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Evolutionary Aspects for the Neuroendocrine Immune Network in
Ageing

RAINER H. STRAUB

Laboratory of Neuroendocrinoimmunology, Dept. of Internal Medicine I, University Hospital,
93042 Regensburg, Germany

ABSTRACT

In this chapter we shortly mention two important evolutionary aspects for ageing of the neuroen-

docrine-immune network:

1) In the literature, typical age-related alterations of single cells and cellular substructures are
often described. Such alterations are extremely important for single cell longevity. In multi-
cellular organisms, when two or more cells have different properties (for example in Volvox
Carteri), ageing of one cell type can be accompanied by ageing of another cell type because
secreted vital products of one cell type are not supplied to the other. This situation is even
more complicated in organisms with many different organs which are connected by supersys-
tems such as the nervous system, the immune system, and the endocrine system. Age-related
changes of these interconnecting supersystems may now lead to global ageing of the entire
body. During evolution, complex organisms appeared where age-related changes of one
supersystem are accompanied by ageing of another supersystem or an organ system.

2) Advantageous mechanisms for healthy ageing and longevity are not evolutionary conserved
because most aged beings, albeit healthy, can not reproduce themselves so that possible posi-
tive genes are not retained in the offspring. Thus, natural selection has limited the opportunity
to exert a direct influence over the ageing process. In addition, genes which may be beneficial
in the early period of life including the reproductive phase may be deleterious in the elderly.

These facets demonstrate that it is necessary to understand the ageing process (of the neuroendo-

crine-immune network) in order to consider seriously the evolutionary aspects of ageing.

1. AGEING OF ONE SUPERSYSTEM AFFECTS AGEING OF ANOTHER SUPER-
SYSTEM

During phylogenesis and ontogenesis, a single cell was the origin of complex organisms. From
the perspective of a single cell, ageing will obviously depend on the cell’s capacity to manage
oxidative damage, non-enzymatic glycosylation, mitochondrial mutations, defects in cell cycle
control, mitotic dysregulation, genome instability, telomere shortening, and other chromosomal
pathologies. Thus, research often focuses on single cells with intracellular DNA-fugal and
DNA-pedal signaling cascades. However, during evolution single cells started to form networks



of specialized cell types such as, for example, in the Volvox Carteri with somatic cells and germ
cells [1]. The somatic cells, similar to most cells of our body, are bound to die whereas germ
cells create a new Volvox and, thus, survive. Under consideration of multicellular organisms,
extracellular interactions by means of paracrine factors such as cytokines, hormones and others
became important. An ageing cell may have influenced a cell in the neighborhood by means of
secreted soluble factors. The distant cell may have sensed this information and may have reacted
with another set of secreted mediators. In such a situation, ageing of one single cell in the tissue
can lead to age-related processes in the entire tissue.

During evolution, the situation became more complex when specific tissue appeared leading
to the development of organs. Organs moved away from each other to build relatively independ-
ent sections in a body. When distant organs developed, new supersystems became necessary in
order to connect these distant regions. Important supersystems are vessels for blood or lymph
(humoral pathway) and nerves (neuronal pathway, often called “hard-wiring”). With respect
to the neuronal pathway, we distinguish between efferent and afferent pathways knowing that
afferent sensory nerves can secrete neurotransmitters at nerve endings in the periphery (this is
an efferent function). In inflamed tissue, for example, local cells produce mediators which can
appear in the circulation or which can stimulate sensory nerves in order to announce the local
problem to distant sites. The distant site, for example the brain, reacts by stimulating the hypoth-
alamic-pituitary-adrenal (HPA) axis or the hypothalamus — autonomic nervous system axis
[2-6]. In a very similar way, age-related changes of one organ, due to age-dependent changes
of a group of single cells within the organ, are announced to distant sites in the body. Thus,
multiple interactions of distant organs appear during ageing and may contribute to the overall
ageing process in a non-linear dynamic way [7]. For example, ageing of the adrenal glands leads
to a dramatically reduced secretion of dehydroepiandrosterone sulfate (DHEAS) [8,9]. This
hormone is converted to downstream androgens and estrogens in peripheral cells [10], which is
the most important source of sex hormones during the ageing process when gonadal glands have
undergone gradual involution [11]. Sex hormones are important for bone homeostasis. Thus,
ageing of the adrenal and gonadal glands with a loss of DHEAS and other sex hormones support
osteoporosis in the elderly. This example demonstrates that ageing of one part of the endocrine
supersystem is accompanied by ageing of another organ system.

2. ADVANTAGEOUS MECHANISMS FOR AGEING AND LONGEVITY ARE NOT
EVOLUTIONARILY CONSERVED

The reproductive phase of human subjects is the period during which women and men normally
cohabit and get children. From the view point of homo habilis, who lived 2 million years ago,
the reproductive period lasts normally from 12 to 25 years of age. Under consideration of this
short reproductive phase, advantageous mechanisms for ageing and longevity were not evolu-
tionarily conserved because possible advantageous genes for senescence were not retained in the
offspring. On the other hand, many deleterious genes, which are responsible for diseases in the
elderly, can accumulate over generations with little or no safety tests. In addition, genes which
may be beneficial in the early period of life including the reproductive phase may be deleterious
in the elderly. We can generalize that no reaction of the body is specifically conserved to support
healthy ageing. Natural selection has limited the opportunity to exert a direct influence over the
process of ageing [12].



3. PREVIEW FOR THIS BOOK

In this book, we will distinguish three supersystems which integrate the different reactions in
the body to maintain general homeostasis. Supersystems transmit signals from one area of the
body to an other area of the body. The immune system, the nervous system, and the endocrine
system are supersystems. These supersystems integrate many reactions which were evolutionar-
ily conserved for transient non-life threatening inflammatory events (defense), energy supply,
reproduction, and others.

In three different sections, examples for ageing of the three supersystems are given. In chapter
V, ageing phenomena of one supersystem are linked to ageing processes of another supersystem.
In chapter VI, ageing of the neuroendocrine immune network is linked to chronic inflammation
and inflammatory conditions: It becomes more and more obvious that chronic inflammation
leads to an accelerated ageing process. In the final chapter, we try to integrate all aspects to give
possible recommendations for new anti-ageing strategies.
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Immunosenescence

RAFAEL SOLANA' and GRAHAM PAWELEC?
!Department of Immunology, Faculty of Medicine, “Reina Sofia” University Hospital, Cor-
doba, Spain; *University of Tiibingen, Center for Medical Research, Tiibingen, Germany

ABSTRACT

The term immunosenescence refers to the age-associated decline of the immune system that
may contribute to the increased incidence and severity of infectious diseases and possibly
certain cancers in the elderly. It is clearly established that aged individuals have a decreased
or negligible thymic output, which contributes to age-associated immunodeficiency, although
lifetime’s accumulated exposure to infectious agents, autoantigens and cancer antigens may also
induce T cell replicative senescence and clonal exhaustion. Furthermore different studies over
the last years have associated changes in one or other immunological parameter with longev-
ity, although it is still difficult to control for nutritional and psychological factors in the groups
studied. Longitudinal studies have established that significantly lower numbers of CD4(+) and
CDS8(+)CD28(+) cells, and larger numbers of CD8(+)CD28(—) apoptosis-resistant cells, as well
as inverted CD4/8 ratios, are characteristic of the elderly compared to the healthy middle-aged.
Clustering these with certain other parameters has led to the emergence of the concept of an
“immunological risk phenotype” (IRP) as a tool to predict incipient mortality in the very elderly.
In this chapter we will review the main cellular and molecular aspects of the immune system that
contribute to T cell immunosenescence and their possible influence in age-associated clinically
relevant situations.

1. INTRODUCTION

Average life expectancy throughout developed countries has rapidly increased during the last
decades and geriatric infectious diseases have become an increasingly important issue [1,2].
It is clearly established that infections in the elderly are not only more frequent but also more
severe. Cumulative evidence suggests that the reasons for increased susceptibility include
immunosenescence. This term refers to the age-associated decline of the immune system (for a
comprehensive review see [3]), particularly the T cell compartment, that may contribute to the
increased incidence and severity of infectious diseases and possibly certain cancers in the eld-
erly. Moreover, immunosenescence may be the cause of infection but infection can also be the
cause of immunosenescence. Thus, in young individuals, chronic exposure to antigens, as occurs
in chronic infections, HIV infection and also in autoimmune diseases and cancer, may lead to T
cell clonal exhaustion reflecting the inability of T cell clones to divide indefinitely.

It is clearly established that aged individuals have a decreased or negligible thymic output,



which contributes to age-associated immunodeficiency. However, recent studies have demon-
strated that naive cells also undergo a process of postmitotic senescence, and that a lifetime”s
accumulated exposure to infectious agents, autoantigens and cancer antigens may induce T cell
replicative senescence and subsequent clonal exhaustion caused by antigen-stimulated prolifera-
tive stress, that may also contribute to age-associated immunodeficiency [4].

Here we will review the main cellular and molecular aspects of the immune system that con-
tribute to T cell immunosenescence.

2. THE EFFECT OF AGEING ON THYMOPOIESIS

It has been known for a long time that although the thymus is extremely active during the fetal
and perinatal periods, thymic function declines in an age-dependent manner, starting shortly
after birth. This could be related to alterations in early stages of hematopoiesis, affecting the
number and function of lymphoid-committed precursor cells in the bone marrow and/or to
altered thymic differentiation.

Although basal hematopoiesis is maintained through age, cumulative evidences in humans
indicates that ageing is associated with lower numbers of progenitor cells, decreased prolifera-
tive activity, and reduced capacity to produce colony-stimulating factors. In particular, ageing
is associated with reduced numbers of lymphoid-committed hematopoietic progenitor cells [5].
Similarly, de Haan et al. [6] showed that ageing significantly alters hematopoiesis in mice, as
ageing is associated with reduced proliferative activity and a compensatory increase in stem cell
number. These changes are strain-dependent and relate both to the mean strain longevity and to
the individual age of the mouse.

Furthermore, although hematopoietic stem cells express functionally-active telomerase [7]
there is a decrease in the length of the telomeric repeats in hematopoietic stem cells from adult
bone marrow compared to fetal liver-derived or umbilical cord-derived stem cells [8]. Telomere
length of peripheral blood leukocytes, including naive T lymphocytes, also decreases with age
in different species studied supporting the notion that telomerase may not be able to completely
maintain telomere length in ageing stem cells.

One of the reasons that the numbers of peripheral naive T cells decrease with age is thymic
involution, a process in which the volume of the thymic area where active thymopoiesis occurs
decreases and is replaced gradually by fat tissue with a subsequent marked reduction in output of
mature naive T lymphocytes. Nonetheless, work over the past decade has shown that the involut-
ing thymus can retain a certain degree of function in adults even at an advanced age, and that this
is different in different individuals. One study of thymic samples from donors from one week
to 50 years old showed an early decrease of cellularity although the adult thymus still contained
thymocytes with similar surface phenotypes to those seen in young donors [9]. In addition,
Jamieson et al. [10] have shown that the TCR families that are present in immature and mature
thymocytes of adults are as diverse as those that are present in fetal thymocytes, indicating that
ageing does not significantly affect TCR rearrangement activity required to generate functional
thymocytes. These data clearly indicate that the thymus can be active in adults for at least 60
years.

A new assay based on the detection and quantitation of the excised TCRdelta DNA locus
from within the TCRalpha chain genes can be used to estimate the presence of newly-generated
alpha beta(+) T cells. These TCR-rearrangement excision circles (TREC) are present at higher
levels in naive T cells than in memory T cell populations, are not duplicated during division and
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diluted out within the total peripheral alpha/beta(+) T cell pool with advancing age, therefore
permitting the assessment of thymic output [11] (on the asumption that T cells cannot be gener-
ated elsewhere than in the thymus). The analysis of TREC in CD4 and CDS cells from donors
of different ages revealed decreases in their numbers from birth to 80 years of age. Nevertheless,
high levels of TRECs can also be found in the thymocytes of some elderly individuals, showing
that old thymi can still generate functional T cells with actively rearranged TCR genes [12]. The
number of TRECs correlated with the number of “naive” T cells [13] in children and adults.
The use of a mathematical model to quantify age-dependent changes both in the number of
recent thymic emigrants (RTE) generated per day and in TREC concentration during an 80-year
lifespan demonstrate that RTE and peripheral T cell division have the same potential to affect
TREC concentration at any age in healthy people, also showing that, during ageing, thymic invo-
lution primarily induces an age-dependent decline in TREC concentrations within both CD4(+)
and CD8(+) T cell populations [14]. Another study has demonstrated a striking unequal content
of TRECs in two different subsets of naive Th cells, indicating different peripheral proliferative
histories. Whereas TRECs are highly enriched in peripheral naive CD45RA(+) Th cells coex-
pressing CD31, they can hardly be detected in peripheral naive CD45RA(+) Th cells lacking
CD31 expression. These CD31(-) CD45RA(+) Th cells, distinguished from CD45RA(+) effec-
tor-memory cells on the basis of their expression of other surface molecules such as CD62L,
represent the main compartment of the naive peripheral Th cell pool during ageing [15].

Recent studies in mice also showed that TREC levels decline in ageing mice with significant
mouse strain-dependent differences [16]. The absolute number of thymocytes and the number of
molecules of TREC per thymocyte dramatically decreased with age. However, while the TRECs
in peripheral CD8 spleen cells fell with age they remained constant in the CD4 subset [17].
Furthermore, TREC analysis has permitted the assessment of the efficacy of IL-7 as an agent to
reverse thymic atrophy. Although treatment of old mice with IL.-7 did not produce changes in the
total number of alpha beta(+) T cells in the peripheral T cell pool, it altered the component sub-
sets. Mice treated with IL-7 showed increases in the number of TREC-positive T cells indicating
improved thymic output, and splenic T cells from IL-7-treated mice performed significantly
better in in vitro functional assays compared to controls [18-20]. These results further indicate
the essential role of IL-7 produced by stromal cells in T-cell development and thymopoiesis,
supporting the survival of early T-cell progenitors, and also controlling the differentiation of T
cells in the thymus.

3. SENESCENCE OF NAIVE T CELLS

After T cells have been generated in the thymus, they are released to the periphery to maintain
T cell homeostasis. These so-called “naive” cells remain in the periphery until stimulated by
cognate antigen. However, naive T cells require survival signals and slowly undergo replication.
Whether this process may ever result in replicative senescence is unknown. Although many
age-associated changes in T cell phenotype and function can be explained by the process of
replicative senescence (see below), the possiblitity that “non-replicative” senescence also occurs
in T lymphocytes from the aged cannot be discarded. Thus, the effect of ageing on naive CD4+
cells from mice transgenic for a TCR recognizing pigeon cyfochrome c¢ that have not been in
contact with the antigen revealed that although these cells maintain a naive phenotype rather
than acquiring a prototypical aged memory phenotype, they are decreased in number and have a
decreased antigen responsiveness [21]. Thus, naive CD4 cells from aged mice expanded poorly,



12

produced low levels of IL-2, and, although they generated highly polarized effector populations
that secreted high levels of cytokines, when these aged effector populations were transferred to
adoptive hosts, they generated poorly functioning memory cells [22]. These results suggest that
intrinsic changes occur with ageing that do not depend on encounter with antigen but reflect
senescence processes not associated with vigorous replication

4. SIGNAL TRANSDUCTION IN AGED T LYMPHOCYTES

Because antigen processing and presentation capacity is essentially intact or even enhanced in
most systems investigated in the elderly [23], problems arising in T cell activation may reside in
the T cell’s signal transduction apparatus. A high proportion of T cells from the elderly has been
reported to exhibit multiple defects early in the signal transduction pathway, such as reduced
enzymatic activity of tyrosine kinases Fyn and Lck, leading to a reduction in the generation of
phospholipase Cgamma-1 and a decreased formation of second messengers such as IP3 and dia-
cylglycerol; the alternative Ras-MAPK-ERK protein kinase activation pathway is also compro-
mised during ageing (for review see [24]). Furthermore, defects in cytoskeletal reorganization
triggered by initial contact between TCR and peptide-bearing APC have been shown [25]. This
defect precedes, and presumably contributes to, defective activation of protein kinase-mediated
signals in the activation of T cells from the aged. However, in interpreting experimental data in
this respect, we must be careful to distinguish between the effects of age and the differences in
signal transduction pathways applying in different subpopulations of T cells, the relative abun-
dance of which may be different in samples from people of different ages, nutritional and health
status.

5. AGE-ASSOCIATED ALTERATIONS OF ALPHA/BETA T LYMPHOCYTES

The first of these considerations, namely age-associated alterations in relative abundance of T
cell subsets, is well-known to apply in humans, where the composition of the T cell compart-
ment changes during ageing. It is probably as a result not only of the decreased thymic output but
also of repeated antigen exposure, clonal expansion, and accumulation of memory and effector
T cells, as well as health status. Although there may be a slight reduction in overall numbers of
mature peripheral CD3* T cells with age, several studies of very healthy elderly donors, includ-
ing centenarians, show that the absolute number of lymphocytes is maintained within tightly
defined limits irrespective of age [26]. Reports of decreased overall numbers of CD3 cells may
have been due to examining populations with underlying disease, as reviewed in [27]. However,
analysis of lymphocyte subsets from humans and mice shows that ageing is associated with an
increase in the number of T cells with a phenotype of memory or effector T cells, which may
compensate for the reduction seen in naive T cell numbers produced by the thymus.

Analysis of the effect of ageing on mature T cells clearly demonstrates that they are also sub-
ject to ageing processes. Thus, T cells that undergo repeated proliferation cycles in response to
intermittent clonal expansion for effective immune responses, or in response to chronic stimu-
lation, are affected by “replicative senescence®. This may also be consequent to extrathymic
homeostatic proliferation of memory T cells required to replace naive T cells whose numbers
decline with thymic atrophy, in order to maintain absolute lymphocyte numbers. Furthermore,
long-lived, quiescent T cells are affected by “post-mitotic senescence”. Thus both types of
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senescent T cells will be found associated to ageing.

The analysis of T cell subsets in elderly individuals clearly reveals an increase in the propor-
tion T cells expressing the CD45RO marker of many memory cells, and a decrease in the propor-
tion of T cells expressing the CD45RA marker. Furthermore there is a decrease in the number
of CD62L+ T consistent with a decreased number of naive cells. The analysis of other markers
such as CD95, mainly expressed on cells that have been stimulated by antigen, or the increased
expression of CD60 on memory cells has helped to demonstrate the presence of an increased
proportion of memory T cells in the elderly. In particular the analysis of naive-memory pheno-
types within the CD8 subpopulation of T lymphocytes reveals a very marked shift to the memory
phenotype. True naive CD8+ T cells as assessed by TREC analysis have recently been charac-
terised as being CD45RO(-),CD103(+), CD1la(dim), CD95(dim), CD27(+) and CD62L+ [28].
According to these criteria, most CDS cells from elderly individuals are memory cells as the vast
majority of them strongly express CD95 [29].

The expression of CD28 on T lymphocytes also decreases with age. CD28 is perhaps the
closest to a biomarker of ageing found for human lymphocytes. Both in vivo and in vitro, the
proportion of CD28(+) cells decreases with age. Particularly the CDS8 subset shows progres-
sively decreasing CD28 expression with age [29,30]. CD28 is an important costimulatory
molecule, so cells lacking CD28 may be refractory to optimal activation. However, the fraction
of CD8(+)CD28(-) cells in centenarians is higher than in the 70-90 year-old population [31],
despite commonly retained functional integrity of overall immunity, so the biological relevance
of these findings remains questionable. Telomere lengths in the CD28-negative cells are lower
than in the CD28+ cells from the same donors, clearly suggesting that they have had a longer
proliferative history [32]. They may accumulate because of dysregulated apoptosis [33] ie. they
are abnormally resistant to clonal deletion but cannot proliferate or function optimally. This type
of proliferative senescence may therefore be responsible for the commonly observed accumula-
tion of CD28-negative oligoclonal populations in elderly people [34]. This potential problem is
not limited to CDS cells, because CD4 T cells, almost all of which are CD28(+) in young adults,
also show an increasing CD28-negative fraction in the elderly, albeit not so marked [31].

Furthermore, several markers originally described on NK cells including the MHC specific
inhibitory or activating receptors [35] may also be expressed on CD8+ T cells, in particular in
those cells that do not express CD28. The expression of these markers is increased in T cells
from elderly donors probably as a consequence of the expansion of CD8(+)CD28(-) cytotoxic
effector cells [36,37]. Whether they are relevant to the ageing process is not yet clear, but in other
contexts of chronic antigenic stimulation such as HIV infection [38,39], rheumatoid arthritis
[40,41] or antitumor immune responses [42] they may play very important roles either inhibiting
or activating T cells.

The recent application of tetramer technology, where fluorescently-labelled soluble complexes
of MHC molecules and specific peptide epitopes can be used to directly identify antigen-specific
T cells ex vivo, has provided a critical insight into changes in the T cell repertoire during ageing.
It has been known for many years that elderly people (and mice) show oligoclonal expansions
of T cells, particularly CD8 cells [34]. However, until recently, the reason for this expansion and
specificity of these cells was unknown. It now seems likely that a major driving force in humans
for this accumulation of a limited diversity of CDS cells is the persisting immunogenicity of latent
Herpes viruses, especially CMV.

In monoclonal populations, mainly found in individuals over 65, the density of expression of
CD28 is also decreased. Although originally described only in CD8 cells, the number of indi-
viduals with such nonmalignant clonal expansions in both CD4 and CDS cells was found to be



very similar and these expansions are stable over a two-year observation period [43]. CD8 clonal
expansions in healthy elderly people contained mostly CD28(-) cells proliferating poorly in
culture [44]. The CD28(-) cells contained larger amounts of perforin than the CD28(+), consis-
tent with the hypothesis that the CD28(-) cells may represent terminally-differentiated effector
CTL. As mentioned above, in humans a major factor driving the expansion of such clones may
be cytomegalovirus [45,46]. However, other persistent viruses, eg. EBV, clearly also have a role
[47].

5.1, Age-associated alterations in the T cell repertoire

One consequence of the expansion/constriction of T lymphocyte subpopulations discussed above
is the restriction in the T cell repertoire, as memory cells with their repertoire of previously seen
antigens increases with age and may come to dominate the T cell pool. Although early reports
both in humans and mice indicated that it was the CDS cell repertoire rather than the CD4 which
were primarily affected in this way, recent analysis using more sensitive methods of TCR analy-
sis (CDR3 spectratyping) showed that oligoclonal expansions affect CD4 as well as CD8 cells
to the same extent [48]. In aged humans, up to 30% of the entire population of CD8 T cells are
of oligo- or mono-clonal cells expressing the same TCR-V markers [34]. These populations
are included in the CD28(-) subset, have shorter telomeres, can express NK associated markers,
including inhibitory receptors [49], and can include expansions of virus specific T cells [47,50].
The decreased expression of CD28 in these cells may lead to altered T cell activation because
initial contact of a T cell with the antigen-presenting cell requires the interaction between CD28
on the T cell surface and CD80 on the APC.

5.2.  “Replicative senescence” of in vivo expanded T cells

T cells, like other somatic cells, have a limited proliferative lifespan and can only undergo a
finite number of divisions. Thus, after a number of divisions T lymphocytes undergo replica-
tive senescence characterized by the decreased proliferative capacity in response to antigenic
re-stimulation.

Senescent T lymphocytes are characterized by their decreased capacity to proliferate, that is
associated with shorter telomere length [51-53]. They can also be phenotypically recognized
by their expression of the killer cell lectin-like receptor G1 (KLRG-1), a type II transmembrane
glycoprotein with an extracellular domain homologous to C-type lectins and an amino-terminal
cytoplasmic tail that contains an ITIM motif, which recruits the hematopoietic cell phosphatase
SHP-1 to the complex, triggering an inhibitory signal. Unlike most other negative receptors of
this type, KLRG-1 is expressed by senescent CD4 as well as CDS8 T cells, which are present in
increasing numbers in mice as they age. Studies in humans and mice show that KLRG-1+ T cells
are unable to proliferate, even those few which are still CD28(+), and, at least in mice, these
cells may not be rapidly lost from the peripheral pool and so may gradually accumulate with age
[54,55]. Therefore, it was interesting to investigate the KLRG-1 phenotype of the CMV-specific
cells accumulating in the elderly, referred to above. While 50-60% of CMV-specific CDS cells
in the young were KLRG-1(+), this figure increased to >90% in the old. Moreover, not only were
the KLRG-1(+) cells in the elderly compromised in proliferation, unlike the KLRG-1(+) cells in
the young, they were essentially unable to secrete IFN-y after antigenic stimulation [56]. There-
fore, KLRG-1(+) cells not only accumulate in the elderly but are functionally compromised.
They may therefore fill the “immunological space” and reduce the T cell repertoire for response



to new antigens.

6. AGE-ASSOCIATED ALTERATIONS OF GAMMA/DELTA T LYMPHOCYTES AND
NKT CELLS

Not only mainstream T lymphocytes are altered with age. The number and function of other
T cell subpopulations are also affected by ageing. Thus, the absolute number of Y0 T cells in
peripheral blood of elderly subjects is reduced, although they show an enhanced expression of
CD69 and an increased production of TNF-o [57,58]. It has been suggested that the basal activa-
tion of Y0 T cells is due to the “inflamed” environment and that these cells may act as a first line
of defense to compensate for defects in specific immunity described above.

NKT cells, a novel lineage of T cells characterized by the expression of Vo24/JoQ gene
segments in humans and Va14/Jo281+ in mice, the recognition of glycolipids associated with
CD1d and their production of IFN-y and IL-4 [59], are also decreased in peripheral blood from
healthy elderly individuals [60] and in murine liver [61], indicating that these cells do not escape
the process of immunosenescence.

7. FUNCTIONAL CHANGES RESULTING FROM THE ABOVE AGE-ASSOCIATED
ALTERATIONS AND THE EFFECT OF PYSCHOLOGICAL FACTORS

One of the most striking functional consequences of immunosenescence is the altered cytokine
milieu, partially but not entirely as a result of alterations to T cell cytokine secretion. Age-asso-
ciated alterations in T cell function may be related to changed molecular regulation of cytokine
production due to differences in signal transduction pathways in old cells as outlined above. A
major dysfunction in T cells from elderly donors is a selectively decreased ability to secrete T
cell growth factors, first reported many years ago [62]. More recently, it has been proposed that
there are age-associated changes in immune responsiveness characterised by a change from a
predominant type | phenotype in adults to a type 2 phenotype in the elderly. However, data are
discordant, for many reasons excellently reviewed recently by Gardner & Murasko [63]. One of
the main reasons for these discrepancies lies with donor selection, illustrating a serious general
problem in biogerontological studies of humans. Thus, early, and even some current studies
employed apparently healthy elderly donors without rigorously excluding underlying illness, or
assessing nutritional or psychological status. Even strict selection criteria, such as the SENIEUR
protocol, may fail to take psychological and nutritional factors sufficiently into account. Age-
associated decreased immunological function may be linked to psychological factors but very
few studies have addressed this issue [64-66]. The effects of stress may also be important,
eg. recent studies are beginning to suggest clinically relevant alterations, eg. in the decreased
antibody responses to influenza vaccination of chronically stressed elderly carers of dementia
patients [67] as well as lower IL 1 and IL 2 production in the elderly caregivers [68]. Several
immune parameters may be more profoundly impaired in older patients with clinical depression,
eg. proliferation to mitogens, lower NK activity, altered lymphocyte subsets and numbers [69].
A correlation between increased plasma levels of TNF-o and depression in the elderly has also
been reported [70].

