seem to be particularly impaired during aging. Follow-
ing antigen recognition, lymphocytes need to divide into several clones in order 
to mount effective cell-mediated immune responses. Cell division or proliferation 
can be readily assessed in vitroby stimulating lymphocytes with mitogens. When 
diseased subjects are excluded, immunosenescence involves impaired humoral 

   Fig. 2        Dexamethasone and aging lead to an arrest in the maturation phenotype of DC.   Bone mar-
row cells from young (6 months: A, B and C) or aged (2 year old:D) mice were cultured in vitro 
with IL-4 and GM-CSF. In C, 10 -7 M dexamethasone was added to the cultures on day 5. Numbers 
represent the percentages of gated populations.    
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responses and blunted T-cell proliferation to mitogens (Pawelec et al.  2002 ). The 
latter is one of the most documented age-related change observed during aging (Liu 
et al.  1997 ; Murasko et al.  1987 ). Yet, these changes are not exclusive of aging and 
stress or GC treatment are also associated with decrements of T-cell proliferation) 
(see  Table      2   ). Indeed, we have observed that healthy SENIEUR elders were signifi-
cantly more distressed, had activated HPA axis and had significant lower (-53.6%) 
T-cell proliferation compared to young adults (Luz et al.  2006 ) ( Fig. 2 ). Interest-
ingly, the HPA axis may be implicated with this change since salivary cortisol levels 
were found negatively correlated to T-cell proliferation.     

     Thymic involution is a common consequence of mammal aging and it precedes 
the malfunctioning of the immune system, resulting in a diminished capacity to gen-
erate new T-cells. This thymic involution has been proposed to be due to changes 
in the thymic microenvironment resulting in its failure to support thymopoiesis 
(Henson et al.  2004 ). However, stress-related GCs (Selye  1936 ) or GC treatment 
(Fauci  1975 ) also atrophy the thymus and, to a lesser extent, other lymphoid tissues, 
triggering apoptotic death in immature T- and B-cell precursors and mature T-cells 
(Sapolsky et al.  2000 ). Therefore, thymic involution is not an exclusive phenom-
enon of aging.  

   The effector phases of both innate and acquired immunity are in large part medi-
ated by cytokines. Different subpopulations of CD4+ T-cells synthesize specific 
cytokines and have been designated Th1 (IFN-g, IL-2, lymphotoxin a) or Th2 (IL-4, 
IL-10) cells. Th1 cytokines provide help for cell-mediated responses and the IgG2a 
antibody class switching whereas Th2 cytokines help B cells and IgA, IgE and IgG1 
antibody class switching. Both human and mouse models have demonstrated that 
aging is associated with a Th1 to Th2 shift in cytokine production (Ginaldi et al. 
 2001 ; Globerson and Effros  2000 ). However, this is not an age-specific phenom-
enon but also seen during stress (Biondi  2001 ; Glaser et al.  2001 ) or GC treatment 
(Galon et al.  2002 ; Ramirez et al.  1996 ).  

   Recent work suggests that cytokines and hormones could be considered as 
possible links between endocrinosenescence and immunosenescence (Straub et al. 
 2000 ). Indeed, it has long been known that proinflammatory cytokines can readily 
activate the HPA axis during infection in animals (Besedovsky et al.  1977 ) or after 
administration in humans (Mastorakos et al.  1993 ). Another studies have linked the 

    Table 2    Changes in cell-mediated immunity. Direction of arrows indicate increase ( ), decrease 
( ) or no change ( ) compared to corresponding control levels. Based on references (Biondi 
 2001 ; Galon et al.  2002 ; Globerson and Effros  2000 ; Ramirez et al.  1996 ; Sapolsky et al.  2000 )      

   Mechanism      Aging      Stress      GC treatment   

   Thymus                     

   T-cell proliferation                     

   Cytotoxicity                     

   IL-2, IFN-γ                     

   IL-4, IL-10                     

   TNF-α, IL-1, IL-6       or                
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age-related decline in DHEA production to increased serum levels of IL-6 (Daynes 
et al.  1993 ; Straub et al.  1998 ). In addition, increased plasma TNF-α levels were 
correlated to major depression in the elderly (Vetta et al.  2001 ). However, we do not 
know exactly how the extent of these changes may be related to altered psychologi-
cal and HPA axis functions in the elderly.  