What might be the mechanism connecting the immune and neurological systems and their
changes in ageing? This is still a new area of investigation, with many of the main players in this
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field represented by their contributions to this book. Here, we can only say that some data are
beginning to emerge concerning possible mechanisms for such interactions, eg. on the regula-
tory effects of neuropeptides on cytokine secretion in young and elderly donors [71]. Although
the significance of these findings is unclear, studies of this type may begin to help shed some
light on the mechanisms responsible for neuroimmunological communication and age-associ-
ated alterations. That this could be a two-way communication is illustrated by the ability of
IFN-y and other cytokines to modulate the production of melatonin [72]. Such studies will surely
be the way forward in this difficult area. An example of how such studies may have a clinical
impact concerns Alzheimer’s Disease and inflammation in ageing. Thus, local inflammatory
processes can exert direct neurotoxicity, interfere with $-amyloid expression and metabolism
and maintain chronic intracerebral acute phase protein secretion, in turn favouring formation of
B-amyloid fibrils [73,74]

8. CONCLUSION: HOW IMPORTANT IS IMMUNOSENESCENCE CLINICALLY?

Many studies over the years have associated changes in one or other immunological parameter
with longevity [75-78], but detailed longitudinal studies in humans have been rare. By studying
the same donors over time, some variables confounding cross-sectional studies may be reduced,
although it is obviously still difficult to control for nutritional and psychological factors. Unsur-
prisingly, there are very few longitudinal studies from which data are currently available and
even fewer including immunological data. One such study series is the Swedish OCTO (over
80 years old) and current NONA (over 90) project being carried out in Jonk&ping, Sweden, in
the very elderly [79-82]. Obviously, the very elderly are already selected as longer-than-average
survivors, but nonetheless the data collected at regular intervals over the last decade can be very
valuable, perhaps not only for the already-successfully aged. The OCTO and NONA studies
have established that significantly lower numbers of CD4(+) and CD8(+)CD28(+) cells, and
larger numbers of CD8(+)CD28(-) apoptosis-resistant cells, as well as inverted CD4/8 ratios, are
characteristic of the elderly compared to the healthy middle-aged. Clustering these with certain
other parameters has led to the emergence of the concept of an “immunological risk phenotype”
(IRP) as a tool with power to predict incipient mortality in the very elderly. One of the current
challenges is to refine the IRP and extend the concept to younger individuals to assess whether
IRP parameters established in the aged are informative for younger people [83]. Our own inves-
tigations are suggesting that the accumulation of CMV-specific, CD28(-), KLRG-1(+) CD8
cells mentioned above, which are unable to secrete IFN-y, and are probably apoptosis-resistant
anergic cells, is an important parameter of the IRP. These cells may represent senescent CD8
clones which can neither divide nor delete — and hence may result in dysregulated responses.
Deleting such cells, by analogy with a transgenic mouse model, may “rejuvenate” the immune
system [84]
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ABSTRACT

Zinc is the most relevant trace element for the maintenance of numerous homeostatic mecha-
nisms in the body. In particular, zinc plays a pivotal role in the function of the entire immune
system for the entire life of an organism. The binding of zinc with some proteins, such as metal-
lothioneins [MT] and 0-2 macroglobulin [&-2M] is crucial immune efficiency during ageing and
also in age-related diseases [cancer and infection]. These proteins may turn from a role of pro-
tection against cellular oxidative damage in young-adult age to a harmful role in ageing. Indeed,
these proteins increase abnormally during ageing and according to their original biological
function, they continuously sequester intracellular zinc. This provokes abnormally low zinc ion
bio-availability for the immune system either at thymic or extrathymic level. The latter is promi-
nent in ageing. As a result, an impaired immune function occurs in ageing. Physiological zinc
supplementation restores the immune system, which leads to an increased rate of survival in old
mice. Zinc supplementation does not interfere with the high levels of MT or a-2M. Therefore,
zinc supplementation is of benefit in ageing and in age-related diseases [cancer and infection].
Moreover, zinc-binding proteins regain their original role of cellular protection against oxidative
damage after zinc supplementation.

1. INTRODUCTION

Zinc is a important trace element in the body. Among the most relevant findings, to be noted are
the role of zinc as a catalytic component of more than 200 enzymes, its requirement as structural
constituent of many proteins and, likely, its function of preventing free radical formation. Zinc
is relevant to cell division and differentiation, as well as to programmed cell-death, for gene
transcription, for biomembrane functioning, and obviously for many enzymatic activities. This
has led to the consideration that zinc is an important element in assuring the correct functioning
of various tissues, organs and systems. Indeed zinc is an essential nutritional component, which
is required for normal development and for the maintenance of immune function in man and
animals [1,2]. In particular zinc is essential for thymic function because it confers biological
activity to a zinc-dependent thymic hormone called thymulin [3]. This hormone is required for
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Table I Structural action of zinc as “zinc fingers” for proteins or peptides DNA replication in various biological
functions.

Proteins or peptides Biological function

SP1, A-20, ALR, MMPs, BP10O, BP1, Staf 50 cell proliferation

TIMPs, alpha-2M

GATA family, mpl, glycoprotein IIb/Illa cell differentiation

Nil-2-a, TGF-beta cell growth arrest

Cyclin T1 cell division

Protein Kinase-C (PKC), ZNF 162 signal transmission

EGF, IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-12, IFN-c, TNF-a  cell growth

pS3, p21, c-myc, c-fos,GFI-1, HIC-1, c-jun, bel-2 protooncogene for prevention or activation apoptosis

RANTES chemokine production

NF-kB, AP-1, EGR-1, EGR-2, BTE nuclear transcriptional

KS-1, WT-1, TF III A, Finb, TRAF-2, ZEB factors activation

Melatonin, Growth Hormone, IGF-1 hormone nuclear receptor

Glucocorticoids, prostaglandins superfamily codification

the differentiation and maturation of T-cells [4]. Zinc is also relevant to the liver extrathymic
T-cell pathway [2,5], a function that is prominent in old age [6]. With advancing age, zinc,
thymic and extrathymic functions progressively decline [2]. Among the zinc-binding proteins,
Metallothioneins [MT] [7] and -2 Macroglobulin [0-2M] [8) are important for immune effi-
ciency in ageing. These proteins have a cellular protective role against oxidative damage and
they bind preferentially zinc with higher affinity [kd] [7] than does thymulin [see review 2]. It
has been reported that MT is of protection in zinc deficiency [9] and donors of zinc for thymulin
reactivation in thymic epithelial cells [TECs] [10]. However, both MT [11] and 0-2M [12] are
increased in ageing. Thus, a shift of zinc towards these zinc-binding proteins may occur with
subsequent low zinc ion bioavailability for thymulin activation and, in general, for immune
function. This phenomenon occurs in various conditions with persistent inflammation, such as
ageing, cancer and infection [13]. Zinc-bound MT is not releasable for biological purposes [14].
Therefore, these proteins may turn from a role of protection in young-adults to harmful agents
for the immune system in ageing and age-related diseases [13]. Here we report the role of zinc,
MT and 0-2M in immune function during ageing and in age-related diseases [e.g. cancer and
infections]. In these conditions low zinc ion bio-availability and impaired immune function are
regular events [15]. The possible efficacy of physiological zinc supplementation in ageing and
in age-related diseases will also be reported and discussed.

2. THE BIOLOGY OF ZINC

Zinc is one of the most important trace elements in the body, but its presence in nature does not
exceed 0.02%. [16]. The major characteristics of zinc include a highly concentrated charge, a
small radius [0.65 A], no variable valence [low risk of free radical production], ready passage
from one symmetry in its surroundings to another without exchange, rapid exchange of ligands
[on and off reactions], and binding mostly to 5- and N-donors in biological systems. These prop-
erties enable zinc to play three major biological roles, as catalysts, structural and regulatory ions
[17]. With regard to the catalytic action, zinc is required for the biological function of more than
200 enzymes; in particular it is essential and directly involved in catalysis by the enzyme. The
removal of the catalytic zinc results in an active apoenzyme that usually retains the native ter-
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Table 11 Binding affinity (kd) for zinc of some compounds relevant in the immune efficiency.
Compounds kd (mol/L)
Superoxide dismutase 5.0x 10"
Nucleoside phoshorylase 2.0x% 107
Alkaline-phosphatase 1.0X 10°
Ecto-5 nucleotidase 1.3x10°
Endonucleases 1.5%x10°
DNA, RNA polymerase 20x10°
Metalloproteinases (MMPs) 1.0x 107
Insulin-like growth factor T (IGF-T) 1.7 x 107
Thymulin (ZnFTS) 5.0+2x 107
Protein Kinase- C 1.2x10"
P-450 enzyme system 1.0x 107
0-2 Macroglobulin 1.0x 107"
Metallothioneins (I, IT) 1.4x10™"

tiary structure. The catalytic zinc is usually bound by three protein ligands and a water molecule
signifying an open co-ordination site, which is considered essential for the function of zinc in
catalysis [17]. Indeed the function of the zinc is both in polarizing the substrate and in activating
H,0 molecule which then acts as nucleophile. Because of its flexible co-ordinator geometry, zinc
ions act as template to bring together the substrate and the nucleophile [18].

As structural role, zinc is involved in DNA replication and reverse transcription, as well as in a
number of eukariotic transcription factors where the potential binding domains are referred to as
zinc fingers [19]. In this context, a plethora of data show zinc fingers involved in DNA replication
of many proteins involved in cell proliferation, in cell differentiation, in cell growth and arrest, in
cell division, in signal transmission, in growth factors production, in protooncogenes activation,
in chemokines production, in codifying hormone nuclear receptor, in nuclear transcriptional
factors [Table I], in mRNA stability and in maintaining the extracellular matrix [17,19,20]. In
addition, zinc binds to enzymes, proteins and peptides with different binding affinity [kd] rang-
ing from 1072 to 10 mol/L. Some of them are relevant for immune efficiency [Table II] [2]. In
particular, zinc binds thymulin [ZnFTS], a well-defined thymic hormone, which is responsible
for the performances of cell-mediated immunity [4]. The absence of the zinc binding confers the
inactivity of all these compounds [21]. These findings demonstrate the fundamental role played
by structural zinc in the maintenance of many body homeostatic mechanisms. Moreover, they
pinpoint the importance of structural zinc also in cancer and infection because many proteins,
peptides, protooncogenes and transcriptional factors reported in Table I are also involved in
tumor growth, apoptosis, and altered cytokine gene expression. [see review 2].

With regard to the regulatory role, zinc regulates both enzymatic activity and stability of the
protein as an activator or as an inhibitor ion. In this context, gene over expressions of MMPs are
under the control of the gene expression of some tissue inhibitors of matrix metalloproteinases
[TIMPs] [22], of 0-2M [23] and of 13-amyloid precursor protein [24], which are, in turn, codi-
fied by zinc-finger motifs [25]. Therefore, a good balance in the gene expression of the metal-
loproteinases [either as activator or as inhibitor] is necessary for an optimal function of many
systems. Indeed, an unbalance between MMPs and TIMPs or o-2M is characteristic of cancer
[26], inflammation [25] and ageing [27]. As free zinc ion bio-availability is essential for the effi-
ciency of the immune system [ 1], we will focus on the role of two zinc-binding proteins [MT and
0-2M] in immunosenescence. Despite of their cellular protective role against oxidative damage
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[7], they abnormally increase in ageing [11,12], their zinc-binding affinity is higher than that
of thymulin [Table II], and therefore, thymulin, immune functions and zinc ion bio-availability
decrease in ageing [2]. These decrements often lead to the appearance of cancer and infection,
which, in turn, lead to increased MT [28], enhanced ¢o-2M [29], impaired immune functions and
low zinc bio-availability [2,13].

3. THE BIOLOGY OF ZINC-BINDING PROTEINS
3.1. Metallothioneins

Metallothioneins [MT], a group of low-molecular-weight metal-binding proteins with 61 amino-
acids, 20 of which are cysteines, play pivotal roles in metal-related cell homeostasis because of
their high affinity for metals, in particular zinc and copper [7]. All 20 cysteines occur in reduced
form and bind seven zinc atoms through mercaptide bonds that have the spectroscopy charac-
teristics of metal thiolate clusters [30]. The zinc/cysteine interactions form mainly two different
types of clusters: they are either bridging or form terminal cysteine thiolate. In the beta-domain
cluster, three bridging and six terminal cysteine thiolates provide a coordinated environment that
is identical for each of the three zinc atoms. In the alpha-domain clusters, there are two different
zinc sites; two of them have one terminal ligand and three have bridging ligands, respectively,
while the other two have two terminal and two bridging ligands [30]. MT exists in different iso-
forms characterized by the length of aminoacid chain: isoform I, II, III and IV mapped on chro-
mosome 16 in man and on chromosome 8 in mice with complex polymorphisms [31]. The more
common isoforms are I and II while the isoform III, called GIF, is present only into the brain and
the distribution of IV has not been clarified. MT binds zinc with high thermodynamic stability
[kd=1.4x10"""M) [7] (Table II). Following these biochemical and genetic characteristics, MT
distributes intracellular zinc because zinc undergoes rapid inter- and intracluster exchange [32].
Moreover, MT acts as antioxidant against a wide spectrum of stressors, because the zinc-sulfur
cluster is sensitive to changes in the cellular redox state and oxidizing sites in MT [e.g. reduced
thiol groups] induce the transfer of zinc from its binding sites in MT to those of lower affinity in
other proteins [30]. This transfer occurs, for example, in conferring biological activity to antioxi-
dant metalloenzymes, such as superoxide dismutase [33]. Therefore, the redox properties of MT
and their effect on zinc in the clusters are crucial for the biological functions of MT. Indeed, MT
is peculiar to cellular proliferation and protects cells against cytotoxic effects of reactive oxygen
species, ionizing radiations, electrophilic anti cancer drugs, mutagens and of heavy metals [7].
Consistent with this role, the gene expression of MT isoforms is regulated by the transcription
factor MTF-1[34], which has six zinc-finger motifs [30],and has been identified in the evolution-
ary tree from mollusks to humans [Table III]. MT is transcriptionally induced by a wide range of
stressors, like metals, glucocorticoids, oxidative agents, strenuous exercise, cold exposure and
irradiation: virtually by all agents that affect invertebrates and vertebrates [7].

These evolutionary findings suggest the importance of MT as a protective agent. Protection is
peculiar to transient stress, as it may occur in young adult-age [35]. By contrast, the stress-like
condition is not transient but permanent in ageing. MT is increased in the aged liver [11,14] and
aged brain [37]. There is a constant presence of oxidative damage in ageing that gave rise to the
free radical theory of ageing [36]. Moreover, high MT occurs in cancer, infection and dementia
[28,38,39] and this is associated with unfavorable prognosis [40]. On the basis of these findings,
it is clear that zinc cannot be transferred from MT to other proteins in ageing. Rather, zinc is con-
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Table I1I Evolutionary tree of Metallothionein isoforms.

INVERTEBRATES
Molll|15ks MT-I) Crustac|eans MT-I)
| |
VERTE|BRATES
|
Mamlmals MT-I-II) Birds (MT-I-II) Fishels MT-I-II)
|
Rabbit (|MT-I-II) Rodents (MT-I-II) Ungulates (MT-I-1T) Primates (MT-|I-II-III-IV)

tinuously sequestered by MT in order to maintain the original role of protection and also because
zinc ions must be spared as much as possible. However, this continuous sequestration provokes
low zinc ion bio-availability. This alters the role of MT from protective in young-adult-age to
harmful in old age. Indeed, it has been recently found that MT binds preferentially zinc, rather
than copper, in ageing [14], and therefore, zinc bioavailability is low, but not that of copper [41].
Abnormal high MT and low zinc ion bio-availability are also present in constant inflammation
and in syndromes of accelerated ageing [Down’s syndrome] [11]. By contrast, low MT and
satisfactory zinc ion bio-availability occur in successful ageing [11]. Therefore, the altered role
of zinc-bound MT in ageing may be crucial for the immunocompetence because both zinc and
immune function decrease in ageing, and this leads to the appearance of age-related diseases
[2,13].

3.2.  0©-2 macroglobulin

-2 macroglobulin [0-2M] is an inhibitor of matrix metalloproteinases [MMPs] [23]. The mech-
anism of inhibition is unique. o-2M is cleaved by the proteinases in a specific region termed
“bait region” and then undergoes conformational changes that activate thiol ester bounds, pro-
viding sites for covalent attachment of proteinases, which are entrapped [42]. This role of -2
M occurs when other inhibitors of MMPs, such as tissue inhibitors of matrix metalloproteinases
[TIMPs], are deficient. This suggests a central role of o-2M, which functions like a reserve
proteinase inhibitor during emergencies [43]. This biological function of -2 M is present in
all animal kingdoms [42] and is required to remove proteolytic potential from the circulation
when MMPs increase, forming o-2M-proteinases complexes [23]. The elimination occurs with
the internalization of these complexes into the cells with subsequent trasfer of the proteinases
into endosomes through specific a-2 M receptors, called LRP [44], which are present on the cell
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surface. A chaperone, called receptor-associated protein [RAP], binds, in turn, with high affinity
to the heavy chain of LRP and induces a conformational change in LRP with a subsequent strong
reduction of the affinity between o-2M-complex and LRP [45]. This modulates the binding of
o-2M-complex to LRP. This causes a lack of the internalization of o-2M-proteinase complexes
and the prevention of their transfer into cellular endosomes. Consequently these complexes will
be present in the circulation, and may be harm many homeostatic mechanisms in the body [46].
Indeed, there are high concentrations of 0-2M and MMPs in ageing and in age-related diseases,
such as infection, cancer, and dementia [47,48]. This fact is crucial during ageing and in age-
related diseases for two reasons. First, because intracellular RAP [RAP lp] is involved in the
modulation of the telomere length [49], which in turn is relevant to the maintenance of chro-
mosome integrity and stability [50]. Therefore, the length of telomeres are reduced in ageing,
cancer and infections that leads to a chromosome mutations with subsequent cellular alteration
or cell-death [51]. In these conditions, shorter telomeres are indirectly correlated with increased
RAP Ip [52], suggesting that RAP and its potential binding to a-2M/LRP receptor play a crucial
role in modulating the internalization of a-2M-protease complexes into cells during ageing.
Moreover, the recent discovery of 22 polymorphisms of the human LRP/API gene coding for
RAP in chromosome 4p [53] is a further support for the relevance of RAP to ageing, and to age-
related diseases. They are of special importance in centenarians for successful ageing. Second,
o-2M binds zinc with a higher affinity than do MMPs [25] [Table II]. As o-2M protects against
increments of MMPs, the continuous sequestration of zinc by o-2M might induce low zinc
bio-availability in the long run with subsequent alterations of zinc-dependent body homeostatic
systems, including the immune system. Thus, possible different roles of o-2M might exist: turn-
ing from protective in young-adults to harmful in ageing. Indeed, 0-2 M increases in ageing
[12] coupled with alterations at cellular and systemic level [48]. Thus, while on one hand, these
findings pin-point a continuous shifting of zinc towards o-2M in order to eliminate potential
proteolytic substances, on the other hand they suggest, like for MT, that abnormal increments
of 0-2M are harmful leading to the appearance of age-related diseases. Like reported for MT,
abnormal increments of 0-2M in cancer and infections [48] are indeed an index of unfavorable
prognosis [29]. In healthy young-adult individuals, o-2M plasma levels are of 178.8 £ 8.5 mg/ml
[48]. Moderate increments are observed in nonagenarian/centenarian subjects [201 £ 7.5 mg/ml]
in comparison to old individuals [260 £ 9.3 mg/ml] and old infected patients [305 + 7.4 mg/ml]
[E. Mocchegiani, unpublished results]. Therefore, the role played by zinc-bound MT and o-2M
is crucial for the immune efficiency in ageing taking also into account that low zinc bioavail-
ability is a risk factor for the appearance of infectious diseases in ageing [54].

4. ZINC, IMMUNE SYSTEM AND AGEING

A lot of data in experimental animals and in humans indicate that zinc is required for the main-
tenance of immunocompetence [1,2,13]. Zinc deficient diets cause major immune abnormalities
that include decreased chemotaxis by neutrophils and monocytes, the specific impairment of
cell-mediated immune functions, including thymic function, natural killer [NK] cell activity,
and cytokine production. In particular, IL-2, IL-12, IFN-a and IFN-y decrease, whereas pro-
inflammatory cytokines, such as TNF-o, IL-1, IL-6, increase [see review 2]. Zinc has more
influence on the cytokines production by Thl cells than on those produced by Th2 lymphocytes
[1]. That zinc has a beneficial effect on IFN-o production by Th1 cells is supported by the recent
discovery in virus transfected cells, indicating that a protein, Staf-50, that contains two zinc



29

Table IV “In vitro” effect of inactive FTS (FTS), of inactive FTS + Zinc™ and zinc-bound active FTS (ZnFTS) on
NK cell activity and PHA response in spleen cells from old mice.

Spleen cells of mice NK activity PHA response
Young control 73.2.0=x14.1 282+52
0ld control 25.2 £7.5% 9.5+ 1.3%
Old + inactive FTS (10° M) 24.5 + 6.8% 8.7+ 1.5%
Old + inactive FTS (10° M) + Zn"(10° M) 71.2+13.7 233+43
Old + active ZnFTS (10° M) 71.4+13.5 228+3.8

#p< 0.01 when compared to young controls (paired Student’s t test)

Preincubation time 4h. Data of PHA are expressed in [cpm/cult] X 10", Data of NK assay are expressed in Lytic Unit
[L.U. 20/10"] against tumoral target YAC-1. The dose used of 10°M of ZnFTS is the minor in order to obtain
significant thymulin biological activity in thymulin assay [58]. The choice of zinc™ 10°M because zinc is present in
thymulin molecule in equimolar ratio [3] (data redrawn from ref. [58,62] with permission).

finger motifs, is involved in a new family of IFN-a production [55]. This observation suggests
that the Thl/Th2 balance is biased towards Th2 cytokine production during zinc deficiency [1].
Moreover, zinc is also involved in the recognition of superantigens by MHC class II molecules
[56]. These findings support the importance of zinc ion bioavailability for the immune function
even if the effect of zinc upon the immune system is related to competition phenomena with
other metals, in particular copper. However, progressive depletion as well as excessive intake of
copper and zinc result in impaired immunocompetence [2]. Zine, but not copper, decreases in
ageing [41]. This fact does not support the hypothesis of competition between zinc and copper
for the maintenance of immune function during zinc deficiency. Rather, it is indicated that the
lack of zinc ions is involved in immunosenescence [2]. Indeed, the copper pool is positive in
young and old age [57]. By contrast, the zinc pool measured through the crude zinc balance [the
difference between zinc intake and zinc excretion], is negative in old mice [58] and old humans
[57] as compared to positive values observed in young-adult age. This negativity is coupled
with reduced thymic functions, decreased NK cell activity, and imbalance in the Thl/Th2 ratio
[59], increments in memory T-cells [CD45RO] and lack in naive T-cells [CD45RA] [60]. As a
consequence, a lack in the homing capacity for new T-cell differentiation and maturation occurs
allowing for a constant impairment of immune function in a large number of old people, in
comparison to exceptional individuals like centenarians [61]. Among the immune abnormalities
in ageing, the reduced thymic endocrine activity is of interest because it affects T-cell differ-
entiation, NK cell activity and cytokines production [4]. Indeed, one of the best-known thymic
hormones, called thymulin [ZnFTS], requires zinc for its biological activity. Zinc not bound to
FTS has an inhibitory action on the active form ZnFTS. The inactive form of FTS is increased
during ageing, whereas the active ZnFTS decreases. The “in vitro” addition of zincions [200nM]
to plasma samples from old donors containing FTS restores circulating plasma levels of ZnFTS
to values present in young-adult age (Table IV) [58, 62]. Therefore, the lack of normal ZnFTS
levels because of low zinc ion bioavailability in ageing provokes impairments in peripheral
immune functions (NK cell activity and mitogenic response to phytohaemoagglutinin) [58].

These findings demonstrate, on one hand, that NK cell activity and PHA response are under
the control of ZnFTS, on the other hand, they pinpoint the relevance of zinc ion bioavailability
for peripheral immune functions, which are peculiar for host defense against tumors and infec-
tions [63]. It has been also demonstrated in aged individuals and cancer patients that zinc affects
the synthesis and release of IL-2 [48,64], which is relevant for NK cell activity [63]. Thymulin
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stimulates IL-2 receptor expression [CD25] by NK cells [65]. Zinc has been proposed to affect
the immune system by many other mechanisms. Direct mechanisms through the activation
of DNA- and RNA-polymerases, nucleoside phosphorylase, ecto-5 nucleotidase and protein
kinase-C [PKC] have been documented. Indirect mechanisms involving transcriptional factors
[NF-kB and AP-1] and hormones [melatonin, growth hormone, IGF-I and thyroid hormones]
have also been reported [2]. In all cases, zinc ion bioavailability and immune efficiency are
closely linked. Zinc ion bioavailability is also crucial for the liver-extrathymic-T-cell pathway,
which is prominent in ageing, cancer and infections [6]. Young partially hepatectomized mice
were used to study this problem because they resemble old mice with atrophic thymuses [66]. In
such animals the liver extrathymic T-cell pathway was impaired coupled with abnormally high
levels of zinc-bound MT and low zinc ion bioavailability [5]. Therefore, zinc-MT homeostasis
[see below], is fundamental for immunocompetence [thymic and extrathymic] during ageing.

5. METALLOTHIONEIN, THE IMMUNE SYSTEM AND AGEING

MT induces cytokine secretion from macrophages, such as IL-1, IL-6, IFN-a, TNF-¢, which, in
turn, provoke new synthesis of MT in the liver [67]. At the same time zinc status is also altered
[68]. These findings indicate an interaction amongst zinc, MT and the immune system. More-
over, IL-1 is involved in MTmRNA production in thymic epithelial cells [TECs] from young
man [10] via PKC, which is zinc-dependent [ 10] and participates in the process of metal-induced
MT gene expression [69]. Moreover, MT releases zinc for thymulin reactivation in TECs [10].
The reaction of MT null mice exposed to endotoxins [LPS] further supports the impotance of
MT for immune function. In particular, MT null mice display decreased GM-CSF production as
well as impaired GM-CSF receptor function [70] coupled with enhanced thymus apoptosis [71].
Conversely, young mice exposed to endotoxins [LPS] display increased MTmRNA, enhanced
production of cytokines [IL-1, IL-6] and chemokines [RANTES, MIP classes, TECK and SDF-
1] and a prompt immune response [72]. The interplay between MT and immune system attains
relevance in ageing and in age-related diseases [cancer and infection], which are characterized
by high levels of MT and pro-inflammatory cytokines, impaired immune efficiency and low zinc
ion bioavailability [14]. MT protects against stresses [7] and has a balancing effect during zinc
deficiency and zinc toxicity, serves as a type of zinc reservoir and is capable of sequestering
excess of zinc, respectively [9]. However, the high MT and zinc content in the liver and atrophic
thymus of old mice, suggests that MT plays a different role in immunosenescence: it is turning
from protective to dangerous. [2]. In Table V zinc and MT levels are shown in the liver and in
the thymus of very old mice, which supports the above assumption. An increment of MTmRNA
gene expression and impaired NK cell activity also occur in the liver of old mice. By contrast,
low MTmRNA and enhanced liver NK cell activity are observed in very old mice [11]. These
findings suggest an efficient liver extrathymic T-cell pathway in very old age because of low
zinc-bound MT levels. For the same reason, the thymus may be still functioning despite it is
atrophic. Moreover, the increments of MT in lymphocytes from old people and from subjects
with Down’s syndrome and the decrements of MT in lymphocytes from centenarians [11] sup-
port further the different role of MT in ageing. Indeed, findings of Kelly et at. [9] were obtained
in young-adult age which may mimic transient abnormal conditions. By contrast, zinc deficiency
and impaired immune functions are persistent in ageing [2]. Therefore, MT may constantly recall
zinc in order to exert their protective role. This provokes low zinc bioavailability and to impaired
immune response at the thymic and extrathymic levels [2]. This assumption is supported by the
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Table V Tissue zinc and metallothionein (MT) concentrations in the thymus and liver from young, old and very
old mice.
Young Old Very Old
Zinc in the thymus (ug/gr) 623112 107.4 £ 27.5% 77.4 £8.7
Zinc in the liver (ug/gr) 110.6 £234 1256214 1157+ 155
MT in the thymus (pg/gr w.w.) 3504 8.6 +0.7% 43+0.5
MT in the liver (ug/gr w.w.) 53«10 12.5+4.7% 58+0.7

*p< 0.01 as compared to young mice [paired Student’s t test]

Liver and thymus MT concentrations were determined with silver saturation method.

Content zinc tissue was determined with Atomic Absorption Spectropothometry [AAS].

Since AAS tests zinc-bound and zinc-unbound, the major increments of zinc in the thymus and liver from old mice is
due to high zinc-bound MT. (Data redrawn from Ref.[11] with permission).

following findings: i] the addition of zinc to plasma samples from old donors in vitro restores
the bioactivity of thymulin [58]; ii] in transgenic mice that over-express MT the thymus was
atrophic as if they underwent to constant stress [14]; iii] endogenous zinc is required for T-cell
growth in adults and in old individuals [73] and for TEC restoration number in old thymus [58]
and for the restoration of NK cell activity, via active thymulin, in old mice [62]. It is consistent
with these findings that MT is not a donor of zinc in ageing but rather, it sequesters of zinc. MT
abnormally increases in the thymus and liver of old mice with a possible harmtul role. This phe-
nomenon has been proposed to be responsible for thymic involution in ageing [2]. On the other
hand, increased MT levels induce down-regulation of many other biological functions related to
zinc, such as metabolism, gene expression and signal transduction [7]. MT has a higher binding
affinity for zinc than does thymulin (Table II). The atomic absorption spectrophotometer does
not distinguish between bound and unbound zinc, which explains the high thymus and liver zinc
content in old mice (Table V)] coupled with low zinc bioavailability. This is one of the crucial
causes of immunodefficiency in ageing. Moreover, in the liver of old mice MT binds preferen-
tially zinc when compared to copper [14]. It is clear that MT turns from protective to harmful
by aggravating zinc deficiency and not of copper, in ageing [1, 41]. MT does not only sequester
zinc continuously in ageing but the subsequent release of zinc by MT is also inhibited [14]. This
problem is still not resolved at present in full detail. It is known that a correct balance between
iNOS and cNOS induces zinc release by MT [74]. In ageing, iNOS increases with respect to
cNOS, which induces an imbalance of NO synthases with very limited zinc release by MT [13].
Preliminary in vitro experiments with old lymphocytes showed that the addition of zinc [10-°M]
corrects the imbalance of NO synthases [E. Mocchegiani, unpublished results]. This may occur
because NO synthases is regulated by zinc finger motifs [75]. Therefore, zinc-bound MT may
be considered a biological and genetic marker of immunosenescence in age-related diseases
because it shows abnormally increased levels in cancer and in infections [38].

6. -2 MACROGLOBULIN, THE IMMUNE SYSTEM AND AGEING

In recent decades various biological functions have been described for the plasma protein o-2M.
The earliest function to be discovered was its proteinase-binding capacity with an inhibitory
action on proteinases themselves [23]. One decade later, its ability to modulate T-cell responses
was described, giving a role to 0-2M within the immune system. o-2M is synthesized by mac-
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rophages and monocytes [76]. In particular a-2M-proteinase complexes, but not &-2M by itself,
decrease T-cell responses to mitogens, antigens and alloantigens [77]. It has been proposed
that macrophages down-regulate MHC class-II antigens via o-2M [78], however this was not
confirmed by others [77]. It has been shown subsequently that the target of o-2M-proteinase
complexes was T-cell growth factors [i.e. cytokines]. Indeed, IL-2 was degraded and inactivated
by o-2M-bound proteinases, which was suggested to cause decreased T-cell response [79].
Degradation doesn’t occur with other cytokines, in particular for pro-inflammatory cytokines
[IL-1, IL-6 and TNF-ct], even though these cytokines are bound to 0-2M [79]. o-2M-cytokine
complexes have been suggested to have a clearance functions of cytokines, protection from the
immediate toxic effect of cytokines, the protection of cytokines from extracellular proteolysis
and from the loss of cytokines through the kidney and the targeting of cytokines to o-2M-recep-
tor-bearing cells [79]. o-2M inhibits the formation of MMPs. Indeed, MMPs are temporarily
produced in response to exogenous signals by pro-inflammatory cytokines [80]. The binding
of o-2M with pro-inflammatory cytokines occurs in order to induce latency of cytokines them-
selves minor MMPs production [81]. In addition, the possible over-expression of these cytokines
induced by MMPs may be also avoided by the a-2M-cytokine complex through o-2MR/LRP
[82]. These findings clearly suggest and further confirm the role of protection of o-2M against
exogenous stimuli, other than the formation of o-2M-protease complexes, through the forma-
tion of also o-2M-cytokines complex. Pro-inflammatory cytokines [IL-1, IL-6 and TNF-o]
increase in inflammation [83], and IL-6 regulates o-2M gene expression [84]. Therefore, the
interrelationship between o-2M and immune system is evident giving further support to the
role of protection of o-2M against toxic effects by abnormal production of pro-inflammatory
cytokines during inflammation. This role is out of doubt in transient inflammation, as it may
occur in young-adult age, but it may be questioned in chronic inflammation [ageing, cancer
and infection], with a particular attention to the relationships with the immune functions, for
the following reasons. i] 0-2M requires zinc into its molecules in order to be active and zinc,
as reported above, is important for the efficiency of the entire immune system [1,2]. ii] zinc is
also required for the binding of o-2M with cytokines [85]. iii] &-2M plasma levels are strongly
increased in ageing [12], in old infected patients [see above] and in cancer [48] coupled with
damaged immune functions and low zinc bioavailability (Table VI). Intriguing findings in
human centenarians have shown that the relatively low plasma levels of 0-2M [see above] are
coupled with satisfactory thymic endocrine activity, zinc ion bio-availability, NK cell activity
and diminished IL-6 together with its sub-unit receptor gp130 [11]. As 0-2M is involved in IL-
2 degradation and in conferring latency to pro-inflammatory cytokines. These findings support
the protective role of o-2M against toxic effects by an over-expression of pro-inflammatory
cytokines. This protection is harmful for immune function in ageing and in age-related diseases
[cancer and infections], whish is due to a continuous sequestration of zinc. An abnormal increase
of 0-2M is a diagnostic index for unfavorable prognosis in cancer [29], and zinc supplementa-
tion in ageing, cancer and infectious disease restores thymic and peripheral immune efficiency,
including the altered cytokines production [38]. Therefore, ®-2M may have dual functions for
immune function: it turns from protective in young adult-age to harmful during ageing [59].
Th1 cells produce anti-inflammatory cytokines [IL-2], and Th2 cells produce pro-inflammatory
cytokines [IL-6] [86], and o-2M impairs T-cells response via IL-2 degradation [79], 0-2M may
suppress Th1 cells. This leads to an imbalance of Thl/Th2 cells with increased pro-inflammatory
cytokines production in ageing [87]. Moreover, 0-2M is an acute phase protein and is expressed
in the liver [25], which in turn is a prominent site of extrathymic T-cells in ageing, cancer and
infection [6], Elevated levels of o-2M may be used, like MT, as a marker of immunosenescence
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Table VI Zinc, ¢-2 macroglobulin, active thymulin (ZnFTS), NK cell activity, IL-2 and IL-6 in patients affected
by cervical carcinoma.

Healthy controls Cervical carcinoma
Active thymulin (ZnFTS)(log ,) 3.0+03 1.5+ 0.5%
IL-2 (pg/ml) 3151872 106.4 + 65.3*
IL-6 (pg/ml) 25+06 214 +7,7*
NK cell activity (L.U.x10° cells) 93x22 3.0%2.1%*
-2 Macroglobulin (mg/dl) 178.8 +8.5 280.0 +22.8*
Plasma zinc (ug/dl) 92 .5+68 72.4 £5.3%

*p< 0.01 and **p< 0.05 when compared to healthy controls [paired Student’s t test]

Age of cancer patients and healthy controls 52 + 7 yrs (Data redrawn from Ref. [48] with permission).

and of age-related discases.

7. ZINC SUPPLEMENTATION

The important role of zinc for immunocompetence and the presence of a negative crude zinc bal-
ance in old mice and humans [57,58], stimulated experiments on dietary zinc supplementation
in old mice and in elderly patients in order to improve their immunocompetence. In rodents zinc
supplementation for life prevented the development of age-related cell-mediated immune defi-
ciency [88]. Such treatment induced thymus re-growth and functionality [58,89] and restored
peripheral NK cell activity [58]. Physiological levels of zinc prevented thymocytes apoptosis in
old mice [90], by acting on endonuclease enzymes [91]. In human prostate carcinoma, zinc [at
the physiological dose of 100 pg/dl] inhibited tumor cell growth by arresting the cell cycle in
the G2/M phase and by enhancing apoptosis through increased p21 expression [92] or of c-myc
[93], and MT and o-2M increase in tumor cells [28,48]. Therefore, a larger bio-availability of
zinc ions through zinc supplementation might, on one hand, regenerate the protective role to
MT and 0-2M, on the other hand, it might cause apoptosis in cancer cells. Therefore, zinc is a
crucial element for maintaining immune function during ageing and for the possible prevention
of age-related diseases. Indeed, old zinc-treated mice display an increased rate of survival and
significant decreases in the incidence of cancer and infection [2].

For elderly patients, zinc supplementation yielded contradictory data regarding its beneficial
effect. This may be due to different doses of zinc used and to variation in the length of the treat-
ment [94-96]. Indeed, physiological doses of zinc for a long periods or high doses of zinc for
short periods may induce a zinc accumulation in various organs and tissues with subsequent
toxic effect of zinc on the immune function and on cytokine production [1]. In our experience,
zinc treatment at the dose of 15mg Zn*/day [RDA] for one month in Down’s syndrome subjects,
in elderly and in old infected patients restores thymic functions, peripheral immune efficiency
[54, 97] and DNA-repair [98]. At the clinical level, significant reductions of infectious episodes
and infection relapses occur in Down’s syndrome [94] in the elderly and in old infected patients
[57]. All the supplementation experiments and clinical trials demonstrate the pivotal role of
zinc for the maintenance of immune function in ageing and in the alleviation of age-related
diseases.

However, one may ask the question, whether or not zinc supplementation may further increase



34

zinc-binding proteins with major harmful effects. Recent experiments in old zinc treated mice
have shown no further increments of liver MTmRNA, suggesting that the high levels of MT in
ageing may be completely saturated by pre-existing zinc ions with no further harmful effect
[14]. Old hepatectomized mice show no modifications of the already high MT levels during liver
regeneration when compared to young hepatectomized mice [5]. Moreover, physiological zinc
doesn’t induce any further increments of MTmRNA induced by IL-1 in young thymus [10], and
IL-1 increases in ageing [2]. With regard to a-2M, no similar data are available. However, o-2M
is unaffected in lymphocytes of cancer patients after treatment with zinc in vitro [48]. Thus, the
possible harmful effect of MT and o-2M on the immune function due to the continuous seques-
tration of intracellular zinc might be avoided by physiological zinc supplementation in ageing
animals and humans and thus to avoid age-related diseases.

8. CONCLUSIONS AND PREDICTIONS FOR THE FUTURE

Zinc is an essential trace element for the maintenance of the entire immune system at thymic
and extrathymic levels. T-cells partially compensate for thymic failure during ageing. The role
of normal zinc levels are fundamental for the maintenance of immunocompetence for the entire
life of an organism. Zinc is also required for many other biological functions, that include many
enzymes and proteins, in particular for MT and o-2M, which protect the cells against oxida-
tive damage and thereby prevent cell destruction or cell death. MT exerts its role by binding
preferentially zinc in thiolate groups that form clusters, whereas o-2M binds MMPs and thus
forms a-2M-proteinase complexes. This is internalized by cells through a-2M/LRP receptors
and eliminated in endosomes. These proteins protect against a transient exposition to reactive
oxygen species. In order to exert this task, MT and o-2M takes up intracellular zinc. A stress-
like condition is prevalent in that increases the risk of age-related diseases. During ageing MT
and o-2M abnormally increase and sequester constantly zinc ions. This leads to low zinc ions
bioavailability and immune deficiency [thymic and extrathymic] during ageing. Therefore, MT
and 0-2M is protection in young-adult animals/humans but it becomes harmful during ageing.
This phenomenon is in agreement with the evolutionary theories of ageing, which suggest that a
trade off may occur between the early beneficial effects and late negative outcomes of vital func-
tions due to genetic and molecular mechanisms [99]. The inability of MT in zinc release during
ageing due to an unbalance between iNOS and cNOS strengthens this purpose. Physiological
zince supplementation in ageing corrects the defect, improves immune functions and increases
the rate of survival in old mice. The benefits of supplementing zinc can be also extended to age-
related diseases [cancer and infections] because exogenous zinc does not affect the already high
MT levels because of their complete saturation by pre-existing zinc ions.

As high MT levels are present in old atrophic thymus and high MT and o-2M gene expres-
sions are found in aged liver, future and intriguing directions will be in the study of their role in
age-related thymus involution as well as in extrathymic T-cell pathway being, this latter, promi-
nent in ageing and age-related diseases. It has been recently shown that DNA polymorphisms in
the o-2M genes are associated with Alzheimer dementia [100]. DNA polymorphisms in the MT
gene are actually under study in our lab. As final results, genetic markers of immunosenescence
may thus be given up-stream of the immune efficiency because, at this regard, a bulk of data in
markers of immunosenescence exclusively exists at down-stream, resulting as such misleading.
Studies are in progress in our lab.
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ABSTRACT

In the last century life expectancy in the developed world has almost doubled, due in the main to
a reduction in life-threatening infections as a result of improved hygiene and healthcare. How-
ever, in the ageing population of the 2 1st century infection is still a major cause of morbidity and
mortality as normal human ageing is associated with a loss of immune function. In this chapter
we focus upon the effect of ageing on innate immunity, more specifically on the neutrophil,
which plays a key role in the defense against rapidly dividing bacteria, a major cause of infection
in the elderly. The majority of data in the literature have identified a differential effect of ageing
on neutrophil function, with a marked decline in neutrophil phagocytic function while superox-
ide generation and chemotaxis are unaffected. We also discuss the possible causes of this decline
including age associated loss of receptors for antibody (CD16) and changes in cell signalling
pathways such as protein kinase C. All of these studies of immunosenescence have been carried
out on healthy elderly volunteers, to identify age-related rather than pathology related changes.
It is now crucial to determine if this reduction in neutrophil function actually influences immu-
nity. To this end we discuss the evidence for an effect of ageing on the body’s response to trauma
in the elderly. Mild trauma such as hip-fracture is well known to lead to increased infection rates
in the elderly. We describe preliminary data showing an altered response to trauma in the elderly
which leads to further suppression of neutrophil function. We suggest that this is mediated by an
elevated cortisol to DHEAS ratio in the elderly.

1. THE AGEING PROCESS

Ageing is usually defined as the progressive loss of function accompanied by decreasing fertility
and increasing mortality with advancing age [1]. Such a trait, which impairs survival and fertil-
ity, is clearly bad for the individual. However, ageing by the above definition is not a universal
phenomenon, as some species, for example the American lobster, shows no age associated
increase in mortality or decline in fertility. Such animals are not immortal since they are still
under constant threat of disease, predation and accidents. In the case of humans, the potential
maximum life span has remained unchanged for the past millennium at about 125 years. What
has changed is average life expectancy, which has risen from 49 years in 1900 to 76 years in
1997. This increase has been caused in the main by elimination of infectious diseases in youth,
better hygiene and the discovery of antibiotics and vaccines.
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Although many infectious diseases that were a severe cause of mortality in the last century
have now been eradicated, infection is still a significant cause of increased morbidity and
mortality in the elderly population. As stated in earlier chapters of this issue (see Pawelec and
Solana) the ageing process includes a decline in immune function, immunosenescence, helping
to explain one aspect of increasing frailty in the elderly. Understanding the molecular basis of
this phenomenon should allow the development of therapeutic modalities to reduce mortality
and improve quality of life in the ageing population of the 21% century. This chapter will focus
upon the effect of ageing on a central element of innate immunity, the neutrophil, which plays a
key role in the defense against rapidly dividing bacteria, yeast and fungi. As bacteria are a major
cause of infection in the elderly it is clear that ageing has a significant impact upon neutrophil
function and some of the possible causes will be discussed.

A widely accepted theory of how we age is the disposable soma theory, based on the physi-
ological theory of ageing, which predicts that the mechanisms responsible for ageing are those
types of damage for which maintenance and repair mechanisms are metabolically costly [2].
Several causative molecular mechanisms for such damage have been proposed, these include the
accumulation of aberrant proteins, defective mitochondria, free radical damage and replicative
senescence. Few of these mechanisms are likely to apply to neutrophils, with the exception of
free radical damage. Whatever the mechanism of ageing, age-related changes in the function of
individual tissues will have a differential impact on the organism as a whole, dictating whether
or not the organism ages well. As stated above, one system which undergoes age-related changes
that can have a significant impact upon life expectancy is the immune system. The latter is not
surprising bearing in mind the sentinel role of the immune system in combating life threatening
infections and the detection and killing of tumour cells. Indeed the rate of biological ageing in
humans and many other species can be assessed by the rate of immune functional decline, with
well preserved immune functions being associated with relatively successful ageing [3]. Moreo-
ver, as has been discussed in this issue, specific components of the immune system are affected
by oxidative status and telomere shortening, indicating that the immune system is responsive to
two of the key mechanisms of ageing.

2. AGEING AND INFECTIOUS DISEASE

The increased incidence of infectious diseases in the elderly is well documented and has a sig-
nificant impact upon morbidity and mortality in the over 65 years age group. In a recent study of
108 healthy elderly people, 48 (44%) developed infections during the 12 month study period and
11 of those patients died of their infections [4]. Thus not only are the elderly more susceptible to
infection but they are also less able to resolve infections once they take hold. Increased suscep-
tibility to infection in the elderly has been reported for both viral and bacterial species, suggest-
ing that both innate and adaptive immune responses are compromised in ageing. For example,
age-related changes in incidence have been observed with respect to the influenza virus, with an
estimated 75% of the 10,000-40,000 deaths attributed to influenza annually in the United States
occurring in persons over 65 years of age [5]. This also correlated with a decline in response to
influenza virus vaccine, a 50% decrease in antibody response was observed in the over 65 years
age group [6]. However pneumonia is the leading cause of mortality from infectious disease in
the United States and bacteria, namely Streptococcus pneumoniae prevail as the most common
infecting pathogens leading to this condition.

Numerous studies have examined the relationship between the incidence of pneumonia and
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Figure 1. Neutrophil function declines as neutrophils age.

Neutrophils are short-lived cells that survive in the circulation for approximately 36 hours before dying by apoptosis.
They are polymorphonuclear leucocytes with a distinctive tri-lobed nucleus (a). When freshly isolated they respond to
the bacterial peptide fMLP with the generation of superoxide (b), which is significantly reduced when they are aged in
culture for 20h.

age. In 1981 in the US it was estimated that there was a six-fold increase in the incidence of
pneumonia in the over 65 years age group compared with younger members of society [7]. Also
a study in the US demonstrated a 10-fold increase in morbidity associated with pneumonia in
the elderly (over 65 years) population [8]. It can thus be seen that bacterial infections make a
significant contribution to morbidity and mortality from infectious diseases in the elderly in the
Western World. Furthermore, a given infectious disease may be associated with a more diverse
range of pathogens among older patients than young patients. For example, in younger adults
urinary tract infection is primarily an infection of young women and E.coli and Staphylococ-
cus saprophyticus are the commonest uropathogens. However, with ageing, the incidence of
urinary tract infection increases in both men and women, with uropathogens including not only
E.coli but also other gram-negative bacteria such as Profeus and Enterobacter species [9]. These
observations are suggestive of a general failing of the innate immune response to bacterial patho-
gens, which will include neutrophils, but also other innate mechanisms regulating their function
including monocyte derived cytokines and the complement system. In order to understand the
potential impact of age on neutrophil function it is important to consider the basic biology of
neutrophils, which is significantly different from lymphocytes and elements of the adaptive
immune system already described elsewhere in this issue (see Pawelec and Solana).

3y NEUTROPHILS AND NEUTROPHIL AGEING

Neutrophils are the most abundant leukocyte in peripheral blood and are produced in vast num-
bers in the bone marrow, with 1-2 x 10" cells released per day. They are polymorphonuclear with
a characteristic tri-lobed, horseshoe shaped nucleus (Figure 1) and a cytoplasm densely packed
with granules containing lytic enzymes. They are fully differentiated cells with no replicative
capacity, as they lose a significant portion of their DNA during the final stages of maturation in
the bone marrow. They also have relatively few mitochondria, which are thought to be vestigial
with regard to ATP production and may instead be required only for apoptosis. Neutrophils are
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Figure 2. The key stages of neutrophil activation and the effect of age.

Neutrophils are released from the bone marrow in vast numbers each day and circulate until they are recruited to a site
of infection. Neutrophil numbers are not reduced with age (1). During infection chemoattractants are produced which
induce extravasation of the neutrophil from the circulation and chemotaxis towards the site of infection. There is no
effect of each on adhesion molecules involved in extravasation, or in chemotaxis itself (2). Opsonised microbes are
recognized and engulfed by phagocytosis. This step is reduced in the elderly and may in part be due to decreased expres-
sion of the opsonin receptor CD16 (3). Phagocytosis of microbes triggers bactericidal mechanisms, including supeoxide

generation and this is reduced in the elderly (4).

very short-lived cells and will survive for approximately 36 hours in the circulation before dying
by apoptosis, allowing them to be recognized and engulfed by macrophages [10]. However, if
they are recruited to a site of infection their life-span is extended by pro-inflammatory cytokines
[11], complement and bacterial components such as LPS [12] and this is important for maximiz-
ing their bactericidal function.

In order to kill invading bacteria neutrophils extravasate from the blood in response to chemo-
tactic signals, including cytokines (TNF-o, IL-8), complement (C5a) and bacterial products
(fMLP). Neutrophils recognise bacteria by two distinct mechanisms: firstly via bacterial cell
surface components recognized by receptors such as Toll-like receptors (TLR), for example LPS
is recognized by TLR4; secondly via opsonin receptors that recognize complement C3b/C3bi
or the Fc regions of antibody (IgG) coating the bacterial target. Ingestion of bacteria by phago-
cytosis then triggers internal bactericidal mechanisms, including release of granule bactericidal
enzymes and generation of toxic reactive species, including superoxide and hydrogen peroxide
(Figure 2). Activation of these mechanisms also induces apoptosis of the neutrophil allowing
their removal by macrophages. As neutrophils age in the circulation they become functionally
senescent, therefore an important consequence of infection is increased production and release
of neutrophils from the bone marrow. The latter is stimulated by pro-inflammatory cytokines,
notably GM-CSF, which is produced in the early stages of infection.

Much is now known of the mechanisms underlying functional senescence in ageing neu-
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trophils. The ageing neutrophil shows altered expression of a variety of cell surface molecules,
including those involved in adhesion and extravasation and in triggering the effector functions of
neutrophils [13]. Molecules involved in chemotaxis, such as the receptor for the chemoattract-
ant C5a are reduced in aged neutrophils [14] and this combined with a reduction in adhesion
molecules such as CD31 and ICAM-3 [14], leads to an impaired ability to extravasate from the
circulation and in to the infected tissue in aged neutrophils. Even if aged neutrophils do reach the
site of infection they have a significantly reduced expression of phagocytic receptors including
the receptors for antibody CD16 (FcyRIIl) and CD32 (FcyRII) and the CR1 complement recep-
tor CD35 [14]. These changes significantly reduce the ability of the neutrophil to phagocytose
opsonised pathogens. In addition their ability to activate intracellular bactericidal mechanisms
such as superoxide generation is minimal (Figure 1). It is therefore important that effete neu-
trophils die by apoptosis and are removed efficiently by macrophages, allowing replenishment
from the marrow with young, functionally effective cells. The events which trigger apoptosis
of effete neutrophils remain poorly understood. Neutrophil apoptosis itself is caspase depend-
ent [15] and involves loss of mitochondrial membrane potential. The current literature would
suggest that a loss of anti-apoptotic Bcl-2 family proteins, notably Mcl-1, with maintenance of
pro-apoptotic proteins such as Bax, is the key driver for perturbation of mitochondrial stability
and apoptosis [16]. As neutrophils possess relatively few mitochondria, this is still an area of
hot debate.

4. AGEING AND NEUTROPHIL FUNCTION

From the preceding description of neutrophil biology and function it should be clear that defects
in any of the aspects of neutrophil production and activation would seriously undermine the
immune response to bacteria. We will now review the current understanding of the effect of
age on neutrophil function and will also speculate on some of the potential causes of loss of
neutrophil function with age. The latter will include consideration of the potential role of the
neuroendocrine immune axis.

4.1.  Neutrophil production

Immunosenescence is defined as the state of dysregulated immune function that contributes to
the increased susceptibility of the elderly to infection and possibly to autoimmune disease and
cancer. Despite the fact that neutrophil function does decline with age and will be a significant
factor in immunosenescence and the well documented increase in bacterial infections in the
elderly [9], there is relatively little known of the molecular basis of this loss of function [17].
As stated above, neutrophils are short-lived, fully differentiated leukocytes with no proliferative
capacity that gradually senesce before dying by apoptosis. The rate of release of neutrophils
from the bone marrow is therefore a major influence on circulating cell numbers and overall
functional efficiency. Vulnerability to infection in the elderly could result from an age related
decline either in neutrophil supply and/or function. Several studies have shown that neutrophil
numbers in the blood and neutrophil precursors in the marrow [18] are not lowered in healthy
elderly subjects, although the proliferative response of neutrophil precursor cells to G-CSF was
reduced[ 18]. As responses to GM-CSF and IL-3 were unaltered with age, the reduced response
to G-CSF is unlikely to affect the ability of the elderly to maintain normal neutrophil numbers.
During acute infection we have also shown that the elderly can produce a normal neutrophilia
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[19], providing further evidence that basic granulopoiesis is maintained in the elderly. However,
during periods of chronic infection, neutropenia can arise in the elderly [20], and this could in
part be caused by the reduced responsiveness to G-CSF. Therefore, reduced neutrophil supply
is unlikely to be a major component of innate immunosenescence and is only likely to influence
neutrophil responses during established chronic infection.

4.2.  Neutrophil extravasation and chemotaxis

In vitro studies of chemotaxis have found no consistent evidence of compromised migratory
responses of neutrophils from healthy elderly subjects, with the majority of studies showing
that chemotaxis was either unaltered [7] or only slightly reduced [21]. Measurements of adhe-
sion molecule expression on neutrophils also suggest the lack of any negative effect of ageing
on neutrophil recruitment processes. The level of CD15, which binds to E-selectin on vascular
endothelium and mediates neutrophil rolling, was slightly increased with donor age [22], CD11a
was found to be unaltered [23] and CD11b has been reported as either unaltered or slightly
increased in the elderly [22,23]. Taken together, these data suggest that reduced extravasation
and recruitment of neutrophils are not major factors contributing to increased risk of infection
in the elderly.