   We have investigated whether psychoneuroendocrine status of healthy elders was 
associated with changes in lipopolysaccharide (LPS)-induced monocyte production 
of proinflammatory cytokines (TNF-α and IL-6) and soluble IL-2 receptor (sIL-
2Ra) production by T-cells in vitro(Luz et al.  2003 ) .  Cellsofhealthyelders produced 
equivalent proinflammatory cytokines and soluble IL-2Rα when compared to cells 
of young adults. These data are in disagreement with previous work showing that 
human aging was associated to increased serum (Straub et al.  1998 ) or monocyte 
proinflammatory cytokines (Fagiolo et al.  1993 ; Gabriel et al.  2002 ). However, these 
data should be interpreted with caution because other cellular sources than mono-
cytes can produce cytokines and thus increase serum levels. Considering that our 
cohort of elderly subjects was significantly distressed, we hypothesize this could 
have normalized the cytokines investigated in this study—due to antiinflammatory 
GC actions. On the other hand, there is also some evidence of increased proinflam-
matory cytokines during major depression (Schiepers et al.  2005 ; Trzonkowski et 
al.  2004 ; Vetta et al.  2001 ). Therefore, it becomes difficult to dissociate the cytokine 
changes observed in the elderly with those induced by psychological stimuli. Ghre-
lin, an endogenous ligand of the GH secretagogue receptor, has been recently dem-
onstrated to inhibit the expression and production of proinflammatory cytokines 
(TNF-α, IL-1β and IL-6) (Dixit et al.  2004 ). This effect was mediated via binding 
on ghrelin receptors expressed on peripheral T-cells and monocytes. There is some 
evidence for increased stomach ghrelin production in the aged rat (Englander et al. 
 2004 ). Increased peripheral ghrelin levels may thus attenuate cytokine levels during 
aging. It remains to be investigated, however, whether psychological stress is capa-
ble of producing significant effects on stomach or immunoreactive ghrelin levels.  

   Previous studies have long demonstrated that serum growth hormone (hGH) lev-
els are significantly reduced during aging (Corpas et al.  1993 )—a process known 
as somatosenescence. However, hGH is not exclusively produced by pituitary 
gland and human immune cells are able to secrete several neuropeptides includ-
ing GH (Hattori et al.  1994 ; Weigent et al.  1988 ). Immunoreactive GH has several 
immuno-enhancing proprieties and may be important in modulating both humoral 
and cellular immune function (Malarkey et al.  2002 ; Weigent et al.  1988 ). However, 
there is no data on the impact of aging on the production of GH by immune cells. 
In a recent study, we investigated whether somatosenescence could be associated 
with (a) related reduced production of immunoreactive GH and (b) psychologi-
cal status of healthy SENIEUR elderly subjects (Luz et al.  2006 ). We found that 
elders had significantly lower (77%) serum hGH levels compared to young adults. 
In contrast, however, no changes in hGH production by activated monocytes or 
lymphocytes were observed between elders and adults (Luz et al.  2006 ). Interest-
ingly, psychological distress (stress, anxiety and depression) was found negatively 
correlated to serum hGH levels only. No differences in serum hGH levels were 
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observed between groups when controlling for psychological variables (partial cor-
relation). We provided first line of evidence that age-related psychological distress 
may be implicated with somatosenescence. Finally, somatosenescence was not 
associated with reciprocal decline in immunoreactive GH.  

         5      Role of DHEA During Immunosenescence  

   The lack of appropriate DHEAS levels during aging could be another detrimen-
tal factor for immunosenescence. This androgen and its metabolites have reported 
immune enhancing properties in contrast to the immunosuppressive action of 
GCs. Indeed, this hormone may be considered as natural antagonist of GCs and 
the impaired DHEA secretion, together with the increase of cortisol, results in an 
enhanced exposure of lymphoid cells to the deleterious GC actions. Therefore, pre-
vious studies have evaluated the immunomodulatory DHEA(S) effects in vitroas 
well as its properties during in vivosupplementation. The immunomodulatory in 
vitroeffects include increased mitogen-stimulated IL-2 production (Daynes et al. 
 1990 ; Suzuki et al.  1991 ), increased rodent or human lymphocyte proliferation 
(Padgett and Loria  1994 ), stimulated monocyte-mediated cytotoxicity (McLachlan 
et al.  1996 ), diminished TNFa or IL-6 production (Di Santo et al.  1996 ; Straub et al. 
 1998 ) and enhanced natural killer cell activity (Solerte et al.  1999 ).  

   DHEA(S) replacement therapy has yielded significant beneficial effects for 
healthy elders, including increased well-being, memory performance, bone mineral 
density and altered immune function (Buvat  2003 ). It has been shown that DHEA 
supplementation significantly increased NK-cell counts and activity and decreased 
IL-6 production and T-cell proliferation of the elderly (Casson et al.  1993 ). These 
data highlight the potential use of DHEA(S) as antiaging hormone. However, there 
is lacking information concerning the clinical significance of those findings.  

   Because of its enhanced immunomodulatory properties, several studies investi-
gated the potential of DHEA(S) as adjuvants in vaccine preparations. Initial studies 
reported increased adjuvant effects on the immunization of aged mice with recom-
binant Hepatitis B surface antigen (Araneo et al.  1993 ) or influenza (Danenberg et al. 
 1995 ). These studies reported increased antibody titers to vaccines or even effective 
protection against challenge with the influenza infection (Danenberg et al.  1995 ). 
More recently, we studied the adjuvant effects of DHEAS during immunization to 
 Mycobaterium tuberculosis  in mice (Ribeiro et al.  2007 ). Only young mice co-immu-
nized with  M. tuberculosis  heat shock protein 70 (HSP70) and DHEAS showed an 
early increase in specific IgG levels compared to old mice. However, splenocytes of 
both young and old mice that received DHEAS showed increased IFN-g production 
following priming in vitro with HSP70. These data further highlight the importance 
of DHEAS as hormonal adjuvant because of the role of this cytokine in the cel-
lular response against mycobacteria. However, these animal data are in contrast to 
previous studies reporting DHEA(S) with minor (Degelau et al.  1997 ) or no adju-
vant effects (Ben-Yehuda et al.  1998 ; Danenberg et al.  1997 ; Evans et al.  1996 ) dur-
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ing immunization to influenza or tetanus in human elderly populations. Therefore, 
extrapolation from studies on murine models to the human should be regarded with 
caution—especially because of lower circulating DHEA(S) levels in rodents.  

    6      Aging  impairs neuroendocrine-immunoregulation  

   Most GC effects on the immune system are mediated via intracellular GC receptors 
(GR; genomic action) (McEwen et al.  1997 ). However, high concentration of GCs 
may also interact with membrane binding sites at the surface of the cells (nong-
enomic action) (Gold et al.  2001 ). The presence of these receptors indicates that the 
immune system is prepared for HPA axis activation and the subsequent elevation in 
endogenous GCs. However, the functional effect of a stress hormone will depend 
on the sensitivity of the target tissue for that particular hormone. For instance, the 
number and activity of specific receptors for these signaling molecules on the target 
organ will ultimately direct the physiologic effect of the stressor.  