4.3.  Neutrophil phagocytosis of pathogens

The data concerning phagocytic ability of neutrophils from the elderly are reasonably consist-
ent. Studies measuring phagocytosis of opsonized bacteria or yeast and opsonized zymosan as
the neutrophil target have all shown a significant reduction in phagocytic ability in the elderly
[19,22,24]. Reduced phagocytic ability appears to comprise both reduced number of cells with
phagocytic capacity and reduced uptake of targets on a per cell basis. The reduced response of
neutrophils to Staphylococcus aureus [24] is of particular clinical importance because of the
increased susceptibility to this pathogen in elderly subjects. The few studies that have not found
decreased phagocytosis have in the main used targets either not opsonized with complement and
antibody [25] or coated only with antibody [26]. Thus adequate recruitment to sites of infection
must be off set by reduced phagocytic capacity and thus play a part in the poor resolution of
infections in the elderly.

The molecular basis of reduced phagocytosis in neutrophils from elderly subjects is not fully
understood. However, Emanuelli er al showed that neutrophil phagocytosis of unopsonized
bacterial targets occurred at the same low level in young and old subjects [25]. Their data sug-
gest that the receptors for innate recognition of bacterial components (CD14 and TLRs) are not
affected by ageing and moreover, confirm that they do not contribute significantly to phagocyto-
sis in the absence of complement and antibody. However, it is possible that some of these recep-
tors are affected by ageing but that there is compensation by other receptors of similar function.
In particular a recent study of TLR expression in macrophages in mice has shown a significant
down regulation of TLRs and TLR function with age [27]. Toll-like receptors (TLR) are pattern
recognition receptors that recognize conserved molecular patterns on microbes, for example
TLR 1, 2 and 6 recognise components of the cell wall of gram-positive bacteria (peptidoglycan)
and yeast and TLR 4 recognise the gram-negative component LPS. Macrophages from old mice
were seen to have reduced expression of all nine TLRs and demonstrated reduced secretion of
IL-6 and TNF-o after TLR ligand stimulation [27]. As neutrophils also use TLR for pathogen
recognition it is possible that their expression is also affected by age, though this remains to be
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established.

The reduced response of neutrophils to opsonized targets [19,24,25] suggests that the relevant
receptors may be present at reduced levels or have compromised signaling function, particularly
as serum IgG and complement levels are within the normal range or slightly increased in the eld-
erly [7,28]. Levels of complement receptors CD11b and CD1 Ic, as stated above, are essentially
unaltered in the elderly and there are no published data concerning expression of CR1/CD35.
However, phagocytosis of yeast by neutrophils is reduced in the elderly [19,25] and as this proc-
ess is mediated entirely via complement receptors, we would predict that complement receptor
function would be affected by age. Thus signaling via complement receptors may be compro-
mised in neutrophils from elderly subjects, though no data exist at the moment to support this
proposal. There is also a paucity of data regarding Fcy receptor expression or related signaling
pathways in the elderly. Our recent work has examined the expression of Fcy receptors on the
neutrophils of healthy young and elderly donors [19]. This study identified a marked decrease
in expression of the constitutive Fcy receptor CD 16 and this loss of cell surface expression cor-
related with reduced phagocytosis of E.coli.

4.4,  Neutrophil intracellular bactericidal processes

Neutrophil microbicidal activity has been examined by several groups and although data have
often been conflicting, a majority support a decline in cytotoxicity towards bacteria and yeast
with age [21,26]. What is not clear from these basic assays is whether the observed reduction
in microbicidal function is additional to the decline in phagocytic capacity, or occurs second-
ary to this effect. Analysis of individual microbicidal processes addresses this question. Sev-
eral authors have reported normal superoxide production by neutrophils of elderly subjects in
response to TMLP [21,22], whilst others have shown reduced responses in mice and humans
[29,30]. In contrast to the data regarding fMLP, studies concerning superoxide generation in
response to particulate stimuli and Fc receptor ligation consistently report a reduced response in
the elderly. In a publication by Wenisch er al, superoxide generation was decreased in response
to S. aureus, but not to Escherichia coli [24], an observation with particular clinical relevance
bearing in mind the reduced ability of the elderly to resolve infection to Gram-positive bacteria.
It is possible that neutrophil superoxide responses to E.coli involve binding of LPS to CD14 [31]
and TLR4 and may be unaffected by age, whilst responses to Gram-positive bacteria such as S.
aureus, which are dependent upon complement and Fc receptor mediated superoxide response,
are significantly reduced in the elderly [26]. Such data again identify Fc mediated responses as
a significant factor in age related neutrophil functional decline.

4.4.  Neutrophil priming

Neutrophil responses to microbes and soluble microbial products (fMLP) at the site of infection
are optimized by the agents that prime the neutrophil in the circulation and during extravasation,
e.g. TNF-a and GM-CSF both increase superoxide generation in response to fMLP. Seres and
colleagues have shown that neutrophils from elderly volunteers were not primed as efficiently
by GM-CSF as those from young subjects [31]. The importance of these data extend beyond the
priming of the neutrophil, as priming by cytokines such as GM-CSF is also able to extend the
short life of the neutrophil at sites of infection by inhibiting apoptosis [11], improving its bac-
tericidal efficiency. The ability of GM-CSF, G-CSF and LPS to delay neutrophil apoptosis was
found to be significantly reduced in the elderly [32,33]. From these data it can be predicted that,
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compared with their younger counterparts, neutrophils from elderly donors will respond less
well to infectious stimuli upon recruitment to the site if infection and will also die more rapidly,
blunting the impact of neutrophilia induced in response to infection.

4.6. Mechanisms underlying reduced neutrophil phagocytosis

The underlying cause of reduced neutrophil CD 16 expression has not been established. It is pos-
sible that CD 16, which is a GPI-linked cell surface protein, is shed in to the circulation or that
neutrophils are released from the bone marrow with reduced CD16. Our preliminary investiga-
tions show that serum CD16 was not raised in the elderly (Butcher, unpublished observations)
and furthermore that during post-infection neutrophilia, in which the blood contains a higher
proportion of neutrophils freshly released from the marrow, there was no change in CD16
expression on peripheral blood neutrophils in the elderly [19]. The latter suggests that reduced
CD16 expression arises mainly in the bone marrow. We have also compared bone marrow and
circulating neutrophils from elderly individuals undergoing surgery after hip fracture and have
observed no difference in expression thus indicating that this decline may occur in the bone
marrow. Caution is still required in interpreting these data as both physical trauma, such as hip
fracture, and infection result in increased levels of GM-CSF in the marrow and circulation and
this could induce shedding of CD16 [34].

There is an alternative explanation for the data regarding reduced neutrophil CD16 expression
in the elderly. As stated above, loss of CD16 expression has been demonstrated to be a marker
of the ageing of neutrophils in the circulation and their approach to senescence and apoptosis
[34]. Tt is therefore possible that reduced neutrophil phagocytosis could result from the accumu-
lation of older, functionally senescent neutrophils in the circulation in the elderly. Furthermore
this could be mediated by raised serum levels of cytokines that can extend the life-span of neu-
trophils, e.g. TNF-a, GM-CSF. Unfortunately, there are currently no good biochemical markers
of neutrophil age and therefore this hypothesis cannot be tested directly. However, Fulop and co-
workers have shown previously that neutrophils from elderly humans entered apoptosis slightly
quicker than those from young subjects [32], though the difference did not reach statistical
significance. Moreover, whilst raised serum GM-CSF is not seen in elderly individuals, higher
levels of circulating TNF-o are consistently reported [35]. Thus inappropriately raised levels of
TNF-« in the serum may be sufficient to extend neutrophil survival in the circulation, without
extending functional life-span.

It is unlikely that reduced CD16 expression accounts for the total decline in phagocytic capac-
ity observed in the neutrophils of the elderly, as both the number of phagocytes and the uptake
of bacteria per cell are affected. CD16 itself does not signal directly and instead functions as an
accessory molecule to the high affinity Fcy receptor CD32, amplifying the signal provided by
ligation of CD32 [36]. We would therefore propose that reduced CD16 could account for the
reduced efficiency of phagocytosis (lower numbers of bacteria engulfed per cell), but would not
explain the low number of phagocytic cells in the elderly. It is therefore important to examine
the signaling pathways associated with phagocytic receptors, for example actin polymerization
and calcium flux in response to whole bacteria in future studies.

Alvarez and co-workers made a detailed study of fMLP induction of superoxide response in
rat neutrophils, which has provided data that may inform upon many aspects of reduced neu-
trophil responses in the elderly. They showed that the defect in activation of NADPH oxidase
occurred proximal to the fMLP receptor, in particular membrane lipid content was altered with
a decreased cholesterol to lipid ratio and a 50% decrease in phosphoinositides [30]. The former
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is significant, as it would affect membrane fluidity and lipid raft formation, which are both
important for cell signaling. Lipid rafts are discrete membrane microdomains rich in cholesterol
and sphingolipid and allow the assembly of signaling complexes within the plane of the cell
membrane. Some cell membrane proteins, including GPI-anchored proteins such as CD16, are
constitutively associated with lipid rafts and rely upon them for their association with other com-
ponents of their signaling pathway. Thus altered membrane lipid composition in neutrophils in
the elderly [30] could also affect signaling through phagocytic receptors. It is potentially signifi-
cant that perturbation of lipid raft function and membrane lipid composition has been reported
for both neutrophils and T cells [30,37] with age and may represent a common effect of the
ageing process on immune cell membranes that impacts upon cell signaling and cell function.
The reduced levels of phosphoinositides reported by Alvarez and co-workers could also impact
upon signaling through protein kinase C, a signaling pathway involved in neutrophil superoxide
generation, phagocytosis and apoptosis.

From the preceding review of the decline in neutrophil function with age it is clear that the
mechanisms involved at the cellular level are various, including membrane lipid composition
changes and alterations in cell surface effector receptor expression. Whilst some of the under-
lying causes of these changes are partially understood and may arise in the bone marrow, it is
also possible that the environment of the ageing body also influences neutrophil function. It is
important to integrate information on cellular alterations identified in vitro with global changes
in the body of the elderly in which the cells function and interact in vivo. In this final section
we will propose that changes in the hormonal environment, specifically that influenced by the
hypothalamo-pituitary-adrenal axis, could contribute to immunosenescence in the neutrophil.
Moreover, that manipulation of adrenocortical hormones could offer a therapeutic strategy in
elderly patients with both trauma and age-associated immune suppression.

5. AGEING AND ADRENAL STEROID PRODUCTION

As this topic is dealt with in detail elsewhere in this volume (see Bornstein), only a brief outline
will be made here. Ageing is associated with a gradual but dramatic change in the serum ratio
of adrenocortical steroids, namely the glucocorticoids cortisone and cortisol and the anti-glu-
cocorticoid dehydroepiandrosterone (DHEA). The latter is present in serum together with its
intraconversion product DHEA sulphate (DHEAS). In contrast to cortisol secretion in the eld-
erly, which remains unchanged, DHEA secretion is reduced with age[38]. The serum levels of
DHEA/DHEAS are very low in the first years of life and then progressively rise until reaching
maximum levels in the third decade. After the age of thirty the levels of DHEA/DHEAS then
decline at a rate of 1-2% per year, thus by the 8th and 9th decades only 20-30% of the maximal
level remains. Therefore in later life there is a relative glucocorticoid excess in the serum, which
could have profound effects on immune function bearing in mind the well documented immuno-
suppressive effects of glucocorticoids.

Cortisone is an adrenal glucocorticoid and is one of the stress hormones produced at elevated
levels during physical and emotional trauma. Glucocorticoids are potent immunosuppressive
agents and it has been suggested that the cortisone levels reached in response to traumatic injury
are significantly immunosuppressive [39]. Most of the data regarding the effects of glucocorti-
coids on the immune system have examined the effects on the adaptive immune response. For
example, dexamethasone has been shown to inhibit T-cell proliferation in response to antigen
and thus block the clonal expansion necessary to amplify the primary response. This may relate
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to its ability to suppress IL-2 production and enhance IL-4 production in antigen specific cloned
T cell lines [40]. Glucocorticoids are also potent inducers of T cell apoptosis, which would again
blunt the adaptive immune response. Only very limited data are available on the effects of glu-
cocorticoids on neutrophil function. Working with bovine neutrophils superoxide production has
been examined utilizing a luminol dependent chemiluminescent assay. Cortisone, cortisol and
dexamethasone all gave a significant reduction in superoxide production in response to PMA,
although the levels of glucocorticoids were far in excess of physiological levels [41]. However,
these findings have been reproduced in human neutrophils in-vitro with a decrease in superoxide
production in response to fMLP after culture with cortisol at physiological levels [42]. Neu-
trophils therefore appear to be a target of glucocorticoid actions, though it is unclear whether
they affect immune function in healthy elderly individuals. There are no reports of an effect of
glucocorticoids on phagocytosis and this is the most consistent element of neutrophil function
reported to decline with age.

Dehydroepiandrosterone (DHEA) is another steroid hormone produced by the adrenal gland.
Various effects of DHEA have been observed including positive effects on the CNS, which have
been most well characterized. A large-scale epidemiological study, found a correlation between
people taking DHEA supplements and a feeling of well being. Other effects of DHEA recorded
include reduction of body weight, inhibition of mammalian glucose-6 phosphate, anti tumour
effects, and an anti diabetic effect through a reduced blood glucose mechanism [43]. With regard
to immune function, DHEA is considered to have anti-glucocorticoid effects and would there-
fore be expected to be generally immune enhancing. Studies supporting the immune enhancing
effects of DHEA have mainly involved mice and the beneficial effects in man are less clear. For
example mice treated with a number of pathogens including herpes viruses, Coxsackie virus
B4, Enterococcus faecalius and Pseudomonas paravum, have been protected against infection
after treatment with DHEA [44]. These data suggest that DHEA supplementation may be ben-
eficial, especially in those groups of elderly who are at increased risk of infection, for example
following physical trauma such as hip fracture [45]. Indirect evidence for DHEA as an immune
enhancing steroid in humans comes from studies of patients with hypopituitarism. The major-
ity of these patients have had their pituitary removed due to malignancy and are supplemented
for the major adrenocortical hormones, with the exception of DHEA. These patients provide a
model for the effect of low serum DHEA, in the presence of normal levels of glucocorticoid, on
immune function in the absence of other age-related effects. A recent retrospective study of 1014
patients in the UK with hypopituitarism, found that there was an excess mortality with respira-
tory disease being a major cause of excess mortality [46]. Whilst the cause of increased respira-
tory infections was not known the data could be explained by compromised immune function in
these patients. These data do at least suggest that the presence of reduced serum DHEA could
affect in immune function, distinct from other factors that are secondary to the broader decline
in adaptive and innate responses in the elderly.

5.1.  DHEA supplementation and immune function

DHEA supplementation studies in humans are sparse and limited in their design and need to
be expanded to confirm the positive results found in mice. They have also tended to focus upon
adaptive immune responses and there are consequently no published data concerning DHEA
supplementation and neutrophil function or susceptibility to infection in humans. Our prelimi-
nary in vitro data have shown that DHEA is able to improve superoxide generation in response
to fMLP and is also able to delay neutrophil apoptosis (Figure 3). These data do not allow us
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Figure 3. Effect of DHEA on neutrophil function.
Neutrophils were isolated and incubated with 100 nM DHEA for 1h prior to stimulation with fMLP and measurement of
superoxide generation (a). Neutrophils were also incubated overnight with DHEA and apoptosis determined by analysis

to rule out an action of immediate DHEA metabolites such as androstenediol, which have been
shown by others to have immune enhancing functions in mice [47]. Interestingly we have also
found recently that the effects of DHEA on neutrophil apoptosis were dependent upon activa-
tion of protein kinase C [Wang unpublished observations] and the ability of DHEA to improve
macrophage function has also been linked to modulation of PKC [48]. However, DHEA could
not improve phagocytosis in neutrophils (data not shown) and so may not be able to restore neu-
trophil function in healthy elderly subjects.

5.2, Trauma responses in the elderly

As immune function and resistance to infection are decreased in the elderly under specific situ-
ations, such as trauma [49], DHEA supplementation may actually be most beneficial at times of
stress in the elderly, when the glucocorticoid to DHEA ratio is further exaggerated. As already
discussed, trauma is associated with increased serum levels of immune-suppressive glucocorti-
coids, such as cortisol and cortisone. In the elderly this cannot be balanced by increased secre-
tion of DHEA and one could predict that this would increase susceptibility to infection. The
incidence, outcome and risk factors associated with infection in trauma patients have been exam-
ined extensively. It is well documented that after trauma patients become prone to infection. One
study has demonstrated that hospitalized trauma patients are at a high risk for infectious morbid-
ity, with 37% of patients developing at least one infection [50]. In one extensive study of 10,308
patients hospitalized with multiple trauma, the most common sites of infection were the lower
respiratory tract (32%), urinary tract (17%}) and surgical wound (12%) [51]. This study demon-
strated the pattern of infecting organisms most frequently isolated were S. aureus (25%), E.coli
(13%), P. aeruginosa (10%), and Enterobacter species (10%). S. aureus has consistently been
found to be the most frequently encountered pathogen in the trauma patient population [50].
These studies have focused upon severe trauma, but it is also clear that mild, acute trauma also
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significantly increases morbidity and mortality in the elderly. Hip fractures are an acute trauma
occurring with highest incidence in the elderly, with the rate of hip fracture doubling every 5
year increment. Infection has been established as a major cause of extended hospital stays [45],
readmission to hospital and of excess mortality [52] in elderly hip fracture patients. Of particular
interest is the finding that bacterial and fungal infections predominate in hip fracture patients
[52], again suggesting that neutrophil function is suppressed in these patients.

Our research has examined the incidence of infection after fractured neck of femur [49]. The
findings demonstrate that the combination of old age and trauma make individuals particularly
prone to bacterial and fungal infection with almost 50% of patients presenting with bacterial
or fungal infection within 6 weeks of trauma. These individuals showed a very low superoxide
production in response to the bacterial peptide fMLP after trauma, combined with an age related
low phagocytic capacity. Serum levels of cortisol were increased in these patients, increasing the
cortisol:DHEA ratio more than 10 fold. As our in vitro studies showed that DHEA can increase
superoxide generation (Figure 3), this may be a suitable prophylactic intervention therapy in
elderly hip-fracture patients. Interestingly, DHEA supplementation has been shown to normalize
the elevated levels of serum cortisone seen following injury and its anti-glucocorticoid actions
may therefore include suppression of cortisone secretion [39]. These data add further support for
a post-trauma utility for DHEA supplementation.

6. CONCLUDING REMARKS

There is now little doubt that human ageing is accompanied by a gradual dysregulation of
immune function which is likely to contribute to the increased incidence of infectious disease,
chronic inflammatory disease and possibly also cancer, in the elderly. Ageing affects both the
adaptive and innate immune systems. In the innate system there is a significant reduction in
the bactericidal responses of neutrophils to both yeast and bacteria. Superimposed upon these
changes is a gradual increase with age in the glucocorticoid (cortisol) to anti-glucocorticoid
(DHEA) level, producing an immune suppressive environment. This detrimental steroid milieu
is further increased at times of stress, increasing the risk of infection in the elderly. Correcting
this imbalance with DHEA supplementation may provide a cheap, safe and beneficial therapy to
reduce trauma associated infections and mortality in the elderly.
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ABSTRACT

With ageing we assist to an alteration of the immune response. Recently it became evident that
apoptosis can modulate the functions of cells participating in the immune response. Thus it can
be supposed that an alteration in apoptosis of T cells and polymorphonuclear neutrophils might
explain some of the alterations found with ageing. It was shown that the activation induced cell
death of T cells is altered with ageing, however the exact effect is not definitively determined
for each T cell subpopulation, mainly for the CD8+CD28—- T cells. It was also shown that PMN
could not be rescued from apoptosis by pro-inflammatory agents such as GM-CSF. Moreover, an
alteration in the signal transduction of pro-apoptotic and anti-apoptotic pathways was found in T
cells and PMN of elderly subjects. The executioner phase of the apoptotic pathway involving the
Bcl-2 family members and the caspases was also found to contribute to the altered apoptosis of
immune cells with ageing. The contribution of each of these components to the alteration with
ageing in T cells and PMN will be reviewed.

1. INTRODUCTION

Ageing is a very complex phenomenon which is genetically and environmentally determined,
but the exact part of each is largely unknown [1]. Cells die either by apoptosis or necrosis [2].
Both necrosis (where the cell membrane is ruptured and the released cell content causes a mas-
sive inflammatory response) and apoptosis (where the cell content remains well contained in
apoptotic bodies and inflammation does not occur) are well characterized at the cellular and
molecular levels. Apoptosis is an active, gene directed cell suicide in response to various
external as well as internal stimuli [3]. Apoptosis is a normal, physiological process which
plays a crucial role during embriogenesis, tissue homeostasis and remodelling, or in shaping
and maintaining the repertoire of immune cells [4]. Insufficient apoptosis can contribute to the
pathogenesis of cancer, autoimmune disorders and viral infections. On the contrary, excessive
apoptosis results in inadequate cell loss and consequent degenerative diseases such as Alzheimer
disease or immune senescence [5,6]. Thus, apoptosis could play an important role, depending
on the stage of development either in maintaining functions (activation induced cell death) or
decreasing functions (immunosenescence). These phenomena are compatible with the decreased
life expectancy observed in p33*™ mice [7] in accordance with the antagonistic pleiotropy [8].
Moreover cellular senescence, tumor growth and longevity are strictly interconnected and
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deeply related to apoptosis [9,10] .

It is well established that the immune response is declining with ageing. This decline affects
all part of the immune system, however it seems that the decline in cellular immune response
mediated by T lymphocytes is the basic one [11]. The immunological alterations with ageing
include T cell proliferative response to mitogens and antigens (clonal expansion), altered
cytokine expression and T cell subpopulations with an increase in the memory phenotype [12].
This accumulation of memory phenotype suggests that most of the peripheral T cells are already
proliferated and manifest a decreased telomere length [13]. Moreover, the co-receptor CD28 is
playing an important role in T cell full activation and its loss is leading to anergy and increased
susceptibility to apoptotic stimuli, resulting in clonal deletion. An age-dependent increase in
CD8+CD28-T cells, having a high cytotoxic capacity, both in percentage and absolute number,
has been found in elderly people as well as in the oldest old [14]. These cells also show a short-
ening of telomere length. The exact cause of these alterations is just starting to be elucidated.
Several causes may be evoked such as the decline of thymus functions, the alteration of signal-
ling through various receptors, the shift in T cell subpopulations which could be directly related
to an alteration in T cell apoptosis.

Experimental data suggest that there also exists decreased receptor mediated functions in the
innate immune system including monocytes and polymorphonuclear granulocytes (PMN) [15].
The phagocytic as well as the killing activities are altered. Recently, it was also shown that the
polymorphonuclear granulocytes apoptosis delaying activity of various growth factors such as
GM-CSF is altered with ageing [16,17].

Apoptosis is executed by caspases. There exists initiator and effector caspases. Caspases are
activated via an extrinsic (death receptor signalling) pathway or an intrinsic (death receptor
independent/mitochondrial) pathway [18]. There is overwhelming evidence suggesting that
regulation of apoptosis is altered in ageing. This has led to the plausible explanation of several
age-related changes, such as the decrease in immune functions. Scanty and controversial data
exist concerning immune cells [19]. Nevertheless, profound change in apoptosis of T cells and
PMN exist with ageing and we will review in details what are the possible determinants of these
changes.

2. T CELL APOPTOSIS AND AGEING

Apoptosis in T cells is well characterized, and recent studies indicate that with advancing age,
defects in T cell apoptosis may correlate with increased autoimmune disorders and susceptibility
to infections in older individuals [20]. Apoptosis is a fundamental part of normal T-lymphocyte
maturation and selection. Physiologically any T cells that bind to self antigens or make non-
functional receptors undergo apoptosis [21]. The age-dependent diminished synthesis of growth
and survival factors, transmembrane signalling defects, default in the expression of particular
genes implicated in the control of cell proliferation and the inability to cope with oxidative
stress are susceptible to initiate the apoptotic process in ageing organisms [21]. In several studies
ageing was found to increase CD8+ T cell apoptosis by overstimulation through the TCR [22].
Furthermore, with ageing the percentage of apoptotic cells collected at basal status is increased
as the susceptibility to mitogenic stimulation (PHA, ant-CD3mAb) and to AICD [23,24]. Fur-
thermore, interleukin-2 (IL-2) is also less efficient with ageing to rescue T cells from apoptosis.
Lymphocyte apoptosis is mediated either by surface receptors such as Fas, TNF or by the mito-
chondrial pathways.
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2.1.  Death receptor pathway
2.1.1. TNF-q, apoptosis and ageing

Tumor necrosis factor-a (TNF-o) is a pleiotropic pro-inflammatory cytokine which secretion
is increased with ageing [25]. Gupta et al [26-28] showed that TNF-o induced more apoptosis
in CD4+ and CD8+ cells with ageing in comparison to young subjects. This was also true for
CD45 RA+ (naive) and CD45RO+ cells (memory) [29]. This similar susceptibility to apoptosis
manifested by naive and memory T cells would suggest that the increased apoptosis observed
with ageing is not the consequence of the age-related accumulation of memory type cells. In
parallel, the expression of TNF-RI is increased, while that of TNF-RII is decreased. There
exists two distinct TNF receptors, namely TNF-RI and TNF-RII [30] by which TNF-a exerts
its biological activity. TNFRs belong to the family of nerve growth factor receptors and are type
I transmembrane receptors. These receptors differ in their structure and signalling pathways as
well as in their biological effects [31,32]. TNF-RI contains DD whereas TNF-RII does not. This
composition determines that TNF-RI signals cell death and survival, whereas TNF-RII mediates
cell survival.

2.1.1.1. Signalling through TNF-RI

Ligation TNF-RI will recruit an adapter molecule TNF-R associated death domain (TRADD) as
the DD domain does not possess any intrinsic enzymatic activity [33,34]. Furthermore, an other
adapter molecule is recruited the Fas-associated death domain (FADD). To this complex the
procaspase 8 is recruited and this completes the formation of a death inducing signal complex
(DISC). During the formation of this complex the procaspase 8 is activated, detached and serves
as an enzyme for the down-stream effector caspases-3, -6 and -7 [35]. The activation of these
effector caspases finally results in the morphological and biochemical features of apoptosis.
Considering the importance of the apoptotic process, the whole signalling process is under tight
control. Several inhibitory molecules might intervene at different steps of the activation. The
apoptosis mediated via FADD is regulated by Flice-inhibitory protein (FLIP) which appears to
inhibit the initiator caspases. On the other hand, it was also shown that FLICE activate survival
signals by inducing the activation of NFkB and Erk [36]. Altogether, the activation of TNF-RI
mainly mediates signals leading to cell apoptosis.

The expression of TNFRI was increased in T cells from elderly subjects compared with young
subjects [26-28]. This leads to increased signalling resulting in increased apoptosis of T cells.
Consequently, the TRADD, FADD and Bax expression was also found increased in T cells
with ageing resulting in increased and early activation of both initiator (caspase-8) and effector
(caspase-3) caspases. This increased apoptosis was similar in memory (CD45R0O+) and naive
(CD45RA+) T cell subsets. The literature is rather contradictory concerning the individual sus-
ceptibility of T cell subsets to apoptosis [20,24,37]. This leads to conflicting results depending
on the method of measurement, on the stimulating agent used and finally on the activation status
of the cells. Altogether these results suggest that the increased apoptosis in T cells with ageing
is not due to the shift in CD45RO+ T cells, but could nevertheless contribute to the decrease of
CD45RA+ T cells.