   Recent findings suggest that GC sensitivity (a) may vary between different target 
tissues in the same organism, (b) shows large individual differences and (c) can be 
acutely changed in times of acute stress (Hearing et al.  1999 ; Rohleder et al.  2003 ). 
Furthermore and of special interest of this review, (d) GC sensitivity also changes 
during human ontogeny. Kavelaars and col. ( 1996 ) have shown that cord blood T-
cells of newborns appear to be extremely sensitive to inhibition of the proliferative 
response. This high sensitivity of cells to DEX) can still be observed in the first two 
weeks after birth. Subsequently, the sensitivity to DEX inhibition of T-cell prolif-
eration gradually decreases. At one year of age, the adult response pattern has been 
acquired. It is interesting that the increased sensitivity of the immune system to GC 
inhibition occurs at a period in life when the endogenous levels of glucocorticoids 
are low (Sippell et al.  1978 ). The increased sensitivity to glucocorticoids may serve 
as a compensatory mechanism, so that the important regulatory function of gluco-
corticoids is fully maintained despite low circulating levels.  

   In a recent study, we have also investigated the lymphocyte sensitivity to both 
synthetic (DEX) and natural occurring steroids (cortisol and DHEA) and so exam-
ined whether aging was associated with alterations in neuroendocrine-immu-
noregulation (Luz et al.  2006 ). It was found that healthy (SENIEUR) elders had a 
reduced (-19%) in vitrolymphocyte sensitivity to DEX (but not cortisol or DHEA) 
when compared to young adults. This phenomenon has previously been described 
during chronic stress (Bauer et al.  2000 ; Rohleder et al.  2002 ), major depression 
(Bauer et al.  2002 ; Bauer et al.  2003 ; Truckenmiller et al.  2005 ) or in clinical situ-
ations where GCs are administered, including treatment of autoimmune diseases, 
organ transplantation, and allergies. It has been recently shown (Rohleder et al. 
 2002 ) that aging is associated with changes in GC sensitivity of proinflammatory 
cytokine (TNF-α and IL-6) production following psychosocial (TRIER) stress test 
(Kirschbaum et al.  1993 ). In particular, monocytes of healthy (non-SENIEUR) eld-
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erly men had a higher sensitivity to DEX treatment in vitroat baseline and showed 
a reduced sensitivity to this steroid following acute stress exposure (speech coupled 
to mental arithmetic task). These data suggest that psychological factors may be 
implicated in regulating peripheral GC sensitivity during healthy aging.  

   A reduced sensitivity to GCs can also be demonstrated at the central level dur-
ing aging. Indeed, higher cortisol levels in old than in young subjects have been 
described during some pharmacological challenges, such as the DEX suppression 
test, the stimulation by human or ovine corticotrophin-releasing hormone or by 
physostigmine (Ferrari et al.  2001 ; Raskind et al.  1994 ).  

     6.1      Potential Mechanisms of Impaired GC Signaling  

   The mechanisms underlying acquired steroid resistance are poorly understood. Based 
on our previous observations (Luz et al.  2003 ) we suggest that higher cortisol levels 
would render lymphocytes to be less sensitive to the effects of GCs in vitro. Indeed, 
there is some evidence in the literature suggesting that changes in GC sensitivity 
could be the result of chronic GC treatment (de Kloet et al.  1998 ; Silva et al.  1994 ). 
Several mechanisms may be implicated in this acquired steroid resistance (Juruena 
et al.  2003 ; Rohleder et al.  2003 ).    Fig. 3    summarizes putative molecular mechanisms 
that may account for age-related changes in GC sensitivity. There is some evidence 
that aging is associated with reduced numbers of intracellular GRs (Grasso et al. 
 1997 ; Zovato et al.  1996 ) but changes in GR affinity cannot be ruled out. In addition, 
altered translocation of GC/GR complex to nucleus and altered acti vity of transcrip-
tion factors may also explain acquired GC resistance. Alternatively, it has been shown 
that a non-ligand binding β-isoform of the human GR (hGRβ) may also be implicated 
in acquired steroid resistance (Castro et al.  1996 ). It was hypothesized that the hGRβ 
probably heterodimerises with ligand-bound hGRα and translocates into the nucleus 
to act as a dominant negative inhibitor of the classic receptor. However, there is no 
evidence for age-related changes in expression of GR isoforms. Furthermore, we 
cannot exclude the participation of mutations in the GR or changes in the GR trans-
duction system (e.g., altered AP-1 and NF-kB expression, heat shock proteins) in 
promoting tissue sensitivity to glucocorticoids (reviewed in Bronnegard et al.  1996 ).     

     In addition, there is considerable evidence that cytokines may have a significant 
impact on GR expression and function. There is some evidence suggesting that 
local concentrations of cytokines produced during an inflammatory response may 
produce acquired GR resistance (Pariante et al.  1999a ). Of note, the GR resistance 
in major depression has been associated with increased levels of proinflammatory 
cytokines (TNF-α, IL-1 and IL-6) and acute phase proteins (Maes et al.  1993 ; Schi-
epers et al.  2005 ; Trzonkowski et al.  2004 ). Furthermore, it has recently been shown 
that IL-13, a cytokine with similar properties to IL-4, reduces GR binding affinity 
in peripheral blood mononuclear cells (PBMCs) (Spahn et al.  1996 ). In summary, 
various mechanisms may mediate age-related changes in immune GC signaling, 
however, further research is required to fully understand the basis of the changes in 
altered lymphocyte sensitivity to steroid.  
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         7      The Impact of Chronic Stress on Strictly Healthy Aging—
Damaging and Protecting Effects  

   The caregiving of demented patients is a recognized model to study the impact of 
chronic stress in elderly populations (Bauer et al.  2000 ; Kiecolt-Glaser et al.  1991 ; 
Vedhara et al.  1999 ). Care of the chronically ill is a demanding task that is associ-
ated with increased stress, depression, and poorer immune function (Redinbaugh et 

   Fig. 3         Cellular sensitivity to glucocorticoids     . Extracellular hormone availability can be deter-
mined by (1) differential expression of tissue-dependent expression of 11β-hydroxysteroid dehy-
drogenases that catalyze the interconversion of active glucocorticoids (cortisol) to inactive forms 
(cortisone) and vice versa (Zhang et al.  2005 ); and (2) levels of plasma corticosterone binding 
globulin (CBG) which delivers biologically active glucocorticoids (GCs) into peripheral tissues. 
Intracellular sensitivity to glucocorticoids can be modulated by several mechanisms, including: 
(3) altered densities of functional  membrane or intracellular glucocorticoid receptor (GRα) as 
well as receptor affinity changes (Pereira et al.  2003 ); (4) altered expression of heat shock proteins 
(HSP90 and HSP56) which stabilizes GR and are dissociated following binding of GCs (Picard 
et al.  1990 ); (5) altered expression of GRβ which in turn antagonises GRα (Castro et al.  1996 ); 
(6) altered translocation of GR-GC complexes into the nucleus (Matthews et al.  2004 ); (7) altered 
expression of several cytokines (Kam et al.  1993 ; Pariante et al.  1999b ); and (8) altered expres-
sion of transcription factors AP-1 (Adcock et al.  1995 ) and NFkB which in turn antagonise GRα. 
Dashed lines represent inhibitory actions on GRα Adapted from Bauer ( 2005 ). 

Nucleus

GRE

Cytoplasm

translocation

Cortisone

Tissue

IL-4
IL-10
IL-13

AP-1



854 M. E. Bauer  et al.

al.  1995 ). Furthermore, providing care for a relative with dementia typically falls on 
the partners who are themselves elderly and often ill prepared for the physical and 
emotional demands placed upon them.  

   The daily stress experienced by the caregivers of Alzheimer patients may acceler-
ate many age-related changes, particularly on neuroendocrine and immune systems. 
We have previously demonstrated that caregivers of demented patients had a blunted 
T-cell proliferation in association with increased cortisol levels (Bauer et al.  2000 ) 
compared to nonstressed elders. Furthermore, lymphocytes of elderly caregivers 
were more resistant to GC treatment in vitrocompared to noncaregiver elders. When 
stressed elderly are compared to healthy elderly and young adults (see    Fig. 4   ), these 
immunological changes are found in similar magnitude to increased cortisol lev-
els. These data suggest that chronic stress and cortisol would thus accelerate human 
immunosenescence. Indeed, it has recently been observed that psychological stress 
(both perceived stress and chronicity of stress) was significantly associated with 
higher oxidative stress, lower telomerase activity, and shorter telomere length, which 
are known determinants of cell senescence and longevity (Epel et al.  2004 ).     