With ageing it has been shown that a very specific T cell subsets is increasing with a
CD8+CD28- phenotype [38]. CD28 is an important receptor that affects both T cell activation
and susceptibility to apoptosis. McLoad et al. [39] have shown that costimulation via CD28 in
superantigen blast cultures leads to resistance to CD95 ligation which may be due to increased
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levels of intracellular regulator Bcl-XL [40]. These subsets represent suppressor T cells. These
cells are generated the most probably after repeated stimulation with allogeneic or xenogeneic
antigen presenting cells. However, other experimental evidences seem to indicate that these
cells do not derive from naive cells but are directly generated in the bone morrow [41]. Gupta
et al [26-29] observed that these are effector memory T cells and are more susceptible to
TNF-o induced apoptosis than CD8+CD28+ T cells. Others also found that CD28 low cells
are more susceptible to apoptosis than CD28+ T cells [39,42] However, this is equally true for
CD8+CD28- T cells from young and elderly subjects. If this is the case what might explain the
increase of the CD8+CD28— T cell accumulation with ageing? It appears that even this subpopu-
lation can be divided between central and effector memory T cells and that ageing affects them
differentially. In contrast, Effros’s laboratory indicate that in parallel to the increase of CD28-T
cells in elderly individuals these senescent T cells are quite resistant to apoptosis [43]. The exact
nature of these contradictory results are unknown. An other phenomenon might be considered.
It was stated that these CD8+CD28-T cells are in a state of replicative senescence with a certain
functional capacity, but unable to proliferate or die by apoptosis. In fact replicative senescence
itself may lead to a block in apoptotic pathway [43]. This may be attributed to an increased Bcl-
2 expression. Finally, the contribution of the altered receptor signalling might be also evoked.
Actually, there are no sufficient data to explain by the apoptotic phenomenon why these special
subsets of T cells is accumulating with ageing.

2.1.1.2. Signalling through TNF-RII

As this receptor is lacking of cytoplasmic DD it is able to bind TNF-R associated factor-2
(TRAF2) which is able to recruit the cellular inhibitor of apoptosis proteins cIAP-1 and cIAP-2
[31,34,44]. This leads to the activation of the MAPK pathway and finally to the NFkB transloca-
tion to the nucleus. NFkB has been shown to inhibit apoptosis [45]. NFkB is regulating several
immune response gene such as for cytokines, chemokines, cell surface receptors and adhesion
molecules expression. In resting state the NFkB is kept in the cytoplasm in an inactive form by
an inhibitory protein, IkB and when exposed to its inducers such as TNF-o., IkB is phosphor-
ylated. After this phosphorylation IkB is degraded by the 26S proteasome. The free NFkB trans-
locates to the nucleus where its activate the transcription of antiapoptotic genes, such as c-iapl,
c-iap2, xiap, gadd45B, and Bel-XL. This suppression of apoptosis by NFKB is important for
biological functions of TNFa. Finally, the studies concerning the NFkB in T cells are showing a
decreased phosphorylation of IkB and activation of NFkB in TNF induced T lymphocytes from
aged humans [46]. Ponappan et al [47] have suggested that this decreased induction of NFkB
in T cells with ageing could be due to decreased proteasome mediated degradation of 1k-B. All
these data suggest that in T cells from aged subjects there is a decreased TNF-o mediated NFkB
activity correlated with the decreased expression of TNFRII.

It was suggested that the TNF-RII may also play an important role in the regulation of apopto-
sis induced by TNF-RI. However, the exact mechanism of this interaction is still unknown. It is
of note that the effect of these receptors is changing dependent of the cell studied. In T cells this
receptor does not induce apoptosis, but modulate the TNF-RI apoptosis inducing effect through
the modulation of RIP [48]. With ageing the TRAF-2 expression is decreased explaining partly
the increased susceptibility to apoptosis induction of T cells via TNF-o equally for CD4+ and
CD8+ T cells.

In summary, T cells from aged subjects show increased expression of TNFRI and decreased
expression of TNFRII. The increased susceptibility of T cells to apoptosis with ageing under
TNF-a stimulation might be due to the increased signalling through TNFRI while the increase
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of the antiapoptotic NFkB through TNFRII is decreased [49]. This is further supported by the
work of Gupta et al [28] that the overexpression of TNFRII by transfection in T cells from aged
subjects (to achieve levels comparable to young subjects) decreased the TNF-a induced apop-
tosis to a level comparable to the levels that was observed in young subjects. Modulation of the
TNEFRI or II could be a therapeutic target in the modulation of altered immune response with
ageing.

2.1.2. The Fas/FasL receptors and ageing

The other very important apoptotic pathway in the immune system is triggered by CD95 (Fas/
Apol) [50]. Fas controls several immune processes, including selection of T cell repertoire, dele-
tion of self reactive T cells and cytotoxicity against target cells or tissues. CD95 is a member
of the TNF superfamily expressed on various tissues, whereas the expression of its ligand
(CD95L) is more restricted to a few cell types including T cells, macrophages. CD9SL is not
present in resting T cells, but is highly expressed upon T cell activation [51]. Activated T cells
may undergo apoptosis using the CD95/CD95L system. This system mediating the activation
induced cell death (AICD) is known to play an important role in the maintenance of peripheral
lymphocytes homeostasis. Thus, apoptosis occurring through CD95 is vital in the regulation of
T cell numbers following antigenic stimulation.

CD95 ligation activates the adapter protein FADD. FADD then directly activates caspase-8
which acts directly on caspase-3 [26,52]. However caspase-8 cleavage of Bid results in trans-
location of Bid to the mitochondria with subsequent cytochrome c release. Thus, Fas induced
apoptosis is either mitochondria independent or mitochondria dependent. Moreover, regulation
of CD95 apoptotic signals occurs through intracellular proteins of the bcl-2 family from which
Bax and Bad are pro-apoptotic and Bcl-2, Bcl-XL are anti-apoptotic.

It was shown that defective Fas-mediated apoptosis is one of the major mechanisms associ-
ated with the accumulation of senescent T cells in very old mice [53]. A decreased AICD of CD8
T cells was found in old mice compared to CD4+ T cells which may explain the expansion of
CD8+ T cells with ageing. Thus CD8+ T cells of mice are more resistant to apoptosis compared
to CD4+ T cells. This decreased apoptosis in CD8+ T cells is primarily associated with defect in
the upregulation of FasL after activation and a decrease in Fas apoptosis signalling [53].

In contrast, it was found that lymphocytes from elderly subjects overexpressed the apoptosis
molecule Fas (CD95), at the protein as well as at the mRNA levels, which induces apoptosis in
the presence of FasL during AICD [37]. Both the density of CD95 expressed on lymphocytes
as well as the number of CD95+ T cells is progressively increased during the course of ageing
and that it reaches the highest levels in donors of the sixth through the seventh decades. Identi-
cal findings were reported under mitogenic stimulations of T cells from elderly subjects. It then
decreases and in the oldest donors values are the same as those observed in adult subjects. The
decrease is mainly due to the loss of CD4+ cells. Not only the expression of CD95 is increased
with ageing, but this is linked to increased CD95-induced apoptosis as well as to constitutive
activity of caspase-3 and 8 with ageing [54-58]. What about the expression of CD95L? There
are contradictory results, because of Gupta [27] showed an increased expression in lymphocytes
with ageing, while Pinti et al. [59] showed a decreased expression being more marked in cen-
tenarians. Thus, T cells of elderly subjects seem to be more susceptible to apoptosis than their
younger counterparts, however the exact role of the Fas/FasL system is still unknown.

The discrepancy between experimental animals and humans concerning the Fas/Fas-L system
may reflect differences between the in vitro and in vivo conditions, the nature of apoptosis stim-
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uli, the stage of the development of cells or the sub-population of the cells under study.

There is no consensus on the modifications of the number of CD3+, CD4+ and CD8+ T
cells in the course of development and of ageing and its relationship with survival. Moreover,
the CD4+ and CD8+ T cells subpopulation demonstrate differential susceptibility to apoptosis
under stimulation even at a high expression of CD95 in all cells. The CD4+ cells are more
susceptible to apoptosis, while CD8+ cells are more resistant. Other studies have demonstrated
similar susceptibility to apoptosis of these two cell populations. In contrast, it seems to exist a
consensus that with ageing there is an increase in CD45R0+ (memory/preactivated) compared
to CD45R0- (naive) T lymphocytes and both of these populations demonstrate an increase in
the expression of CD95 with ageing with a concomitant proneness to undergo apoptosis. These
alterations could explain the decreased secondary immune response with ageing during vaccina-
tion and the overproduction of auto-antibodies.

2.1.3. Receptors and lipid rafts

When triggering CD95 by various stimuli such as CD95L, there occurs a clustering of this recep-
tor [59]. Receptor clustering resembles a kind of polarizing phenomenon requiring asymmetric
organization of the plasma membrane [60]. This clustering is essential for signalling as it pro-
motes the recruitment of lipid rafts containing essential receptors and signalling proteins. Lipid
rafts are small liquide ordered membrane microdomains composed of cholesterol, sphingolipids
and GPI-anchored proteins [61,62]. In case of TNFR and Fas this clustering (trimeric receptor)
leads to the formation of a death inducing signalling complex (DISC) [63]. Recent experimental
data suggest that lipid rafts are required for efficient Fas signalling in peripheral lymphocytes by
enhancing Fas clustering and signalling when Fas cross linking may be suboptimal [64]. This is
further suggested by the experimental disruption of lipid rafts by methyl-B-cyclodextrine which
extracts the cholesterol from the exofacial part of the plasma membrane. Recently, it was further
shown that Fas and the components of the DISC were recruited to lipid rafts following Fas liga-
tion and that rafts structures were required for the efficient propagation of apoptosis signals by
Fas in human peripheral T cells [65]. It was also found that Fas is constitutively present in lipid
rafts with low level of caspase 8. With ageing there is alteration in the composition as well as in
the coalescence of lipid rafts in peripheral T cells [66]. Many signalling molecules are present in
less amount and their recruitment is also decreased. This leads to a signalling defect for several
receptors, but mainly for TcR/CD3 complex [67]. The cholesterol content is also increasing
with ageing in lipid rafts. There is no actual data on the role of altered lipid rafts composition
in peripheral T cells concerning the constitutive presence of Fas or caspase 8 molecules as well
as on the recruitment of the DISC complex with ageing. However, an increase in Fas receptor
expression and caspase 8 activation was found in ageing with an increased susceptibility to
apoptosis. Thus, we can hypothesize that the lipid rafts alteration observed in the membrane of
T cells may play a crucial role in the altered apoptosis proneness observed with ageing.

Furthermore, the capacity of a cell to polarize is directly linked to an interaction between the
membrane and the cytoskeleton. There is no doubt that apoptosis has dramatic effects on the
cytoskeleton. Through cleavage of intermediate filament proteins, apoptosis alters the integrity
of the cytoskeleton and thereby affects overall cellular structure. On the other hand disruption
of the cytoskeleton by itself can induce or accelerate apoptosis [59]. Disruption of the cytoskel-
eton causes apoptosis via activation of CD95. The cells are able to signal from inside to induce
apoptosis. There is a lack of evaluation of the role of cytoskeleton in the T cell apoptosis changes
with ageing.
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Altogether as for TNFR, the Fas system mediated apoptosis is also increased with ageing. The
data seem to suggest that different subpopulations of T cells are differentially affected in their
susceptibility to apoptosis. Age-related changes in the signalling of these death receptors might
greatly contribute as well as modulate these apoptosis alterations. Nevertheless, the differential
apoptosis susceptibility favours the tendency to lymphopenia, the accumulation of memory type
T cells and the decrease in naive T cells setting the stage for the altered immune response with
ageing.

2.2, The mitochondrial pathway

Mitochondria has been implicated in apoptosis in many ways either by accelerating or contrib-
uting to many forms of apoptosis [3]. In some form of apoptosis, mitochondria undergo major
functional and structural changes that regulate and accelerate cell death. The mitochondrial inner
transmembrane potential (Ay ) collapses prior to classical morphological signs of apoptosis.
Following specific mitochondrial proteins are released (e.g. cytochrome c and apoptosis induc-
ing factor) for the activation of caspases [68]. Cytochrome c release from mitochondria is one
of the most intensively studied pathway of apoptosis. Cytochrome ¢ associates with Apaf-1,
caspase 9 and adenosine trisphosphate to form a complex called an apoptosome. This complex
formation would activate caspase 9 which in turn leads to the activation of the executioner cas-
pases, such as caspase 3, 6 and 7. Caspase inhibitors control the activation of this pathway such
as XIAP, C-IAP1 and c-1AP2 [69]. Another key protein released from mitochondria is the apop-
tosis inducing factor (AIF) [70]. Various apoptotic signals such as free radicals, staurosporin,
c-Myc, etoposide and ceramide can lead to mitochondrial release of this proapoptotic protein.
This protein translocates directly to the nucleus to cause chromatin alteration. Thus, this path-
way is mitochondrial dependent but caspase-independent. The Bcl-2 family of proteins is able
to regulate some forms of apoptosis by controlling the release of cytochrome c. Some proteins
of this family such as Bcl-2, Bel-xL are antiapoptotic whereas others such as bax, Bad, Bak are
pro-apoptotic.

2.2.1. Role of free radicals in inducing apoptosis

The overproduction of free radicals can induce cell death [71,72]. Ageing, as stated in the free
radical theory of ageing is characterized by an increased production of free radicals in sev-
eral tissues or a decreased antioxidant defence leading to a chronic oxidative stress [73]. This
increased production of free radicals may result in the induction of apoptosis. One important
source of free radicals is mitochondria [3]. In mitochondria the complex I is the major site for
the production of free radicals. This complex is encoded by mitochondrial DNA which is prone
in ageing to mutations explaining the alterations of this complex I with ageing [74]. In T cells the
mitochondrial pathway of apoptosis seems to correlate the death receptors induced cell death. T
cells of elderly might be more susceptible to free radicals as with ageing the main antioxidant
defence represented by the reduced glutathione (GSH) is decreased, while the oxidized glutath-
ione (GSSG) increased [75]. This correlated with an increased DNA damage found in these T
cells. However, what is the exact role of the altered free radical induced mitochondrial apoptotic
pathway in the altered T cell apoptosis observed with ageing is still a matter of debate.
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3. APOPTOSIS OF POLYMORPHONUCLEAR NEUTROPHILS (PMN) AND AGEING

Beside the alterations in T cell functions with ageing, it became more and more evident that the
functions of the cells of the innate immune response are also influenced by ageing [17,76-79].
It was shown by several groups that the effector functions of PMNs, such as intracellular killing,
free radical production are decreased with ageing [76]. In FMLP stimulated neutrophils, age-
related decreases have been observed for chemotaxis, superoxide production and lytic enzyme
production [80]. There is a controversy whether the phagocytic activity is altered, but this seems
to depend upon the agent to be phagocytosed [17,76]. These results clearly indicate that with
ageing there is an alteration in PMN functions. The question has been raised why these short
living cells are altered in their function.

It was shown that these PMN functions are dependent on receptors and that the receptor sig-
nalling is also altered with ageing [15]. The most studied receptors are the Fcy, C3b, FMLP and
GM-CSF. It was shown that the number of receptors as well as the composition of lipid rafts do
not change with ageing [81]. However, the various signalling pathways such as the calcium, the
MAPK and the JAK/STAT pathways were altered [82,83]. Beside these alterations the survival
of neutrophils under stimulation could also play a very important role in the altered function-
ing. Thus one possible alteration could be the decrease of apoptosis rescue of neutrophils with
ageing.

3.1.  Apoptosis of PMNs

Mature neutrophils undergo spontaneous apoptosis very rapidly when maintained in vitro, this
apoptotic sensitivity regulates both their production and survival [84]. Although neutrophils
appear to be committed to apoptotic death in vitro and in vivo, the life span and functional activ-
ity of mature PMN can be extended in vitro by incubation with pro-inflammatory cytokines,
including LPS, IL-2, GM-CSF [85]. This rescue is essential for efficient effector functions of
PMN. On the other hand for controlling this prolonged survival and to avoid the establishment of
a chronic inflammatory process PMN should die. This means that the apoptotic process should
be tightly regulated externally as internally. Thus, PMN survival represents an important factor
for neutrophil efficacy.

Bcl-2, Bel-X (Bcel-XL and Bcel-XS), Bad and Bax are members of the Bcl-2 family of proteins
and play important roles in regulating cell survival and apoptosis. Bcl-2 and Bax are homolo-
gous proteins that have opposing effects on apoptosis [86]. Bcl-2 serves to prolong cell survival,
but as PMN do not contain Bcl-2, however, other homologous proteins were identified such
as Al and Mcl-1 (novel hematopoietic specific homologues of Bcl-2) [87]. The ratio of Bax
to Mcl-1 is important for death or survival of PMN [87]. GM-CSF was suggested to increase
Mcl-1 expression. These proteins act as ion channels and adapter proteins regulating the release
of mitochondrial proteins into the cytosol in order to activate the caspases that are the terminal
effectors of apoptosis.

The caspase superfamilies have emerged as key players in the regulation of the apoptotic
pathway [18]. Although caspase 3 is the most widely studied caspase it is becoming evident
that there is a molecular ordering of caspases in the apoptotic program [88]. Activation of the
upstream initiator caspase such as caspase 8 leads to the subsequent induction of effector phase
of apoptosis via processing of the executioner caspase such as caspase 3, 6 or 7 [89].

We [16,23] and others [17] have recently demonstrated that the PMN apoptosis is altered
with ageing. PMNs of elderly subjects were unable to delay the survival after proinflammatory
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cytokines stimulation compared with that of young subjects. Thus, this decreased rescue of
PMN of elderly subjects from apoptosis could have important functional consequences.

3.1.1. GM-CSF and PMN apoptosis

GM-CSF is able to delay mature PMN apoptosis [85]. Prolongation of the functional life span
of the PMN by GM-CSF is now thought to represent a further important mechanism whereby
priming may enhance the PMN mediated response to injury or infection. PMNs express a low
number of high affinity GM-CSF receptor. We have shown that the number of GM-CSF recep-
tor (o-subunit) measured by FACscan did not change with ageing. Several intracellular signal-
ling pathways are known to be activated once the GM-CSF receptor is ligand activated. These
include activation of the JAK/STAT pathway, multiple MAPK signalling pathways and phos-
phatidylinositol 3-kinase (PI3K) pathway. Some of these pathways have been implicated in the
PMN apoptosis rescuing effect of GM-CSF [90].

We studied the GM-CSF elicited signal transduction pathways in relation to its apoptosis
delaying activity and tried to elucidate whether they change with ageing. We have demonstrated
that the Jak2-STATS signal transduction pathway is altered with ageing and this alteration con-
tributes to the decreased rescue of PMN from apoptosis by GM-CSF with ageing. We also found
that by modulating the Jak2 phosphorylation by an inhibitory agent AG490 we could blunt
the apoptosis delaying effect of GM-CSF in PMN of young subjects, while this inhibitor had
no effect on PMN rescue from apoptosis by GM-CSF of elderly. These experiments underline
the importance of the JAK/STAT pathway in the rescue and the changes in ageing. The MAPK
ERKI1 /2 have been also shown to be important in the rescue of PMN by GM-CSF. Similarly
to JAK/STAT pathway alterations in PMN of elderly, the MAPK pathway was also found to be
altered. These signal transduction changes in PMNs of elderly under GM-CSF stimulation might
explain the inefficacy of GM-CSF to rescue them from apoptosis [16].

In the later phase of the apoptotic pathway the bcl-2 family members, Mcl-1 and Bax, play
an important role. We found that the expression of Bax was identical in young and elderly PMN
undergoing spontaneous apoptosis. After GM-CSF stimulation for 18 hours Bax expression was
significantly decreased by the GM-CSF and was almost identical to that found in freshly isolated
PMN of young subjects. In contrast, in PMN of elderly subjects, GM-CSF was unable to modu-
late the expression of Bax. The MAPK ERK inhibitor PD98059 and the MAPK p38 inhibitor
SB203580 had no effect on Bax expression in any age group. Mcl-1 was significantly increased
in PMN of young subjects following 18 hours of GM-CSF stimulation compared to spontane-
ous apoptosis. In contrast, in the PMN of elderly subjects, there was a similar decrease after 18
hours of culture either during stimulation or spontaneous apoptosis. The ratio of Bax/Mcl-1 was
0.2 in the PMN of young after 18 hours of treatment with GM-CSF, while it was 0.84 in PMN
of the elderly [91].

Our results suggest that the modulation by GM-CSF of the expression of the bcl-2 family
members, Mcl-1 and Bax, as well as their relative ratio, is very important for the rescue of PMN
from apoptosis. In PMN of young subjects, Mcl-1 predominates after 18 hours of GM-CSF
treatment relative to Bax content. In contrast, in the PMN of the elderly, there is almost no dif-
ference between Mcl-1 and Bax content under GM-CSF stimulation. The relationship between
these alterations in the expression of the bcl-2 family members with ageing and the alteration of
the JAK2/STAT signaling pathway is not yet fully understood. Nevertheless, as JAK?2 is related
to the expression of Bel-2 there might also be a link between JAK2 and Mcl-1.

Furthermore, we have studied the caspase-1 and caspase-3 expression as well as the caspase 3
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activity in PMN of young and elderly subjects. GM-CSF was able to stabilize the pro-caspase-3
expression and decreases the activated form of caspases in PMN of young subjects compared
to that observed during spontaneous apoptosis. This eftect of GM-CSF on caspase-3 was much
less pronounced in PMN of elderly subjects. Identical results were obtained when the caspase-3
activity was measured. Altogether GM-CSF could decrease the caspase-3 activity in PMN of
young subjects while this was not the case in elderly [23].

All these results suggest that the inefficient rescue of PMN of elderly subjects from apoptosis
is due either to altered signal transduction pathways ot to a dysregulation of the effector phase.
Furthermore, all these alterations leading to the decreased rescue of PMN from apoptosis might
contribute to the increased incidence of infection with ageing.

3.2.  Free radical production of PMNs

One of the most accepted theories of ageing is the free radical theory of ageing, suggested for the
first time by Harman in 1956 [92]. Since then a huge amount of experimental evidence has been
put together for supporting this theory. FMLP receptor-stimulation by FMLP induced the pro-
duction of superoxide anion as well as hydrogen peroxide by phagocytic cells (monocytes and
polymorphonuclear neutrophils) [82,93]. This free radical production participates in the destruc-
tion of invading organisms [80,94] and as such in host defence. Superoxide anion may also com-
bine with NO, where the production is also induced by FMLP, to form peroxinitrite (NOO-), a
very reactive free radical. Moreover, these free radicals may also contribute to the peroxidation
of lipoproteins in blood vessel walls. It was demonstrated some time ago that the production
of free radicals by PMN of elderly subjects was decreased under FMLP stimulation, while the
number of FMLP receptors did not change, however being higher in the resting state compared
to young subjects. Moreover, with ageing, superoxide anion production is also significantly
decreased after 24 and 48 hours of PMN culture in the presence of GM-CSFE. The increased free
radical production in resting state by PMN of elderly subjects did not seem to influence their
spontaneous apoptosis. However, could this increased free radical production at basal state con-
tribute to the decreased rescue of PMN by GM-CSF with ageing is not fully elucidated. We have
shown that antioxidants, such as Vitamin E or C or N-acetyl-cysteine or dehydroepiandrosterone
were all able to rescue the PMN of elderly subjects from apoptosis [23].

4. CONCLUSIONS AND FUTURE PERSPECTIVES

The decline of the immune response with ageing is revealed by a decrease in delayed-type
hypersensitivity responses, diminished responses to vaccination, increased susceptibility to
infections and cancers. The cause of these defects in age-related immune responses is unknown.
A number of possibilities have been suggested, namely an alteration of the intracellular bio-
chemical cascade pathways that transduce signals from surface receptors such as the TCR, cell
surface co-stimulatory molecules, Fas or cytokine receptors (e.g. TNFR). It is well-documented
that there is an alteration in several signalling pathways with ageing induced by these receptors.
These alterations either in receptor expressions or in signalling lead to an alteration of apoptosis
of T cells or PMNs with ageing. It seems that in elderly persons the T cells are more susceptible
to apoptosis. However controversial results exist concerning the various T cell subpopulations.
In PMNs there seems to be a consensus considering that PMN can not be rescued from apoptosis
by proinflammatory stimuli. Recent findings conceptualising the interaction between ligands



67

and receptors on T cells or neutrophils under the form of specialized plasma membrane domains
called lipid rafts help to better understand the mechanism of signal transduction. The sparse data
related to ageing in this context indicate an alteration in the composition and the signaling mol-
ecule content of lipid rafts and enforce the importance of cholesterol in the signal transduction
of TCR, Fas, GM-CSF through lipid rafts.

Taken together one or more fundamental processes that are responsible for ageing may alter
the regulation of immune cell apoptosis. However, whether the apoptotic response is increased
or decreased by ageing may depend on both the inducing signal and the T cell subpopulation.
Upon senescence some cell types might become resistant to certain apoptotic signals. This
resistance to apoptosis may explain why some senescent cells can accumulate in tissues with
age. Tissues may differ how much cells loss or disruption can be tolerated before tissue function
declines. Nevertheless, the alteration in the susceptibility to apoptosis of immune cells will have
serious functional consequences explaining at least in part the altered immune response with
ageing. Further research is needed to elucidate the more precise role of apoptosis in ageing and
in diseases associated with ageing. Finally, the separation of T cells into various well-defined
sub-populations is needed to understand whether these changes are age-related only, or related
to the increase of memory cells or other subsets during life, due to encounters of the immune
system with pathogens. The understanding of these basic mechanisms will lead to the design of
efficient interventions in the changing immune response of elderly subjects.
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ABSTRACT

The studies of age-associated immune remodeling have been concentrated for many years on
the adaptive response, particularly considering the relevance of post-pubertal thymus involution
that may determine the level of specific immunity. For the past few years, however, the interest
has been increasing in innate immunity, based on new knowledge of its integration with spe-
cific immune effector mechanisms and its key role in initiating the clonal response of adaptive
immunity.

This paper will examine the numerical and functional alterations of MHC-unrestricted immu-
nity during ageing, particularly focusing on cytotoxic cells, and the role that alterations of these
cells may have in the age-related impairment of adaptive immunity.

1. PREMISES

Experimental and clinical data have demonstrated that ageing is associated with a dysregulation
of the immune system, this is called immunosenescence. The age-related immune alteration has
been associated with the increase of infections, tumors, and autoimmune diseases observed in
the elderly population. For many years, studies on immunity during ageing have concentrated on
the adaptive response and its hallmarks, particularly considering the relevance that post-pubertal
thymus involution may determine at the level of specific immunity. Age-related changes in the
adaptive immune system have been well documented and include reduction in clonal expansion
and function of Ag-specific T and B cells and diminished and/or altered cytokine patterns [14].

The phylogenetically ancient defence mechanism, also known as the innate immune system,
has been considered for long time as a separate entity from the adaptive immune response and
has been regarded to be of less importance in the hierarchy of immune functions. For the past
few years, however, interest in innate immunity has grown enormously, based on new knowl-
edge of its integration with specific immune effectors and its key role in stimulating the subse-
quent, clonal response of adaptive immunity. MHC-unrestricted cytotoxic cells, besides to their
direct killing of target cells, seem to play a pivotal role in providing signals that are required for
directing the adaptive immune response. On this ground, age-related alterations of the cellular
components of innate immunity might be involved in the impairment of the adaptive immunity
observed in the elderly.