   Fig. 4       Effects of chronic stress on cortisol and T-cell function during aging.        Young adults (Y), 
elderly (E) or stressed elderly (SE) subjects were compared accordingly to area under the curve 
(AUC) cortisol production (A), T-cell proliferation to phytohemagglutinin(PHA) stimulation (B) 
or T-cell sensitivity to glucocorticoids in vitro(C). Data summarized from previous work (Bauer et 
al.  2000 ; Luz et al.  2003 ; Luz et al.  2002 ) and shown as the percentage of change between groups. 
Adapted from Bauer (2005). 
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     Several studies have implicated caregiving as a risk factor for health of elderly 
populations. Compared with noncaregivers, subjects who provide care to a spouse 
with a stroke or dementia report more infectious illness episodes (Kiecolt-Glaser 
et al.  1991 ), they have poorer immune responses to influenza virus (Kiecolt-Glaser 
et al.  1996 ; Vedhara et al.  1999 ) and pneumococcal pneumonia vaccines (Glaser et 
al.  2000 ), they present a slow wound healing (Kiecolt-Glaser et al.  1995 ), they are 
at greater risk for developing mild hypertension (Shaw et al.  1999 ), and they may 
be at greater risk for coronary heart disease (Vitaliano et al.  2002 ). In addition, 
a prospective longitudinal study found that the relative risk for mortality among 
caregivers was significantly higher (63%) than noncaregiving controls (Schulz and 
Beach  1999 ). A recent study indicates that a proinflammatory cytokine (IL-6) may 
be involved with this increased morbidity in caregiving populations (Kiecolt-Glaser 
et al.  2003 ). It remains to be investigated, however, how the extent of these changes 
may be related to neuroendocrine alterations observed during aging.  

   Recent data produced by our laboratory have suggested that the maintenance 
of health status during aging may protect elders from chronic stress exposure. We 
have recruited strictly healthy (SENIEUR) elderly caregivers (n=41) from a large 
population of primary caregivers of demented patients (n=342). Only 12% of car-
egivers were considered “strictly healthy” accordingly to this stringent protocol and 
this may further confirm that chronic stress exposure is associated with increased 
morbidity in elderly populations. Therefore, we investigated whether a stringent 
health status would protect caregivers from chronic stress exposure and compared 
psychoneuroendocrine and immunological changes to nonstressed controls.  

   We observed that SENIEUR elderly caregivers were significantly distressed, as 
shown by increased stress, anxiety and depression scores as well as by higher systolic 
blood pressure compared to nonstressed elders (unpublished data). These data pro-
vide further support for this chronic stress model. However, salivary cortisol levels 
remained unchanged in healthy caregivers compared to nonstressed elders, contrasting 
to previous work (Bauer et al.  2000 ). Indeed, previous studies have linked the stress-
related hypercortisolemia with blunted cellular and humoral immune responses (Bauer 
et al.  2000 ; Vedhara et al.  1999 ). This could be of beneficial value for the caregiver 
and may indicate that a stringent health status in the elderly can buffer the impact of 
chronic stress on neuroendocrine responses. Therefore, healthy caregivers would be 
protected from the deleterious effects of cortisol excess in the organism. The normali-
zation of HPA axis function could be related to endocrine habituation associated to 
the development of coping strategies, cognitive and learning skills (Huether  1996 ). 
These results, taken together with our previous studies with nonstressed SENIEUR 
elders, may further indicate that a stringent health status may protect individuals from 
stress exposure but not from age-related increase in salivary cortisol (Luz et al.  2003 ). 
The peripheral lymphoid cells could be spared from the increased and deleterious 
cortisol signaling normally observed during chronic stress exposure.  