In this article we will discuss the numerical and functional alterations of MHC-unrestricted
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immunity during ageing, particularly focusing on cytotoxic cells, and the role that alterations of
these cells may have in the age-related impairment of adaptive immunity.

2. MACROPHAGES

Macrophages are important cellular constituents of innate immunity that influence the priming
environment in addition to their phagocytic and tumoricidal functions. They are able to kill bac-
teria, viruses, parasites and tumor cells either directly or through the release of mediators, such
as IL-1, TNF-a, IFN-v, which, in turn, can activate other immune cells. The antigen presenting
capacity of macrophages is linked to their ability to process antigens and to present digested
peptides to T lymphocytes. The function of monocytes and macrophages in ageing has been less
well studied in comparison with that of other leukocyte populations. Early studies conducted in
the 1970-1980 in ageing mice showed normal or enhanced macrophage function [57]. Normal
antimicrobial levels in activated mouse peritoneal macrophages, but delayed onset of activation,
were found in Toxoplasma gondii-infected old mice [8]. The study of functional and physi-
ological properties of monocytes from young and old subjects revealed that neither chemotaxis,
nor phagocytosis, or the adhesion capabilities of peripheral blood monocytes were significantly
altered in the elderly group [9]. Monocyte phagocytosis was found increased with ageing in two
studies [10,11]. Furthermore, macrophages from old and young adults appeared to produce simi-
lar levels of cytokines [12,13]. Recent studies however, have suggested that macrophage number
and function may indeed be altered with ageing. A significant expansion of CD144m/CD16brieht
circulating monocytes, which are considered to have phenotypic evidence for activation, has
been reported to occur in elderly persons [14]. In the same study, a significant increase of the
constitutive production of cytokines including, interleukin-1 (IL-1)-B, IL-1 receptor antagonist,
and IL-6, by nonstimulated monocytes from elderly was found. Another study reported a higher
production of IL-6 and IL-1 receptor antagonist (IL-1Ra) in the elderly than in young con-
trol subjects, whereas the levels of IL-1f and TNF-o where not correlated with age [15]. The
intracellular levels of TNF-q, IL-6, and IL-1f, when evaluated through flow cytometry, were
increased in monocytes from elderly subjects [16]. However, in a recent study conducted in
young and old subjects screened through the Senieur protocol, no age-related differences were
noted in the absolute amounts of IL-1P and IL-6 serum levels after normalizing for circulating
monocytes [17]. A defect in macrophage function in old humans was indirectly suggested show-
ing that replacement of “old” macrophages with other sources for activation, such as interleukin-
2, or phorbol 12-myristate 13-acetate, enhanced T cell responses [18]. Monocytes from old
donors, when compared with monocytes from young subjects, displayed decreased cytotoxicity
against tumor cells after LPS activation, the impairment being associated with decrease in IL-1
secretion and production of reactive oxygen intermediates such as NO, and H,O, [19]. These
contradictory results may be explained by the differences in experimental conditions and by the
health status of the population studied.

Alterations of macrophage number and function have been described also in aged rats and
mice. Wound healing, a process regulated by macrophages, was shown to take twice as long
in old mice than in young mice [20]. An age-associated impairment in TNF-o production was
found in rat macrophages [21]. Similarly, macrophages from aged mice, in vitro activated with
IEN-y and LPS, exhibited reduced antitumor activity and impaired capacity to produce TNF, IL-
1 and nitric oxide, which are critical monokines and effector molecules able to directly inhibit
tumor growth [22]. In another study, macrophages from old mice were found to be less respon-
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sive to the activation signal of LPS and IFN v for tumoricidal activity and for the production of
effector molecules, such as oncostatin M, TNFE, and nitric oxide [23]. Differently, macrophages
from aged rats were found to produce more TNF-a and prostaglandin I than those from young
animals after activation with LPS [24]. A lower expression of the product of MHC class IT gene
was found on the cell surface of macrophages from aged mice after incubation with IFN-y [25].
Finally, recent findings have been reported on the expression of toll-like receptors (TLR) on
macrophages in ageing mice [26]. Both splenic and activated peritoneal macrophages from aged
mice have been found to express significantly lower levels of TLRs. These cells also secreted
lower levels of IL-6 and TNF-a when stimulated with known ligands for TLR when compared
with those from young mice. Decreased expression and function of various TLRs may increase
the susceptibility of the elderly to infections and tumors.

3. POLYMORPHONUCLEAR LEUKOCYTES

The polymorphonuclear leukocytes (PMN) combat the various microorganisms that could
invade the host and forms the first line of defence against rapidly dividing bacteria and fungi.
However, elderly subjects have been found more susceptible to infection with these microbes
and this fact has been ascribed to a decline in immune status. Bacterial killing by PMN is a com-
plex process. The attachment to the cell surface of a bacterium fully opsonised by antibody and
complement induces an increase in the concentration of intracellular free Ca®, which triggers
a series of metabolic events and initiates the respiratory burst. The oxidative respiratory burst
is characterized by a dramatic increase in oxygen consumption and an hexose monophosphate
shunt activity resulting in the generation of the bactericidal products: superoxide anion, singlet
oxygen, hydrogen peroxide, and hydroxyl radical. Vulnerability to infections in the elderly could
result from an age-related decline either in neutrophil supply and/or functional efficiency.

Several studies showed that neutrophil number in the blood and neutrophil precursors in the
marrow are not lowered in the healthy elderly, although the proliferative response of neutrophil
precursors cells to G-CSF was reduced, whereas response to GM-CSF and IL-3 was not affected
by age [27,28]. Another paper showed that age is not associated with a change in neutrophil
number or activity in the absence of bacterial infection. Infection in both young and elderly pro-
duced a significant increase in neutrophil number and chemiluminescence activity [29]. In vitro
studies of leukocyte chemotaxis have found migratory responses of neutrophils from healthy
elderly subjects to be either unaltered [30,31] or only slightly reduced [32,33]. The data from
the literature have reported differences concerning the effects of age on phagocytosis of PMNs.
Although Corberand et al. [32] did not describe any age-related defect in endocytosis, other
studies reported a dramatic decrease in the phagocytic activity of PMNs from aged individuals
[34,35]. Bongrand et al. [36] showed a selective decrease of Fc-receptor-mediated phagocyto-
sis by granulocytes in ageing people. In agreement with this finding Butcher and co-workers
[37] proposed that reduced neutrophil CD16 expression and phagocytosis contribute to human
immunosenescence.

Several groups have examined neutrophil microbicidal activity and although data are often
conflicting [38,39] a majority of them support a decline in cytotoxicity towards bacteria and
yeast with age [32,4043]. The decreased bactericidal activity and the reduced phagocytic ability
of neutrophils in the elderly could be explained by an increase of intracellular calcium concen-
trations in resting neutrophils and/or a reduced hexose uptake [44]. Unchanged PMN bactericide
activity in ageing was described in other papers [31,45,46].
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4. NATURAL KILLER CELLS

Natural Killer (NK) cells are large granular lymphocytes (LGL) that represent a critical first line
of defence against infectious diseases and tumors. NK cells are non-adherent, they kill by non-
phagocytic mechanisms, and their cytotoxicity is not restricted by the major histocompatibility
complex (MHC) system [47]. It is currently believed that NK cells arise from bone marrow,
undergo further processing in lymph nodes and spleen, and finally are released into the periph-
eral blood. The thymus is not required for their processing, as demonstrated by the evidence that
NK cells develop normally in nude (athymic) mice and in children with congenital thymic apla-
sia. Several abnormalities have been described with advancing age both in animals and humans
at the level of NK cell number and activity.

In mice, a peak value of basal NK activity is observed at about 58 weeks of age while nearly
undetectable levels are present in 25 month-old animals [48-50]. A similar finding is observed
in rats, which have a peak NK cell activity at 5 to 20 weeks of age, with a decline at 36 weeks
of age [51,52]. With regard to the age-related pattern of cytokine-induced NK cell activity, and
in particular of IFN and IL-2 stimulation of NK cells, it has been pointed out that in old mice
the sensitivity of spleen cells to IL-2 is generally maintained, though to a reduced level when
compared to maturity, while the responsiveness to IFN is strongly reduced [50,53]. In agreement
with this finding aged C57B1/6 and Balb/c mice had a significantly reduced IFN-o/B-stimu-
lated NK cytotoxicity compared to adult mice [54]. Such defects do not seem to depend on the
increased presence, in old mice, of cells with suppressor activity or to the requirement of other
factors, which might lack in the in vitro system, since also in vivo administration of IFN is not
effective in old mice [50]. As possible explanation for the decreased ability of NK cells of aged
mice to respond to IFN-o/f, either an altered number of IFN-0/B receptors or an increased
percentage of NK cells undergoing apoptosis have been proposed [54]. Roder [55] suggested
that the impaired NK activity of old mice is not due to a decrease of NK cell activity or of the
number of binding sites, but rather is due to a decrease in the size of the splenic NK cell pool. In
another paper, the decline of NK activity during ageing was attributed to a loss of competence to
lyse targets rather than to a major decline in the actual number of NK cells [56]. The mechanism
for the aged-related decline in NK activity in mice has been further explained by an increase
in adherent cell suppressor function [57]. A declined NK cell response to poly(I:C) and LPS in
aged animals was correlated with the decreased expression of the IFN-y found in these animals
[58]. Independently by the mechanism, the defect of NK activity in aged mice does not represent
an irreversible process, since it may be recovered by hormonal and nutritional treatment [59].
Among hormonal factors relevant for NK function, it has been observed that thymic peptides,
in particular thymulin (Zn FTS), when administered in vitro, are able to restore the crippled NK
cytotoxicity of spleen cells from old mice [60]. Similarly, the in vivo administration of thyroid
hormones, but not of the pineal hormone melatonin, was able to recover the reduced NK activity
in aged mice [61,62]. Among nutritional factors, either zinc or a lipid mixture able to increase
membrane fluidity, called “active lipids”, were found able to recover the impaired NK function
in aged animals [63]. Other studies indicated that diet and the microbial flora can modulate NK
cell activity of mice in ageing [64].Whether or not endocrine and nutritional factors have an
additive effect or act through the same intracellular mechanism remains to be established. The
first possibility seems more likely since the action of TSH and thyroid hormones is specifically
directed towards lymphokine-boosted NK activity, while active lipids are able to prevent age-
associated impairment of basal NK cytotoxicity [65]. Apart from IFN and IL-2, the effect of
cytokines on the development of cytotoxic cells has been scarcely investigated during ageing.
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In a study conducted with IL-12, this cytokine was able to boost both endogenous and IL-2-
induced NK cell activity in young and old mice. The levels of cytotoxicity were lower in old
than in young animals although the relative increase of IL-12 plus IL-2 versus IL-2 alone was
greater for old mice [66]. These data confirm and extend previous findings obtained in the man
and show that IL-12 is able to enhance NK cytotoxicity to the same degree in both young and
elderly subjects, whereas the induction of IL-2-activated cytotoxic cells was decreased in the
elderly compared to young individuals [67].

Less work has been done on the effect of ageing on the generation of lymphokine-activated
killer (LAK) cells by IL-2 in mice. In several papers no age-related difference was found in the
cytolytic response of murine spleen cells after stimulation with IL-2 [65,68-70]. However, the
use of IFN-y with rIL-2 in the culture augmented LAK activity in bone marrow cells of young
mice, but, inhibition was observed with bone marrow cells of old mice [71]. In contrast, Saxena
et al. [53] and Bubenik et al. [70] described a decline in IL-2-induced LAK activity in aged
mice.

The changes that may occur in human NK cell activity with advancing age are not yet well
defined. The data reported in the literature differ according to the selection criteria of the elderly
population studied and of the use of total lymphocyte populations or of purified NK cells.

Various studies have demonstrated the age-related numerical alterations of NK cells. Both
the absolute and the relative numbers of circulating NK cells significantly increased in healthy
elderly people in comparison with young adults. The increased percentage of NK cells in the
elderly has been mainly related to the higher number of the CD56%™ population, which repre-
sents the mature NK cell subset. In contrast, the number of CD56™& cells did not seem to be
significantly altered in old subjects, thus suggesting the existence of a phenotypic shift in the
maturity status of NK cells during ageing [72]. In another study, there was a significant decrease
in the percentage of CD56%™ cells amongst CD56* cells in the elderly with a relative sparing of
the CD56% subset. Moreover, the CD36#"/CD56%™ ratio representing NK cell maturity status,
declined with age [73].

Either no change or decrement, or an increment of NK activity have been reported in PBMC
from unselected elderly subjects in various studies [74]. However, NK cell activity was not
found to be significantly different in elderly and young subjects when selection was done
according to protocols specific for immunogerontological studies, such as the Senieur protocol,
[75]. When centenarians were analyzed as a separate group, they were found to have higher NK
and redirected killer activity than middle-aged donors [76]. A decrease of the cytolytic activity
per cell was found using NK cell populations from elderly subjects purified through sorting or
after cloning of NK cell precursors by limiting dilution [77]. The decreased cytotoxicity per NK
cell seems to be time-dependent and probably related to a slowing down of the lytic phase since
it was observed in short-term but not in long-term assays [78]. The impairment of NK cell activ-
ity was a post-binding event and was probably due to a defect of the activating signal through
the cell membrane or a decreased activity of the lytic machinery. A possible role for perforin
expression in the age-related impairment of NK activity was suggested. Both the proportion
of perforin containing cells and the mean levels of perforin per cell were reduced in a popula-
tion of NK cells from apparently healthy elderly people [79]. As reported for other immune
parameters, the distribution of perforins in cytolytic NK cells, the number of cells producing
perforins, and the ability to utilize perforins in the generation of cytolytic activity against tumor
target cells, were found similar in NK cells from young and elderly subjects selected according
to the Senieur protocol [80]. Other data from the literature have suggested an impairment of the
metabolic pattern of activation as responsible for the modification of NK lytic activity in the
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elderly. In particular, a pronounced age-related decrease in the ability to generate total inositol
monophosphates and, specially, inositol trisphosphates by NK cells following K562 stimulation
has been reported. Phosphatidylinositol bisphoaphate hydrolysis was attenuated and delayed,
while phosphoinositide turnover was preserved following Fc triggering [81].

Limited and contradictory findings are available on the response of NK cells from elderly
humans to the boosting action of IFN or IL-2. Decreased [82] or unchanged [83] NK responses
to IL-2 and to IFN boosting have been found in peripheral blood lymphocytes from old humans
[84]. Stimulation of NK cytotoxicity against the NK-sensitive K562 cell line with IL-2 or IFN-a
from “healthy” elderly donors yielded similar results to cells of young donors [67,78]. In one of
these papers, similarly to IL-2 and IFN, the use of IL-12 was found to enhance NK cytotoxic-
ity to the same degree in cells of both young and elderly subjects over a wide range of doses
and incubation times [67]. A progressive decline in both IFN and IL-2 inducible NK activities
appeared with increasing age in humans selected by means of the Senieur protocol [85]. The
defect was more evident at the level of IEN rather than of IL-2 responsiveness of NK cells. This
is similar to that observed in mice and suggests, that the IFN inducibility of NK cells is more
affected by age than that of IL-2 inducibility. Differently, other data showed that the response of
NK cells to IL-2 was impaired when proliferation, expression of CD69, and Ca>* mobilization
where considered [72]. In agreement with these findings NK cells from elderly people showed a
decreased proliferative response to IL-2 and impaired expression of the CD69 activation antigen
[86].

In addition to their endogenous activity and to the short-term activation mediated by cytokines,
NK cells have been extensively studied as precursors of “lymphokine-activated killer” (LAK)
cells after long-term activation with IL-2. The LAK activity is mediated by broadly reactive
cytotoxic cells that are not major histocompatibility complex restricted and are capable of lysing
fresh and cultured tumors, including both NK-sensitive and NK-resistant targets. In humans
most of the LAK activity is associated primarily with cells of the CD56* and CD16* phenotype,
the precursor of which is similar to NK cells. The effect of ageing on the in vifro induction of
LAK cell activity has not been extensively studied. Two initial studies indicated that LAK activ-
ity induced by short-term activation with IL-2 declines with age [70,87]. In another study, con-
ducted as the previous in healthy subjects non-selected according to specific protocols for immu-
nogerontology but only on the bases of exclusion of major diseases or assumption of potential
immunosuppressive agents, a significant decrease of LAK activity was found after induction
with [L-2, IL-12, or IFN-« in elderly donors in comparison with young subjects [67]. When the
kinetics of development of LAK cells was evaluated in young and old healthy subjects screened
in accordance with the Senieur protocol, no age-related difference was found in terms of pro-
liferative capacity, cytotoxicity against Daudi tumor cells, and expression of p55 or p75 IL-2
receptors [88]. Differently, the proportion of CD56* and CD16* cells reached higher levels in old
than in young donors. This suggests that an increased number of cytotoxic cells are required in
old subjects to obtain the same levels of LAK cell activity what is present in young age [88]. The
continuous culture or the short pulse of peripheral blood mononuclear cells with IL-2 was able
to develop significant levels of LAK cell cytotoxicity also in elderly cancer patients [89].

In addition to their direct cytotoxic effects, NK cells have been shown to represent one of the
first lines of defence during the early stages of immune activation because of their inducible
secretory function. NK cells synthesize many cytokines and chemokines that exert autocrine
and paracrine regulation of natural and adaptive immune functions. IL-2 induced NK cells from
healthy elderly donors secreted only % of [FN-y released by the cells from young subjects [90].
However, this ageing-related early phase secretory deficit could be overcome by chronic stimu-
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lation with IL-2 [73]. NK cells from nonagenarian healthy subjects were found to express the
receptors for the chemokines MIP-1¢, Rantes, and IL-8, to retain the ability to synthesize these
chemotactic cytokines, and to up-regulate their production in response to stimulation by IL-12
or IL-2 cytokines, though the production remained lower in comparison with young subjects
[91,92]. Similarly, NK cells from elderly subjects spontaneously produced detectable amounts
of IL-8 and increased the production of this cytokine after activation with IL-2, but at lower
levels than in young age [91]. Furthermore, early IFN-y and chemokine production in response
to IL-2 or IL-12 were also decreased. The TNF-o production by NK cells was not altered during
ageing [93] whereas the IFN-y production was found significantly augmented in centenarians
[94].

5. Y8 TCELLS

T lymphocytes bearing the yd T cell receptor (TCR) represent a minor population of human
peripheral lymphocytes (1-10%), the majority of them expressing the CD3*CD4-CD§~ phe-
notype [95-98]. The ability of ¥d T cells to respond to nonprocessed and nonpeptidic phos-
phoantigens in a major histocompatibility complex (MHC)-unrestricted manner is an important
feature distinguishing them from y0 T cells [99-103]. In human peripheral blood two main
populations of Y& T cells have been identified based on the TCR composition. The predominant
subset expresses the V82 chain associated with Vy9 and represent 70% of the circulating yo T
cells in adults, while a minor subset (approximately 30%) expresses a VO8I chain linked to a
chain different from V9. At birth the V&1 population predominates, while in adults there is a
shift towards V&2 T lymphocytes, probably due to a selective response to environmental stimuli
such as commonly encountered bacteria [104]. Although little is known about the physiologic
significance of Y0 T cells, their marked reactivity toward mycobacterial and parasitic antigens
as well as tumor cells suggests that Y0 T cells play a role in the anti-infectious and anti-tumoral
immune surveillance [98]. Moreover it has been shown that in healthy donors, Y0 T cell stimu-
lated with nonpeptidic phosphoantigens such as isopentenylpyrophosphate (IPP), produced high
levels of cytokines and mainly of [FN-y and TNF-o [105]. Because of their cytokine production,
Y3 T cells have been proposed to be involved in coordinating the interplay between innate and
adaptive immunity and in particular to guide the establishment of acquired immunity contribut-
ing to the definition of af T cell responses toward T helper cell type 1 (Thl) or Th2 phenotype
[106,107].

The data from the literature on numerical or functional changes of Y0 T cells during ageing
are scarce and fragmentary. It has been reported that the complexity of the gamma delta T cell
repertoire decreases with age as a consequence of the expansion of a few T cell clones [108].
The analysis of ¥0 T cell number and function in ageing has been examined by two groups with
similar results. Colonna-Romano et al. [109] reported that the percentage of blood ¥d T cells
in lymphocytes from old subjects is decreased when compared with the young. Interestingly,
these cells were found more activated in the elderly than in young subjects, as determined by
the increased expression of the early activation marker CD69, on ¥d T lymphocytes from old
subjects. Argentati et al. [110] confirmed and extended these preliminary results not only in
elderly people but also in centenarians. They demonstrated an age-dependent alteration of y5 T
lymphocytes, with a lower frequency of circulating ¥d T cells, an altered pattern of cytokine pro-
duction, and an impaired in vitro expansion of these cells. The decrease of the ¥ T cell number
was due to an age-dependent reduction of V82 T cells whereas the absolute number of Vo1 T
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cells was unaffected by age. As a consequence, the V82/ V1 ratio was inverted in old subjects
and centenarians. A higher percentage of 0 T cells producing TNF-o was found in old donors
and centenarians whereas no age-related difference was observed in the IFN-v production. After
a 10-day in vitro expansion, a two-fold lower expansion index of ¥d T cells, and particularly
of V&2 but not of V81 subset, was found in old people and centenarians in comparison with
young subjects demonstrating the existence of a proliferative defect in ¥4 T lymphocytes from
aged subjects. Differently, the cytotoxicity of sorted y8 T cells was preserved in old people and
centenarians thus suggesting that, as previously observed for ofp T cells, the lytic function of yd
T cells is not impaired during ageing [111].

These results on numerical and functional changes of ¥0 T cells in ageing were successively
confirmed by Colonna-Romano et al. [112] who suggested that the high level of basal activation
of Y0 T cells, evidenced by increased CD69 expression, was due to the “inflamed” environment
of the elderly host.

6. MHC-UNRESTRICTED IMMUNITY: IMPACT ON THE SENESCENCE OF ADAP-
TIVE IMMUNE RESPONSES

In the past few years, interest in MHC-unrestricted immunity has grown enormously because
of its role in the development of adaptive immune responses. In fact, besides to act in the early
phase of immune defence, innate immunity in mammals appears to play a key role in stimulating
and orienting the subsequent, clonal response of adaptive immunity [106,113,114].

The MHC-unrestricted immune cells control the initiation of the adaptive immune response
through the regulation of costimulatory molecules on antigen-presenting cells (APCs) and
instruct the adaptive immune system to develop a particular effector response by releasing
chemokines and cytokines. It is well known that a signal received through the T cell antigen
receptor is not sufficient on its own for the activation of naive lymphocytes since a second so-
called costimulatory signal is required to induce effective immunogenicity. This costimulatory
activity seems to be required to signal the presence of a pathogen to antigen-specific receptors
on T lymphocytes. Among the factors able to regulate the expression of costimulatory activity
on APCs are sets of receptors of the nonclonal innate recognition system called pattern-recog-
nition receptors (PRRs). Among these, Toll-like receptors (TLRs) are receptors that recognize
conserved molecular patterns, which are shared by large groups of microbial components and
are perfectly able to discriminate self from non-self pathogen-associated structures and then to
signal the presence of a pathogen to APCs. TLRs expression has been observed in several types
of immune cells, mainly on dendritic cells, monocytes, and B cells. It seems then clear that
APCs maturation and activation, which is in part mediated through the TLRs family signalling,
represents a critical link between innate and adaptive immunity. Furthermore, APCs maturation
is characterized by the production of proinflammatory cytokines (IL-12 and TNF-), up-regula-
tion of costimulatory molecules (CD40, CD80, and CD86), and altered expression of chemokine
receptors (CCR2, CCRS, and CCR?7), all of these being necessary for the activation and driv-
ing of adaptive responses. Although in some study it has been shown that APCs function is not
affected by ageing [115-121], in several other studies a reduced function and an alteration of the
antigen presentation capacity of APCs has been demonstrated during ageing [122-127]. This
impairment may be related to the decreased expression and function of TLRs which has been
very recently demonstrated on APCs from aged mice [26]. Furthermore, the migratory capacity
of DCs has also been found affected by the ageing process [115]. The microenvironment exist-
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ing in the “old” host may certainly influence the differentiation and performance of either APCs
or other immune cells. It has been observed that IL-10, a key cytokine that can suppress cell
mediated immunity and maturation of DC subsets, is elevated in the healthy elderly. However,
the production of IL-12 required for the initiation of T cell immune responses, declines in frail
elderly along with APC antigen presenting function. These findings suggested that shifts in IL-
10 and IL-12 may not only directly influence immune response but may also alter the balance
and maturation of APC subsets. Although the absolute number and the expression of MHC I and
II, CD80, and CD86 both on immature and mature APCs do not seem to be significantly differ-
ent in young and old mice [128], dendritic cells in germinal centers of aged mice were found to
lack expression of important costimulatory ligands such as CD86 [129], which would encourage
the induction of anergy in the antigen-specific T cells with which they interacted. Furthermore,
in APCs from old mice a lower expression of the mRNA for the migratory CCR7 chemokine
receptor was found and a lower lymphocyte cytotoxicity and a reduced number of CD8* T cells
producing IFN-y were induced in comparison with APCs from young animals [128]. The fact
that CCR7 was greatly increased in mature APCs up to the levels found in young animals and
that in vivo migration of APCs to regional lymph nodes was higher in old than in young mice,
suggested that an increased migratory capacity of old APCs may be required to balance their
reduced antigen presentation to cytotoxic lymphocytes [128]. Besides to APCs, other cellular
components of innate immunity are involved in the modulation of the clonal immune response.
Natural Killer cells and ¥0 T cells, once activated, may produce either effector cytokines, like
IL-12 or IFN-v, or proinflammatory cytokines, like IL-6. These cytokines are essential for the
activation of the adaptive immune response and its direction into a particular effector type. The
age-related alteration of these lymphocyte populations, as described above, stress the relevant
role that they may have in senescence of T cell-mediated specific responses in the elderly and,
in particular, in the dysregulation of the Th1/Th2 system, with a predominant production of
Th2 cytokines, which has been reported in ageing [130-132]. Furthermore, the strict integration
between the innate and the adaptive immune systems emphasizes the pivotal role that age-related
alterations of the components of the innate immune system may have in the reduced develop-
ment and effectiveness of clonal immune responses against infectious and tumor diseases in
ageing [133-135].
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ASTRACT

Longevity seems to be directly correlated with optimal functioning of the immune system,
suggesting that some genetic determinants of longevity might reside in those polymorphisms
for the immune system genes that regulate immune responses. Accordingly, mouse lifespan is
influenced by MHC (major histocompatibility complex) genotype. The HLA (the human MHC)
region encompasses over 4 Mb of DNA on the chromosome band 6p21.3 and its extensive char-
acterisation has recently culminated in the determination of the nucleotide sequence of the entire
region, confirming the presence of ~220 genes. The MHC is traditionally divided into the class I,
class IT and class III regions. Most HLA genes involved in the immune response fall into classes I
and II, which encode highly polymorphic heterodimeric glycoproteins involved in graft rejection
and antigen presentation to T cells. However, many genes of the class III region are also involved
in the immune and inflammatory responses. .MHC polymorphisms have been the focus of a
vast number of ageing association studies. One of the limitations in the most reported studies is
the number of aged individuals available of both genders, and the lack of complete background
histories of health or ethnicity for study participants. However, also taking into account well
planned and designed studies, discordant results have been obtained. The discordant results of
MHC/ageing association studies might be due to distinct linkage in different cohorts or to other
interacting, genetic or environmental factors or to the heterogeneity of ageing. Nevertheless,
bearing all the reported studies in mind, there is no convincing evidence of a strong, direct asso-
ciation between longevity and any MHC alleles.

1. INTRODUCTION: THE MAJOR HISTOCOMPATIBILITY COMPLEX

Longevity seems to be directly correlated with optimal functioning of the immune system, sug-
gesting that some genetic determinants of longevity might reside in those polymorphisms for
the immune system genes that regulate immune responses. Accordingly, mouse lifespan is influ-
enced by MHC (major histocompatibility complex) genotype [1]. The HLA (the human MHC)
region encompasses over 4 Mb of DNA (~0.1% of the genome) on the chromosome band 6p21.3
and its extensive characterisation has recently culminated in the determination of the nucleotide
sequence of the entire region, confirming the presence of ~220 genes. The MHC is traditionally
divided into the class I, class II and class III regions (Figure 1a). Most HLA genes involved in
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the immune response fall into classes I and I1, which encode highly polymorphic heterodimeric
glycoproteins involved in graft rejection and antigen presentation to T cells. The class III region,
which has been redefined as the ~730 kb of DNA extending from NOTCH4 to BAT1, is now
known to contain at least 62 genes. As putative functions are ascribed to the products of these
genes, it is becoming increasingly apparent that many of these are involved in the immune and
inflammatory responses [2,3].

An intriguing feature of the MHC is the occurrence of particular combinations of alleles, at
loci across this 4 Mb region, more frequently than would be expected based on the frequencies
of individual alleles. This non-random association of alleles gives rise to highly conserved hap-
lotypes that appear to be derived from a common remote ancestor, so called ancestral haplotypes
(AH). This term underlines the fact that conserved, population-specific haplotypes are continu-
ous sequences derived with little, if any, change from an ancestor of all those now carrying all or
part of the haplotype. These AH determine a non-random assortment of alleles at neighbouring
loci, referred to as “linkage disequilibrium” [4-6].

The class I genes code for the o polypeptide chain of the class I molecule; the  chain of the
class I molecule is encoded by a gene on chromosome 15, the B,-microglobulin gene. There are
some 20 classI genes in the HLA region; three of these, HLA-A, B, and C, the so-called classic,
or class [a genes, are the main actors in the immunologic theatre. Besides, there are nonclassical
HLA class Ib molecules, which are characterized by a limited polymorphism and a restricted
expression pattern (Figure 1b). The class II genes code for the o and 3 polypeptide chains of
the class II molecules (Figure 1b). Class Ia and class II molecules are highly polymorphic het-
erodimeric glycoproteins, which bind antigenic peptides intracellularly and emerge on the cell
surface where they present processed peptide fragments to the T Iymphocyte receptor. Thus
they can restrict and regulate T cell responses against specific antigens. These are the bases for
the antigen-specific control of the immune response. The response depends on the ability of
histocompatibility molecules to bind some peptides and not others. Thus, survival and longevity
might be associated with a positive or negative selection of alleles that respectively confer resist-
ance or susceptibility to infectious disease(s). Besides, genetic studies have shown that persons
who have certain HLA alleles have a higher risk of specific immune-mediated diseases than
persons without these alleles. The associations vary in strength, and in all the diseases studied,
several other genes in addition to those of the HLA region are likely to be involved [2,6,7].

HFE, the most telomeric HLA class Ib gene (Figure 1b), codes for a class I o chain, which
seemingly no longer participates in immunity, because has lost its ability to bind peptides due to
a definitive closure of the antigen binding cleft that prevents peptide binding and presentation.
The HEE protein, expressed in crypt enterocytes of the duodenum, regulates the iron uptake by
intestinal cells because it has acquired the ability to form complex with the receptor for iron-
binding transferrin. Thus, it indirectly regulates immune responses, because iron availability
plays a role in specific and non-specific immune responses [2,8].

The C282Y mutation (a cysteine to tyrosine mutation at amino acid 282) in this gene has been
identified as the main genetic basis of hereditary haemochromatosis (HH). It destroys its ability
to make up a heterodimer with B2-microglobulin. The defective protein fails to associate to the
transferrin receptor and the complex cannot be transported to the surface of the duodenal crypt
cells. As a consequence, in homozygous people two to three times the normal amount of iron is
absorbed from food by the intestine. Another mutation, H63D (a histidine to aspartate at amino
acid 63) appear to be associated with milder forms of HH. In fact, a small number of patients
with HH were identified as homozygous for H63D or as compound heterozygous H63D/C282Y.
It has been suggested that an estimated 60 to 70 generations ago, the C282Y mutation occurred
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Figure 1a,b. The HLA region encompasses over 4 Mb of DNA (~0.1% of the genome) on the chromosome band 6p21.3
and its extensive characterisation has recently culminated in the determination of the nucleotide sequence of the entire
region, confirming the presence of ~220 genes. The MHC is traditionally divided into the class I, class II and class III
regions. There are some 20 class I genes in the HLA region; three of these, HLA-A, B, and C, the so-called classic, or
class Ia genes, are the main actors in the immunologic theatre. Besides, there are nonclassical HLA class Ib molecules
characterized by a limited polymorphism and a restricted expression pattern. HFE is the most telomeric HLA class Ib
gene. The class II genes code for the and polypeptide chains of the class 1I molecules. The designation of their loci
on chromosome 6 consists of three letters: the first (D) indicates the class, the second (M, O, P, Q, or R) the family, and
the third (A or B) the chain ( or , respectively). The class Il region, which has been redefined as the ~730 kb of DNA
extending from NOTCH4 to BAT1, is now known to contain at least 62 genes.

in the HFE gene of a Celtic individual who is the ancestor of the more than 5% of Caucasoids
now carrying the allele. It has been claimed that the great expansion of Celtic people could be in
part explained by the widespread presence of this HFE gene mutation. This gave to heterozygous
carriers selective advantages on the basis of improved survival during infancy, childhood, and
pregnancy, by leading to increased iron absorption and accumulation of larger body iron stores
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because ancient diet consisted mainly in iron-poor grains and cereals, whereas meat was highly
uncommon [2,9,10]. This evolutionary significance of these mutations suggests a their possible
role in survival and longevity.

The pleiotropic pro-inflammatory cytokine tumour necrosis factor (TNF)-o maps within the
HLA class III (Figure 1b). The TNF cluster genes encode three inflammation related proteins,
TNF-a, TNF-B and lymphotoxin-B. All three are important mediators of the immune response
with multiple biologic activities. Several polymorphic areas are documented within the TNF
gene cluster. Notably, the —308A single nucleotide polymorphism (SNP) located in the promoter
region of the TNF-o gene is reported to have an increased frequency in autoimmune and inflam-
matory diseases and is associated with stronger transcriptional activation than the -308G SNP.
However, other functionally relevant polymorphisms have been described [5,6,11,12]. TNF
genes are thought to determine the strength, effectiveness and duration of local and systemic
inflammatory reactions, as well as repair and recovery from infectious and toxic agents and,
as such, they are candidates to be involved in age-related disease processes and in ageing itself
[1,13].

Three components of the complement system, which are the principal effector mechanism
of humoral immunity and are important in the clearance of immune complexes, opsonization
and cell lysis, are encoded in the class III region (Figure 1b). C2 and C4 participate in the clas-
sical pathway, which may be activated by the binding of C1 to antigen-antibody complexes or
following the interaction of mannan binding protein with carbohydrate ligands. Factor B (Bf)
is a component of the alternative pathway, which is activated by a diverse set of substances
including components of yeast and bacterial cell walls. Most human chromosomes carry two C4
genes, C4A and C4B, which form part of a duplicated segment of DNA spanning ~75 kb. The
C4A and C4B genes encode proteins that differ by only four amino acids, but nevertheless have
profoundly different covalent binding activities. Both isotypes of C4 are highly polymorphic
[3,14,15]. Any polymorphism resulting in the qualitative or quantitative changes in complement
function might cause a differential sensitivity to infections, so affecting survival and longevity.

The HSP70-1 and -2 genes (HSPA1A and HSPA1B) that encode the major heat-inducible
70 kDa heat shock protein (HSP70) and the HSP70-HOM gene, (HSPAIL), that encodes a
non-heat-inducible protein that is 90% identical to HSP70s, also map within the HLA class III
(Figure 1b). HSPs are a group of conserved proteins that are induced in a variety of cellular
stresses, including infections. All HSP70s can bind unfolded proteins and peptides and act as
chaperones in the synthesis, folding, assembly, translocation and degradation of proteins during
normal cellular processes and following stress. Members of the 70 kDa HSP family are consist-
ently associated with defences against conditions involving oxidative stress such as ischemia,
inflammation and the ageing process. HSP70s have been implicated in many diseases. For
example, increased expression of HSP70s has been observed in autoimmune diseases such as
scleroderma and lupus, although this may be a consequence of disease, rather than a contribu-
tory factor. The induction of HSPs, particularly HSP 70, declines in response to heat shock with
ageing, therefore rendering the organism more vulnerable to stress damage [3,16,17]. Thus,
any polymorphism that results in the alteration of qualitative or quantitative HSP 70 expression
could cause a differential sensitivity to stresses and affect survival and longevity.
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2. HLA TA & II CLASS ALLELES IN AGEING

The studies performed on the association between longevity and HLA are generally difficult
to interpret, owing to major methodological problems. However, as reported by Caruso et al.
[7,18], some of them, well designed and performed, suggest an HLA effect on longevity. In
studies performed in Caucasoids, an increase in HLA-DRI11 (that is a HLA-DRS split) in Dutch
women over 85 years was observed [19]. The same laboratory performed a further study and
by using a ‘birth-place-restricted comparison’ in which the origin of all the subjects was ascer-
tained, the authors were able to confirm that ageing in women was positively associated with
HLA-DRS [20]. Two French studies confirmed the relevance of HLA-DR11 to longevity in aged
populations [21,2]). This increase is consistent with the protective effects of this allele in viral
diseases, as HLA-DRS5, or its subtype HLA-DR11, frequencies have been shown to be decreased
in some viral diseases [7,18]. Finally, an association between longevity and the AH 8.1 (or
part of this haplotype, i.e. HLA-B8,DR3) apparently emerges. In fact, an excess of this AH in
the oldest old men has been reported in French and in North-Ireland populations [23,24]. This
association appears to be gender-specific. In fact, a Greek study showed a significant decrease
of 8.1 AH in aged women [25]. So, immune dysfunctions of the 8.1 AH should contribute to
early morbidity and mortality in elderly women, more susceptible to autoimmune diseases than
men, and to longevity in elderly men [6,7,18]. These associations are gender-related, but it is not
unexpected on the basis of available data on the genetics of longevity, showing that the associa-
tion of longevity with particular alleles may be found only in one gender [26]. So these studies
seem to suggest that HLA-DR 11 in women and HLA-BS8, DR3 in men may be considered mark-
ers of successful ageing. However, in a longitudinal study, in which a total of 919 subjects aged
85 years and older, were HLA-typed and followed up for at least 5 years, no HLA-association
with mortality was found [27]. Positive studies need confirmation in different Caucasoid popu-
lations with different ethnic background and/or replication in a new cohort of oldest old from
the same population. However, in Sardinian centenarians we did not observe the associations
demonstrated in the other well planned and designed studies above discussed [28]. Moreover, a
study set out to specifically confirm the previously reported increase in the frequency of the 8.1
AH in aged men of the northern Irish population [24], did not reveal any statistically significant
haplotype frequency differences between the aged cohort of individuals in comparison to the
younger controls. However, a striking decrease was observed when the aged women (13.1%)
were compared to the control women (17.8%) [29].

On the whole these findings clearly show that HLA/longevity associations are population-
specific, being heavily affected by the population-specific genetic and environmental history
(selection by different kinds of infectious diseases). So, HLA class Ia and II genes should be
considered survival genes not longevity genes.

3. HLA IB ALLELES IN AGEING

Concerning the class Ib gene HFE, we have recently reported that C282Y mutation may confer
a selective advantage in term of longevity to Sicilian women. Interestingly in these subjects an
increase of H63D polymorphism was also observed but the difference was not significant [30].
We have not been able to confirm in Sardinian centenarians the increase of C282Y mutation
observed in Sicilian oldest old women. This result is not surprising because the HLA AH 7.1,
which usually carries this mutation, is virtually absent in the Sardinian population [9]. However,
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we observed an increase of the other mutation H63D. This trend was not significant, but the
cumulative frequency of H63D mutations in centenarian and very old women from Sardinia and
Sicily was 22% vs. 11%, i.e. 30/136 vs. 23/210 (P = 0.008) [31].

It is seemingly puzzling that HFE mutations have been suggested to be involved in unsuc-
cessful ageing too. In fact, these mutations have been suggested to be involved in Alzheimer’s
disease and coronary heart disease, although the data are seemingly contradictory [32,33].
However, it is not surprising that HFE mutations are associated both with longevity and diseases
affecting life span. In fact, the available data from genetics of longevity show that longevity
may be associated with alleles with increased risk to a variety of diseases in the younger phases
of life (antagonistic pleiotropy) [18]. This theory is also a possible explanation for the appar-
ent discrepancy with a recent study performed in Denmark. In a C282Y mutation high-carrier
frequency population, as in Denmark, this mutation shows an age-related reduction in the fre-
quency of heterozygotes for C282Y, which suggests that carrier status is associated with shorter
life expectancy. The observed reduction in C282Y mutation carrier frequency persists until age
95 years; however, the frequency in the centenarian group was the same as that in the youngest
group for both men and women [34]. So, in that study heterozygosity for C282Y has a higher
mortality rate in the younger groups but becomes beneficial in the oldest old. On the other hand,
in two other European studies, the observed frequency of C282Y homozygosity in oldest old
male English and in oldest old male and female Dutch was not significant lower than that pre-
dicted [35,36]. All together these reports seem to strongly suggest that HFE effects on ageing
depend on interaction between genetic and environmental factors that in different age, gender
and population may result in a successful or unsuccessful ageing.

4. HLA IIT CLASS ALLELES IN AGEING

The TNF-308A/G polymorphism has been assessed in 3 studies in European nonagenarian and
centenarian subjects to assess association with ageing. In a study in 252 Finnish nonagenarians,
Wang et al. [37] noted no difference in the frequency of the TNF-308A/G SNP in comparison
to 400 blood donors of mixed age groups. In a study by Lio et al. [38], the TNF-a -308 A/G
SNP was unchanged in frequency between 72 male and 102 female centenarians and 227 con-
trols, though the AA homozygotes represented only 1%, which is somewhat lower than in other
Caucasian groups. A recent study by Ross et al [29], comparing the same TNF-o. -308A/G SNP
frequency in Irish nonagenarians with a younger control group, also noted no significant differ-
ences in AA homozygotes (5% controls v 8% in aged subjects) with a similar 24% A allele fre-
quency in controls and elderly subjects. Interestingly, women irrespective of age showed a trend
for higher representation of A allele compared to men. In the same study [29], no change in the
TNF-B +252A/G SNP between Irish nonagenarians and a control group was reported. Overall
these three studies, with between them 350 nonagenarians and 172 centenarians, appear to dem-
onstrate no major shift in the genotype frequency of TNF-o -308 SNP as a function of ageing.
These data suggest that this particular polymorphism of TNF genes does not give an advantage
for survival in the last decade of life and is compatible with the hypothesis that this polymor-
phism constitutes a shield evolutionary conserved towards pathogen agents whose threatening
power lasts for the entire life-span.

The incidence of allotypes of the genes of the fourth component (C4) and factor B of the
complement system was compared in 252 persons less than 45 years of age (“young” group)
with 482 people between 61 and 90 years of age (“old” group). One hundred people older than
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90 years of age (nonagenarians) were also investigated. A striking difference was found between
the “young” and “old” groups in the incidence (16.1% and 5.4%, respectively) of a silent gene
of the C4B allele (C4B*Q0). This difference was even more marked among “young” and “old”
men (17.6% vs. 3.4%). The incidence of the C4B*QO allele in women dropped to the level of
the men only in the nonagenarian group. For the authors, the most probable explanation for
this finding was that people carrying the C4B*Q0 allele die from as yet unidentified disease(s)
in their middle age. Therefore, male (and to a lesser extent female) carriers of this allele may
have a considerably shorter life expectancy than individuals without a silent gene in the C4B
locus [39]. In a further study, the complement system and the distribution of class III alleles
C4, BF were analysed in healthy aged people (77 centenarians and 89 elderly subjects). The
authors also studied the alleles of C3, a complement component genetically unrelated to HLA,
the immunochemical levels of C4 and C3 and serum functional hemolytic activity for classical
(CH50) and alternative (AP50) complement pathways. The levels of C3 and C4 and the CH50
and AP50 were found to be within the normal range. The frequencies of C3, BF, and C4A alleles
were similar in the cohorts that have been studied. For C4B null allele (C4BQO) a trend toward
an increase in the older cohort was observed, although the differences were not significant after
statistical correction [40]. These data do not support the results obtained in the previous study,
but suggest instead the importance of a well preserved complement system to attain survival and
longevity.

The frequency of the functional polymorphism, T2437C transversion (Met—Thr), in the
HSP 70-Hom gene was investigated within a healthy aged Irish population using oligonucle-
otide probes. The 2437T SNP was observed to increase in the elderly, although not attaining
statistical significance. The TT genotype was observed to be significantly increased within the
Irish aged population (p=0.03), while conversely the TC genotype was significantly decreased
in the aged subjects (p=0.01). These findings would support the theory that the change from a
Met (non-polar and hydrophobic) residue to a Thr (polar and neutral) residue may disrupt the
peptide-binding specificity of HSP 70-Hom and have an effect on its functional efficiency. One
postulates that the highly significant p-value obtained for the TC genotype may infer that the
presence of both the T and the C allele (heterozygosity) resulting in the generation of two differ-
ent HSP 70-Hom protein species may negatively influence survival and longevity [41].

Besides, a recent article has presented data on HSP70-1. In eukaryotes, HSP70 gene expres-
sion is regulated essentially through the activity of heat shock transcription factors, which inter-
act with heat shock elements (HSEs) present in HSP promoters, resulting in a modulation of the
transcription rates. An A/C polymorphism lies in the HSE region of the HSP70-1 gene at 110nt
from the transcription-starting site. This polymorphism was the marker chosen for the study. A
total of 591 southern Italian subjects were enrolled in the study (263 men and 328 women; age
range 18-109 years). A significant age-related decrease of the frequency of allele (A)-110 was
observed in women. The probability ratio of 0.403 computed by considering female centenar-
ians as cases and young women (18-49 years old) as controls showed that the (A)-110 allele is
unfavourable to longevity in women [42].

HSPs are crucial for maintenance of cell homeostasis and survival both during and after vari-
ous stresses. These two studies suggest that polymorphisms in heat shock protein genes may
affect the chance of survival of the individual.
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5. CONCLUDING REMARKS

As discussed above, a vast number of investigators studied MHC polymorphisms in relation to
ageing. The limitations of most reported studies are the small number of aged individuals avail-
able of both genders, and the lack of complete background histories of health or ethnicity for the
participants. However, well planned and designed studies were also performed, as discussed by
Caruso et al. (7,18), yet discordant results have been obtained. The discordant results of MHC/
ageing association studies might be due to distinct linkage in different cohorts or to other inter-
acting, genetic or environmental factors or to the heterogeneity of ageing.. Nevertheless, bearing
all the reported studies in mind, there is no convincing evidence of a strong, direct association
between longevity and any MHC alleles. However, further examination of polymorphism of
other class IIT genes such as receptor for advanced glycosilation end-products or Notch 4 might
well provide interesting and informative data [3,42].
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ABSTRACT

The various cell groups in the human hypothalamus show different patterns of ageing, which are
the basis for changes in biological rhythms, hormone production, immune processes, autonomic
functions and behavior. The suprachiasmatic nucleus (SCN), the clock of the brain, exhibits cir-
cadian and seasonal rhythms in peptide synthesis that are disrupted later in life. Furthermore, the
age-related sexual differences in the number of vasoactive intestinal polypeptide neurons in this
nucleus reinforces the idea that the SCN is not only involved in the timing of circadian rhythms
but also in the temporal organization of reproductive functions. The sexually dimorphic nucleus
of the preoptic area (SDN-POA), or intermediate nucleus, is twice as large in men as in women,
a difference that arises between the ages of 2—4 years and puberty. During ageing a dramatic,
sex-dependent decrease in cell number occurs, leading to values which are only 10-15% of
the cell number found in early childhood. The vasopressin and oxytocin producing cells in the
supraoptic nucleus (SON) and paraventricular nucleus (PVN) are examples of neuron popula-
tions that seem to stay perfectly intact in old age. The synthesis of vasopressin in the SON is
even increased in elderly women and remains stable in elderly men. Other examples of neuronal
activation during ageing are found in the parvocellular corticotropin-releasing-hormone (CRH)
containing neurons in the PVN, as indicated by the increase in the number of CRH expressing
neurons and by their co-expression of vasopressin. The nucleus basalis of Meynert (NMB), a
major source of cholinergic innervation to the neocortex, shows a progressive degeneration of
cholinergic neurons in the course of ageing, along with a decreased neuronal metabolic activity,
severe cytoskeletal alterations and a loss of high and low affinity neuroptrophin receptors. On the
other hand, the protein synthetic activity of the ventromedial nucleus (VMN), a hypothalamic
area involved the organization of sex-specific functions and sexual behavior, depends on the age
and gender of the subject. The size of the Golgi apparatus (GA) relative to the cell size in the
VMN, for example, is larger in young women than in young men and larger in elderly men than
in young men. In addition, the GA/cell size ratio is positively correlated with age in men and
not in women. The arcuate nucleus of the hypothalamus (ARH), or tubero-infundibular nucleus,
contains hypertrophic neurons in postmenopausal women. These hypertrophied neurons con-
tain neurokinin-B, substance P and estrogen receptors and probably act on LHRH neurons as
interneurons. The lateral tuberal nucleus (NTL), probably involved in feeding behavior and
energy metabolism, does not show any neuronal loss in senescence. To sum up, each cell group
of the human hypothalamus has its own sex-specific pattern of ageing. In fact, some hypotha-
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lamic nuclei show a dramatic functional decline with ageing, whereas others seem to become
more active later in life.

1. INTRODUCTION

The human hypothalamus, which measures only 4 cm?, is confined anteriorly by the lamina
terminalis, posteriorly by the midbrain tegmentum, and superiorly by the hypothalamic sulcus
[1,2]. Although the complex cellular arrangement and multitude of afferent and efferent projec-
tions have made analysis of hypothalamic organization difficult, most authors distinguish three
major regions: (i) the preoptic or chiasmatic region — containing the suprachiasmatic nucleus,
sexually dimorphic nucleus, supraoptic nucleus and paraventricular nucleus. In addition, the
nucleus basalis of Meynert, the diagonal band of Broca and the bed nucleus of the stria termina-
lis are considered in connection with the preoptic region; (ii) the fuberal region — containing the
ventromedial and dorsomedial hypothalamic nuclei, along with the arcuate (or tubero-infundib-
ular) nucleus, lateral tuberal nucleus and tubero-mamillary nucleus, and (iii) the posterior or
mamillary region, which is dominated by the mamillary bodies that abut the midbrain tegmen-
tum (Figure 1) [for reviews, see 1-5].

Before 1900 there were only vague intimations of the function of the brain surrounding the
third ventricle and these were based primarily on various pathological and assorted clinical
observations [6]. Since then a large body of experimental evidence has been derived implicating
that this part of the brain contains the control systems which are critically involved in a wide
range of homeostatic and rheostatic regulatory processes [see e.g., 4,7,8]. Among these are the
control of water balance, food ingestion and energy metabolism, sleep, body temperature and
neuroendocrine secretion and the regulation of reproduction and various emotional-affective
states. Increasing age and a variety of diseases may impair many of these functions and may
have deleterious effects on the morphology of hypothalamic structures [see, e.g., 2,5,9-11].
Some hypothalamic cell groups, on the other hand, remain functionally intact or even show clear
signs of neuroplasticity by becoming more active later in life. In the present review, recent data
on a number of prominent hypothalamic nuclei in the preoptic and tuberal regions are discussed
in relation to sexual differentiation, ageing and some neuropathological conditions.

2. PREOPTIC OR CHIASMATIC REGION
2.1. Suprachiasmatic nucleus

The suprachiasmatic nucleus (SCN) is the principal component of the mammalian biological
clock, which is responsible for generating and coordinating many physiological, endocrine, and
behavioral circadian rhythms [for reviews, see 12,13]. Consistent with its role in the temporal
organization of circadian processes, investigations in rodents and non-human primates suggest
that the SCN is also involved in the seasonal control of reproduction, sexual behavior and energy
metabolism [14,15].

The human SCN is a small collection of parvocellular neurons in the basal part of the anterior
hypothalamus, just dorsal to the optic chiasm on either side of the third ventricle (Figure 1). It
is usually elongated in the anterior-posterior direction. The external boundaries of the SCN are
often difficult to discern in conventionally thionin-stained sections, but by labelling the SCN



107

Figure 1. Preoptic and tuberal region of the hypothalamus in the adult human brain. The diagram shows the main land-
marks and nuclear grays that are encountered as coronal sections and traced antero-posteriorly (a-h). Each of the sections
is spaced apart by 800 um. AC, anterior commissure; AN, accessory neurosecretory nucleus; ARH, arcuate nucleus;
BST, bed nucleus of the stria terminalis; CG, chiasmatic gray; CM, corpus mamillare; CU, cuneate nucleus; DBB,
nucleus of the diagonal band (of Broca); DMH, dorsomedial nucleus; FM, fasciculus mamillo-thalamicus; FO, fornix;
NTL, lateral tuberal nucleus; OT, optic tract; PH, posterior hypothalamic nucleus; PM, posteromedial nucleus; PVA,
periventricular area; PVN, paraventricular nucleus; RC, retrochiasmatic nucleus; SCN, suprachiasmatic nucleus; SDN,
sexually dimorphic nucleus (or intermediate nucleus; INAH-1); SON, supraoptic nucleus; SU, subthalamic nucleus; TG,
tuberal gray; TMN, tuberomamillary nucleus; UN, unicate nucleus; VMH, ventromedial nucleus. Based upon Braak and

Braak [3], with permission.

immunocytochemically with antibodies against neuropeptides, such as arginine-vasopressin
(AVP), vasoactive intestinal polypeptide (VIP), neuropeptide-Y, or neurotensin, it becomes
clearly recognizable [16,17]. Neurons that are immunoreactive to these antisera appear to form
distinct subpopulations of cells with different, chemically specific, connections. Our recent find-
ings in humans support the notion of the SCN being the principal neural substrate that organizes
biological rhythms, as the biosynthesis of particular neuropeptides in this nucleus, such as AVP
and VIP, exhibit marked diurnal as well as seasonal fluctuations [15,18]. It appears that photic
information may have a synchronizing effect on the clock mechanism of the SCN by inducing
changes in the functional activity of certain groups of neurons.