   The SENIEUR caregivers had increased T-cell proliferation when compared non-
stressed healthy controls (unpublished data). We speculate that the intact HPA axis 
function may have spared the lymphocytes from the negative effects of cortisol excess. 
Peripheral lymphocytes of caregivers are thus expected to display a better GC signal-
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ing. Indeed, the lymphocytes of SENIEUR caregivers had a higher GC sensitivity 
when compared to non-stressed controls, as shown by the increased GC-induced sup-
pression of lymphocyte proliferation in vitro(unpublished data). These data further 
highlight the close communication of neuroendocrine and immune systems during 
aging. In contrast to increased peripheral GC-immune signaling, the healthy caregiv-
ers were more resistant to central effects of glucocorticoids. Indeed, there were a 
higher proportion of SENIEUR caregivers (29.3%) who had failure to suppress cor-
tisol levels through dexamethasone administration comparing to nonstressed controls 
(3%). The dexamethasone suppression test suggests that caregivers may have a dys-
function of the HPA axis related to chronic stress exposure but not to peripheral GC 
levels. These data are in partial contrast to previous work relating hypercortisolemia 
to reduced lymphocyte sensitivity to GCs in elderly British caregivers (Bauer et al. 
 2000 ). However, the central defect in HPA axis regulation may not necessarily be 
associated to endogenous GC levels since previous studies reported this change in 
patients with major depression without hypercortisolemia (Bauer et al.  2003 ).  

   Taken together, these results suggest that a strictly healthy (SENIEUR) aging 
may buffer or attenuate many deleterious neuroendocrine and immunological effects 
associated to chronic stress exposure.  

       8      The psychoneuroendocrine hypothesis of immunosenescence  

   The studies reviewed here support the notion that immunological changes observed 
during healthy aging may be closely related to both psychological distress and stress 
hormones. Of note, changes cellular trafficking as well as cell-mediated immunity 
observed during aging are similarly found following stress or chronic GC expo-
sure. These changes are mainly produced via engagement of specific intracellular 
adrenal receptors expressed on peripheral lymphocytes. Based on these data, the 
neuroendocrine hypothesis of immunosenescence is reconsidered here (see    Fig. 5   ). 
During aging, cumulative neuronal damage produced by stress-related cortisol action 
in the brain (hippocampus and hypothalamus) is associated with decreased central 
sensitivity to cortisol (Ferrari et al.  2001 ; Raskind et al.  1994 ; Sapolsky et al.  1986 ). 
This will lead to increased cortisol levels (Deuschle et al.  1997 ; Ferrari et al.  2004 ; 
Halbreich et al.  1984 ; Heuser et al.  1998 ; Luz et al.  2003 ; Van Cauter et al.  1996 ) which 
in turn may produce more neuronal damage in the brain and promote thymic involu-
tion. These effects may be exacerbated by reduced DHEA/DHEAS levels frequently 
observed during aging. The impaired DHEAS secretion, together with the increase of 
cortisol, results in an enhanced exposure of various bodily systems (including brain 
and immune system) to the cytotoxic/immunomodulatory effects of GCs. These tis-
sues are preferentially targeted by cumulative cortisol action because they express the 
greatest densities of MRs (hippocampus) and GRs (thymus) (McEwen et al.  1997 ). 
The critical consequence of thymic involution is reduced output of naïve T-cells—a 
hallmark of immunosenescence. It remains to be investigated, however, why periph-
eral T-cells are preferentially targeted during aging comparing to B or NK-cells. It 
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should be kept in mind this hypothesis is over simplistic and do not take into account 
other stress-related mediators (neuropeptides, noradrealine, GH, etc.) and intrinsic 
cellular mechanisms of aging, including oxidative stress and telomere shortening. 
Further studies are required to investigate whether cellular aging is associated with 
aging of neuroendocrine functions. In addition, the role of increased cortisol/DHEA 
ratio during immunosenescence may be over simplistic since many other important 
hormones also become lower during aging in relation to cortisol (Straub et al.  2001 ).     

         9      Conclusions and Outlook  

   When age-related diseases are controlled for, healthy aging is associated with 
changes in allostatic systems (endocrine and immune) that play major roles in the 
adaptation of organism to outside forces that are threatening the homeostasis of the 
internal milieu. In particular, healthy aging is associated with significant psycholog-
ical distress and activation of the HPA axis (increased cortisol and reduced DHEA). 

   Fig. 5         The psychoneuroendocrine hypothesis of immunosenescence     .   During aging, cumulative 
neuronal damage produced by stress-related cortisol action in the brain (1 and 2) (Sapolsky et al. 
 1986 ) is associated with decreased central sensitivity to cortisol (3) (Ferrari et al.  2001 ; Raskind 
et al.  1994 ). This specific effect is associated with increased cortisol/DHEA ratio (4) (Ferrari et al. 
 2004 ; Luz et al.  2003 ) which in turn may produce more neuronal damage in the brain and further 
promote thymic involution (5). The latter may be related to immunosenescence via two ways: (a) 
indirectly reducing the output of central naïve T-cells and (b) directly acting at the level of periph-
eral lymphoid cells (6)(Luz et al.  2006 ). Adapted from Bauer ( 2005 ). 
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Over weeks, months, or years, exposure to increased secretion of stress hormones 
would result in allostatic load (“wear and tear”) and its pathophysiologic conse-
quences (McEwen  1998 ). Given the findings that even discrete HPA axis activation 
may impair cognitive function (Lupien et al.  1994 ) and induce sleep disturbances 
(Starkman et al.  1981 ), conditions frequently associated in the elderly, psychologi-
cal or pharmacological strategies attenuating or preventing increased HPA function 
during aging might be of considerable benefit for the elderly.  

   Although the mechanisms underlying immunosenescence are still being 
unraveled, it is becoming increasingly clear that many of the physiologic changes 
associated with aging are characterized by deficient communication between neu-
roendocrine and immune systems. Data presented here suggest that aging is associ-
ated with reduced lymphocyte sensitivity to GCs. Glucocorticoid-induced acquired 
resistance may have an important physiological significance of protecting cells from 
the dangerous effects of prolonged GC-related immunosuppression. However, the 
significance of this adaptive phenomenon is questionable since T-cell proliferation is 
still profoundly suppressed during aging. Additionally, altered steroid immunoregu-
lation may have important therapeutic implications in clinical situations where GCs 
are administered, including treatment of autoimmune diseases, organ transplanta-
tion, and allergies. Clinicians should consider both patient’s age and psychological 
status in prescribing steroids as anti-inflammatory drugs.  

   Chronic stressed elderly subjects may be particularly at risk of stress-related 
pathology because of further alterations in GC-immune signaling. Elderly indi-
viduals who experience chronic stress exhibit poorer immune functions, and thus 
increased disease vulnerability, than their less stressed counterparts. Indeed, chronic 
stressed elderly populations are associated with increased morbidity and mortality 
rates. Therefore, stress management and psychosocial support should promote a 
better quality of life for the elderly as well as reducing hospitalization costs for 
the governments. In addition, the maintenance of health status during aging may 
protect elders from chronic stress exposure (   Fig. 6   ). Further studies in systems biol-
ogy are needed to analyze the role and relationships of health-related behaviors on 
immunity that might promote better coping with aging and stress exposure. We are 
currently entering a new era of investigation in biology of aging in which systemic 
approach will replace reductionism in order to explain how we age and get sick.     

   Fig. 6         Buffering effects of health status during chronic stress exposure.      This picture presents two 
different scenarios of protective (upper line) or damaging (bottom line) stress-related effects dur-
ing aging. Strictly healthy individuals will be protected from chronic stress and will have extended 
life span. Diseased or quasi-healthy subjects, however, will show accelerated aging.
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