With advancing age, however, the circadian timing system is progressively disturbed, both
in humans and other mammals, as is clearly demonstrated by a reduced amplitude and period
length of circadian rhythms and an increased tendency towards internal desynchronization [for
reviews see, 19,20]. The functional changes in the temporal organization of older individuals
may be due to a gradual age-related deterioration in the activity of specific cell groups in the
SCN, and presumably other parts of the clock, leading to disruptions of the circadian timing
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Figure 2. Circadian rhythm in the number of vasopressin-containing neurons in the human suprachiasmatic nucleus
(SCN) of (A) young subjects (< 50 years of age) and (B) elderly subjects (= 50 years of age). The black bars indicate the
night period (22.00-06.00 h). The general trend in the data is enhanced by using a smoothed double plotted curve and is
represented by mean + S.E.M. values. Note the circadian rhythm in the SCN of young people with low values during the

night period and peak values during the early morning. From Hofman and Swaab [21], with permission.

system. Part of the neural substrate for the disrupted circadian rhythms with ageing might be
the population of AVP neurons in the SCN. It was shown that the number of AVP-expressing
neurons in the human SCN exhibits a marked diurnal oscillation in young (up to 50 years of age),
but not in elderly people (over 50 years of age) [21,22]. Whereas in young subjects low num-
bers of AVP-expressing neurons were found during the night period and peak values during the
early morning, the SCN of elderly people showed a reduced amplitude and a tendency towards
a reversed diurnal pattern with high instead of low values during the night (Figure 2). Similar
age-related decrements have been reported for the seasonal timing system [23].
Neuroanatomical studies, furthermore, provide evidence that degenerative alterations in the
human SCN occur at a later phase in life than the reported functional changes in circadian organ-
ization. More frequent and prolonged awakenings and shorter sleep periods have already been
found in 50- to 60-year-old subjects [24,25], whereas a reduction in SCN volume and number of
AVP-expressing neurons are only present from the age of 80 years onwards [9,11,26]. Thus, the
observed loss of AVP-expressing neurons in the SCN of very old people may only be a relatively
late correlate of functional changes in the biological clock appearing much earlier. Many findings
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indicate that changes in the SCN and other parts of the circadian timing system underlie some of
the sleep disturbances among elderly people [20,22,27]. Based on the hypothesis that increased
stimulation of the brain can improve or even restore the decreased neuronal activity [28], it has
been demonstrated in aged rats that both overt sleep-wake rhythms [29] and cell function in the
SCN [30] can be restored by enhancing the stimuli the circadian timing system normally uses
for synchronization of the sleep-wake rhythm. There is evidence that the same mechanism may
be effective in humans. Improvement of the sleep-wake rhythm of elderly people has been dem-
onstrated by application of a variety of potent modulators of the circadian timing system, like
bright light, melatonin and physical activity [for reviews see, 20,31]. Contrary to treatment with
hypnotics, the improvement of sleep following these treatments is without adverse effects and
even results in improvement of mood, performance, daytime energy, and quality of life.

2.2, Sexually dimorphic nucleus (Intermediate Nucleus, INAH-1)

The sexually dimorphic nucleus of the preoptic area (SDN-POA) was first described in the rat
brain by Gorski et al. [32]. In rats sexual differentiation of the SDN-POA has been reported
to occur during the first ten days postnatally [33] due to differences in perinatal steroid levels
[34]. On the basis of lesion experiments in rodents, it was found that the SDN-POA is involved
in aspects of male sexual behavior, i.e., mounting, intromission and ejaculation. However, the
effects of lesions on sexual behavior are only slight, so it may well be that the major functions
of this hypothalamic nucleus are still unknown at present.

The SDN-POA in the young adult human brain is twice as large in males (0.2 mm?) as in
females (0.1 mm?) and contains twice as many cells [35,36]. The SDN-POA is located between
the supraoptic (SON) and the paraventricular nucleus (PVN), at the same rostrocaudal level as
the SCN (Figure 1). The SDN-POA is identical to the intermediate nucleus described by Braak
and Braak [1], and to the INAH-1 of Allen et al. [37]. A sex difference does not occur until the
4th postnatal year, when cell numbers start to decrease in girls, whereas in men the cell num-
bers in the SDN-POA remain stable until approximately the age of 50 years, after which they
decline rapidly [36] (Figure 3). In the period from 45 to 60 years we found that the cell number
diminished at a rate of 3% per year. After the age of 60, the cell number in the male SDN-POA
does not decrease any further. In women, a second phase of cell loss sets in after the age of
about 50 years. After a period of relative stability, from 70 years onwards, a more dramatic
reduction in cell number could be detected (Figure 3). In the period between 75 and 85 years the
cell number in the SDN-POA of females decreases at a rate of 4.8% per year, leading to values
which are only 10-15% of the peak value found at 2—4 years postnatally. The sharp decrease in
cell numbers in the SDN-POA later in life might be related to the dramatic hormonal changes
and decreasing sexual activity which accompany senescence [38,39]. It is not clear whether the
age-related alterations in gonadal function are cause or effect of the observed cell loss in this
nucleus. Cell numbers in the SDN-POA of Alzheimer’s disease patients were found to be within
the normal range for age and sex [40].

An intriguing consequence of this sex-dependent pattern of ageing is that the sexual dimor-
phism of the human SDN-POA is by no means constant throughout adult life. As can be seen in
Figure 3, the largest discrepancies in SDN-POA cell number between the sexes are found around
the age of 30 years and in people older than 80 years, whereas the sexual dimorphism is least
around the age of 60 years.
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Figure 3. Age-related changes in the total cell number of the sexually dimorphic nucleus of the preoptic area (SDN-
POA) in the human hypothalamus. The general trend in the data is enhanced by using smoothed growth curves. Note that
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of about 50 years onwards, a more gradual cell loss is observed, which continues up to old age. These curves demonstrate
that the reduction in cell number in the human SDN-POA in senescence is a non-linear, sex-dependent process. From

Hofman and Swaab [36], with permission.

2.3.  Supraoptic and paraventricular nuclei

The large neurosecretory cells of the hypothalamic supraoptic nucleus (SON) and paraventricu-
lar nucleus (PVN) produce the neuropeptides arginine vasopressin (AVP) and oxytocin (OT)
which are released into the bloodstream in the neurohypophysis. This hypothalamo-neurohy-
pophyseal system is known to be implicated in the regulation of diuresis, vascular resistance,
parturition and lactation [4,41]. Parvocellular neurons of the PVN project to brain areas outside
the hypothalamus and influence central and autonomic processes [42]. Oxytocin has an effect
on, for example, food intake, affiliation, and maternal and sexual behavior [43,44]. In males,
oxytocin might also be involved in sexual arousal and ejaculation [45].

The neurons of the human SON and PVN form a population of stable cells in normal ageing
and in Alzheimer’s disease; no loss of neurons was observed [46—49]. The observation that no
cytoskeletal alterations were found in Alzheimer patients with several antibodies in the SON
[50] is in accordance with this stability. Although in the PVN of Alzheimer patients some neu-
ronal and dystrophic neurite staining is observed with cytoskeletal antibodies [50], the number
of peptidergic neurons in the PVN of these patients is not affected.

Various observations provide evidence for the hypothesis that an enhanced activity of neurons
may interfere with the process of ageing, and thus prolongs the lifespan of neurons or restores
their function [28]. Many cell groups in the human SON and PVN are not only metabolically
highly active throughout life, especially the magnocellular neurons, but they even seem to be



111

more active in elderly subjects than in young adults, as can be derived from the increase in size
of the vasopressin- and oxytocin-containing perikarya [51,52], nucleoli [53] and Golgi apparatus
[54,55] in senescence. Also the plasma levels of vasopressin are enhanced in elderly subjects
[56]. Furthermore, cell counts in the human SON suggest that a substantial proliferation of glial
cells takes place in this nucleus with advancing age [57].

The enhanced neuronal activity of the human SON during ageing, however, was only found
in women, but not in men. It has therefore been hypothesized that the low-affinity neurotrophin
receptor p75 (p75N™®) might be involved in the mechanism of activation of the protein synthesis
in postmenopausal women, since this receptor has been identified in the PVN and SON of a few
aged women, and because estrogens were found to downregulate p75V'™® expression [58]. There-
fore, we investigated whether the drop of estrogens in the postmenopausal period influences the
expression of p75N™® in the AVP neurons of the human SON [59]. The area of p75N™® immuno-
reactivity per cell was found to be positively correlated with age and with Golgi apparatus size
only in women but not in men (Figure 4), suggesting that the neurotrophin receptor p75 is indeed
involved in postmenopausal activation of vasopressinergic neurons in the human SON.

In contrast to the SON, the PVN does not only contain magnocellular AVP and OT neurons,
but also parvocellular ones that project to brain areas outside the hypothalamus, and to the
median eminence. Examples of this type of parvocellular neurons are the corticotropin-releasing
hormone (CRH) neurons. In the human PVN they are not located in a well-defined subnucleus
as they are in the rat, but are spread all over the PVN, except for the most rostral part where they
are absent. Another property of CRH neurons in the PVN is that they may coexpress AVP when
activated. This occurs, for example, in the process of ageing, and their activation may be causally
related to symptoms of depression [60].

2.4.  Nucleus basalis of Meynert

The nucleus basalis of Meynert (NBM) is the major source of cholinergic innervation to the neo-
cortex [61]. The human NBM includes a series of clusters of magnocellular neurons and scat-
tered perikarya extending from the medial septum and diagonal band of Broca rostrally, through
the substantia innominata to the most caudal part of the global pallidus [2,62]. The cholinergic
activity of NBM neurons is diminished in elderly subjects, as a result of the reduced choline-
acetyltransferase (ChAT) and acetylcholinesterase (AChE) activity [63]. Moreover, the nucleo-
lar volume [64] and Golgi apparatus size [65] of NBM neurons are smaller in elderly subjects.
Estimates of changes in neuronal numbers in the human NBM with ageing have yielded similar
results. The NBM is affected in a number of cognitive disorders, such as Down’s syndrome,
Parkinson’s disease and especially in Alzheimer’s disease, where a progressive degeneration of
cholinergic neurons has been observed [2], along with a decreased neuronal metabolic activity
[65,66], severe cytoskeletal alterations [S0] and a loss of high and low affinity neuroptrophin
receptors [67-69].

There is some evidence suggesting a beneficial effect of estrogens on the risk and course of
Alzheimer’s disease [70,71], although the potential role of estrogen replacement therapy (ERT)
is certainly not without controversy. Estrogens may interact with the cholinergic system, nerve
growth factor and its high affinity trk receptors [72—74]. In the human NBM both estrogen recep-
tor alpha (ER0) and estrogen receptor beta (ERP) are present [62], suggesting that estrogens
may have a direct effect on the NBM. ERo was expressed to a higher degree than ERP and
was localized mainly in the cell nucleus, while ERB was mainly confined to the cytoplasm. A
significant positive correlation between age and the percentage of ERat nuclear positive neurons



woman. Bar 50 um. From Ishunina et al. [59], with p&fﬁu%mn



113

was found only in men and not in women, whereas the proportion of ERB cytoplasm positive
cells was not related with age in either of the sexes [62]. In Alzheimer’s disease the proportion
of neurons showing nuclear staining for both ERo and ERP and cytoplasmic staining for ER
was markedly increased, providing a neural substrate for estrogen replacement therapy in treat-
ing cognitive decline in postmenopausal women with Alzheimer’s disease.Taken together, these
findings demonstrate that there are hardly any changes in ER-immunoreactivity in the human
NBM during normal ageing, whereas a pronounced upregulation of both ERs and, in particular,
nuclear ER is observed in Alzheimer patients.

3. TUBERAL REGION
3.1.  Ventromedial and dorsomedial nuclei

The human ventromedial nucleus (VMN), also known as the nucleus of Cajal, is a pear-shaped
structure in the tuberal region of the hypothalamus (Figure 1) with a cell density that is higher
in its peripheral region than in the center of the nucleus. It features a narrow, cell-sparse zone
surrounding the nucleus, which facilitates its delineation from adjoining nuclear grays [3]. Two
main parts are distinguished in the VMN: the largest part is the ventrolateral part (vI-VMN),
while a smaller dorsomedial part is situated closer to the fornix [5]. In humans the VMN con-
tains a dense network of somatostatin cells and fibers. In addition, thyrotropin-releasing hor-
mone fibers, substance P, preproenkephalin and NADPH diaphorase were found in this nucleus
[for reviews, see 2,75]. Oxytocin binding was demonstrated in the human VMN by autoradiog-
raphy, suggesting the presence of oxytocin receptors in this region, but they did not show any
correlation with age or sex of the subjects [76].

The VMN is interconnected with many neighbouring areas but is also reciprocally con-
nected to the magnocellular nuclei of the basal forebrain, suggesting that the VMN influences
higher cortical functions and behavior via these pathways. Animal studies clearly indicate that
the VMN is involved in the organization of sex specific functions, such as female reproductive
behavior, gonadotropin secretion, feeding, aggression and sexual orientation [2]. PET scan stud-
ies in humans suggest that the VMH in our brain is involved in the gender specific integration
of pheromonal input [77]. By measuring the size of the Golgi apparatus (GA) and the volume
of individual neurons in the human VMN we found the protein synthetic activity of the neu-
rons to be age- and sex dependent [75]. The size of the Golgi apparatus relative to the cell size
appeared to be larger in young women than in young men and to be larger in elderly men than in
young men. In addition, the GA/cell size ratio correlated significantly with age in men and not
in women. Moreover, androgen receptors are clearly expressed in the male VMN and not in the
female VMN [78]. These data suggest an inhibitory effect of androgens on the activity of VMN
neurons in humans, which is possibly mediated via androgen receptors. Indeed, in men, plasma
testosterone levels tend to decline with age [39]. However, the possibility of a stimulatory effect
of estrogens on the VMN neurons via estrogen receptors should also be considered.

It should be noticed that the activity of the human VMN neurons was completely opposite
to that observed in the SON and PVN. The biosynthesis of vasopressin in the human SON and
PVN was higher in young men than in young women and was higher in elderly women than
in young women, suggesting an inhibitory effect of estrogens on the activity of these neurons
[52,55]. This inhibitory effect in the SON and PVN is most probably mediated via estrogen
receptor (3, whereas the complex interaction of sex and age ditferences in the bioactivity of SON
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size in the estrogen receptor mRNA expressing neurons in post-menopausal women, indicating that the hypertrophy

occurs in a subpopulation of neurons. Based upon Rance et al. [92], with permission.

neurons might be explained by the differential expression of both estrogen receptors, ERo and
ERp [59].

The dorsomedial nucleus (DMN) is poorly differentiated in the human brain and covers the
anterior and superior poles of the ventromedial nuclues. Large numbers of cells which, accord-
ing to their cytological features, belong to the hypothalamic gray, invade peripheral portions of
the nucleus. The medium-sized nerve cells of the DMN are markedly richer in lipofuscin depos-
ists than those of the VMN [3].

3.2.  Arcuate (infundibular) nucleus

The horseshoe-shaped arcuate (or infundibular) nucleus of the hypothalamus (ARH) surrounds
the lateral and posterior entrance of the infundibulum (Figure 1) and contains a large number of
neurotransmitters and neuropeptides, such as somatostatin, neuropeptide-Y and neurotensin [5].
Various neuroendocrine cell types that are involved in the hypothalamo-pituitary-gonadal (HPG)
axis are also located in this nucleus.

The menopause represents a dramatic alteration in the function of the HPG axis in women. As
a consequence of decreased levels of sex hormones, neuronal hypertrophy has been reported in
the ARH of postmenopausal women [79]. The mean profile area of arcuate neurons of postmen-
opausal women, but also of older men [80], was significantly larger than that of young subjects
(Figure 5). The density of these hypertrophied neurons was also increased. Arcuate neuronal
hypertrophy has also been described in chronically ill, hypogonadal men and in patients suffer-
ing from starvation and gonadal atrophy [for a review, see 79].

The hypertrophied neurons in the ARH of postmenopausal women contain increased amounts
of neurokinin B, substance P, and estrogen receptor mRNAs, indicating an increased neuronal
activity as well [79]. Luteinizing hormone-releasing hormone (LHRH) neurons are also found
in this nucleus, but the hypertrophied neurons themselves do not contain this peptide. The sen-



115

sitivity of the luteinizing hormone to LHRH does not seem to decrease in elderly men [81]. On
the other hand, a decreased sensitivity to sex steroid feedback was found in elderly (80 years)
postmenopausal women as compared to younger postmenopausal women (55 years) [82]. No
data on changes in the exact number of LHRH expressing neurons in relation to ageing in the
human hypothalamus are available at present.

In addition to LHRH neurons, the human ARH contains a large population of growth hor-
mone-releasing hormone (GHRH) neurons [10]. Together with the inhibiting somatostatin
neurons that are situated in the periventricular nucleus, they regulate the secretion of growth
hormone (GH), which is not only necessary for normal infant and childhood growth, but also for
the regulation of normal body composition and metabolism in adulthood [83]. A current hypoth-
esis states that a defective GH secretion may be one of the pacemakers of ageing [84]. In line
with this is the observation that in elderly people the response of GH to GHRH is significantly
reduced [85]. It has even been reported that GH responses to GHRH decline after 30 to 40 years
in men, and after menopause in women [86]. Although it has been suggested that a decreased
GHRH or increased somatostatinergic activity are the main events underlying the age-related
decline of GH secretion in mammals, no direct evidence is available about the changes of GHRH
or somatostatin neurons in the human hypothalamus with ageing.

3.3. Lateral tuberal nucleus

The lateral tuberal nucleus (nucleus tuberalis lateralis, NTL) is an evolutionary new hypotha-
lamic structure that can only be recognized in anthropoid primates, including man. There are
indications that the primate NTL is homologous to the calcitonin gene-related peptide (CGRP)
containing the terete nucleus of the rat [87].The most characteristic feature of the human NTL is
an extremely great variability of its shape and segmentation and its population of somatostatin
expressing neurons [9,48]. In addition, some galanin and LHRH immunoreactive fibers have
been found in this nucleus [88,89]. Because, under different conditions, the pathology of this
area is accompanied by cachexia, the NTL is hypothesized to play a role in feeding behavior and
energy metabolism.

In adulthood the human NTL contains about 60,000 neurons, a number that does not seem
to change dramatically during lifespan. In contrast to this stable neuron number, a considerable
increase in the neuron density and a decrease in the size of cell nuclei were observed in the NTL
of subjects over 60 years old [48]. The NTL is affected in a variety of human neurodegenerative
diseases, including Huntington’s disease. In fact, neuronal loss in the NTL may be a good marker
of the severity of this disease [90]. Pathological changes in the NTL have also been described in
depression and some other neurological diseases [2]. In Alzheimer’s disease, on the other hand,
the number of NTL neurons did not differ from that of controls [91]. In fact, the NTL seems to
represent a brain area in which Alzheimer’s disease affects the neurons in a limited way, without
further progress to the classical changes of silver-staining of tangles and neuronal cell loss.

4. CONCLUDING REMARKS

The main conclusion of the present review is that the ageing process causes differential changes
in the human hypothalamus. Declining neuronal activity and cell death may already start around
the age of 40 to 50 years in some peptidergic systems {(e.g., the decreased number of VIP neurons
in the SCN of middle-aged men and the sharp decline in the number of neurons of the SDN-POA
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after 50 years). On the other hand, some hypothalamic cell groups remain functionally intact and
are sometimes even activated in the course of ageing (e.g., the vasopressin-producing neurons
of the PVN and SON). The selective vulnerability of neurons in the human brain argues against
the notion that normal ageing is accompanied by a general decline in cellular activity. Moreover,
the typical sex-specific patterns of ageing, characteristic of many hypothalamic cell groups, sug-
gest that steroid hormones play a key role in the process of ageing and neuroplasticity. It can be
concluded that the various hypothalamic nuclei are involved in a great number of functions and
that the multitude of changes in this region of the human brain during ageing forms the basis of
many physiological, endocrine and behavioral alterations in elderly people.
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ABSTRACT

Physiological functions of growth hormone (GH) and insulin-like growth factor 1 (IGF-1), the
key mediator of GH actions, include effects on ageing and longevity. Mutant mice with GH
resistance, GH deficiency or partial IGF-1 resistance exhibit symptoms of delayed ageing and
live significantly longer than normal (wild type) animals. Homologous pathways regulate ageing
in invertebrates. Mechanisms of GH action on ageing are not known but probably include altera-
tions in metabolism, insulin signaling, and generation of reactive oxygen species. The release
of GH gradually declines during adult life and this may have a role in protecting the organism
from cancer and other age-related diseases. However, reduced GH levels have also been linked
to age-related changes in body composition, muscle and brain function, and are suspected of
contributing to the deterioration of quality of life in the elderly. In spite of great interest in GH
treatment as an anti-ageing therapy, the risks and benefits of its use are not well characterized
and the concept of GH replacement during “somatopause” is controversial. It is suggested that
the relationship of GH signaling to ageing is not the same at different stages of life history and
that GH actions may mediate some of the apparent trade-offs between growth, reproduction and
longevity.

1. INTRODUCTION

Ageing is associated with progressive alterations in all organ systems. Age-related changes in
the function of the hypothalamic-pituitary axis and the peripheral endocrine glands have been
studied in considerable detail and decline in the levels of various hormones, including growth
hormone (GH) in ageing animals and humans is well documented. There is also a considerable
amount of information on the mechanisms responsible for reduced GH release during ageing
and on the consequences of the resulting reduction in circulating GH levels. However, experi-
mental findings obtained during the last decade indicate that the intricate relationship of ageing
to endocrine function is not limited to alterations in hormone levels that accompany ageing.
There is increasing evidence that hormonal signaling plays an important role in the control of
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ageing, and that endocrine function during early stages of life history is important in determining
the rate of ageing and life expectancy. These complex relationships which we are only beginning
to understand are well illustrated by considering the proposed roles of GH in ageing. As was
mentioned above, the rate of GH release is profoundly influenced by age. There is considerable
evidence that physiological actions of this hormone somehow promote ageing and thus contrib-
ute to life expectancy in endocrinologically normal individuals being considerably shorter than
the achievable maximum. Curiously, physiological levels of GH signaling are apparently also
responsible also for preventing age-related functional decline in several organ systems, and for
maintaining youthful body composition.

In this review, we will summarize evidence for these seemingly opposing actions of GH and
attempt to place them in the context of genetic and environmental control of ageing. We will
also relate GH actions to the features of life histories and reproductive strategies that impact
longevity, and to the prospects of devising anti-ageing interventions. We will discuss findings
concerning both GH and insulin-like growth factor 1 (IGF-1) because, in mammals, IGF-1 medi-
ates most of the known actions of GH, and GH stimulates IGF-1 production in various organs
and acts as the principal regulator of IGF-1 levels in peripheral circulation.

2. STUDIES OF LONGEVITY GENES LINK IGF SIGNALING TO THE CONTROL
OF AGEING

Microscopic soil-dwelling round worm, Caenorhabditis elegans (C. elegans) and a common
fruit fly, Drosophila melanogaster are widely used for studies of developmental biology and
genetics. Elegant studies in the laboratories of Riddle, Johnson, Kenyon, Ruvkun, Hekimi,
Guarente, Tatar, Larsen, Partridge and others [reviewed in: 1,2] provided evidence that natural
mutations or targeted disruption (the so called knock-out) of individual genes in these organisms
can produce a significant and, in some cases quite dramatic extension of life span. Interestingly,
most of these “longevity genes” were shown to be involved in the control of identifiable signal-
ing pathways which can be activated by environmental stimuli and influence life history traits
related to stress resistance, diapause, reproduction and life expectancy. In 1997, Kimura et al. [3]
reported that daf-2, a key gene in the control of ageing in C. elegans exhibits homology to mam-
malian IGF-1 and insulin receptors and suggested that the genetic control of ageing may be con-
served in taxonomically distant groups of animals. This important concept and the involvement
of GH and IGF-1 signaling, the so-called somatotropic axis, in the control of ageing in mammals
received strong support from the reports of significantly prolonged life span in house mice (Mus
musculus) with spontaneous or experimentally induced loss of function mutations that affect
peripheral GH and/or IGF-1 levels and action. In mice, significant extension of longevity was
reported in three spontaneous mutants and four types of animals with targeted gene disruption,
the so-called gene knock-out (KO) [Table I; Refs 4—13]. Three of these seven types of long lived
mice are GH deficient and one is GH resistant. Of the remaining three, one exhibits partial [GF-1
resistance. Thus reduced somatotropic axis signaling is present in five of seven known instances
of loss of function of a single gene leading to prolonged longevity in mammals.

Concerning the role of GH in the control of ageing, data obtained in GHR-KO mice are par-
ticularly compelling. In these animals, physiological actions of GH during their entire life span
are prevented by disruption of the GH receptor [9] and thus all of the phenotypic characteristics
of these animals, including delayed ageing [14] and prolonged longevity [10,15] reflect either
direct or secondary consequences of the absence of GH signaling. It should be mentioned that
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Table I Spontaneous mutations and gene knock-outs that prolong longevity in mice.
Primary effect % increase in mean life-span References™
Ames dwarf Propl‘" GH, PRL & TSH deficiency 40-65% Schaible & Gowen, 1961 [4]
Brown-Borg et al., 1996 [5]
Snell dwarf Pitl® GH, PRL & TSH deficiency ~42% Snell, 1929 [6]
Flurkey et al., 2001 [7]
Little GHRHR" . . .
GH deficiency 24% on low fat diet Eicher & Beamer, 1976 [8]
Flurkey et al., 2001 [7]
GHR/GHBP —/— GH resistance 40-55% Zhou et al, 1997 [9]
Coschigano et al., 2000 [10]
P66™ —/— Stress resistance 30% Migliaccio et al., 1999 [11]
IGFIR +/- Partial IGF-1 resistance 33% (females) Holzenberger et al., 2003 [12]
FIRKO —/— Adipose-specific insulin 18% Bliiher et al., 2003 [13]
resistance

*When two references are listed, the first is the original description of the mutation (or the knock-out) and the second
is the report of the effect on longevity.

in C. elegans and D. melanogaster, multiple insulin-like molecules signal through a common
receptor and a signaling pathway which corresponds to both IGF-1 and insulin signaling path-
ways in mammals [2]. Early in evolution of chordate ancestors of vertebrates, these pathways
became separated and in mammals they involve three major ligands (insulin, IGF-1 and IGF-2)
acting primarily via distinct insulin and IGF-1 receptors. Mutations affecting GH and IGF-1
signaling in mice lead to secondary alterations in insulin signaling and thus involvement of both
pathways in producing the long-lived phenotype in these animals can be suspected.

The effect of mutations of the various longevity genes on life expectancy can be quite dramatic
with increases in the average life span well over 100% in several C. elegans mutants and well
over 50% (depending on gender, diet and genetic background) in some mutant mice. It should
also be emphasized that these increases of the average life span are accompanied by significant,
generally comparable increases in maximal life span and by physiological, histopathological,
and behavioral indices of delayed ageing [7,14,16,17]. This provides evidence that longevity
genes can influence the fundamental biological process of ageing rather than preventing disease
or some pathological changes that lead to early mortality. Another important implication of these
findings is that life extension in these mutants does not represent a prolonged period of senil-
ity, but rather a longer “health-span” i.e. postponement of age-related pathology and functional
decline. We will return to the issue of distinguishing between gains in the average vs. the maxi-
mal life span, and between ageing per se and age-related disease later in this review. Although
difficult to separate both conceptually and experimentally, age-related disease and ageing are
believed to be distinct biological processes.

3. SEARCH FOR MECHANISMS THAT LINK REDUCED GH AND IGF-1 SIGNAL-
ING WITH DELAYED AGEING

Putative mechanisms that link somatotropic axis to the control of longevity can be proposed on
the basis of known actions of GH and IGF-1, and phenotypic characteristics shared by several
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long-lived mouse mutants, as well as some of the long-lived invertebrate mutants. Additional
leads can be obtained from comparing the phenotype of long lived mutants to the character-
istics of genetically normal (wild type) animals that have been subjected to caloric restriction
(CR). Caloric restriction is usually accomplished by feeding the animals 50-70% of the food
they would have consumed under conditions of unlimited access (ad libitum, AL) and is well
documented to prevent disease, delay ageing, and prolong life in laboratory populations of mice
and rats [reviewed in: 18,19]. Consequently, characteristics shared by long-lived mutant and
CR mice emerge as possible mechanisms of delayed ageing. Obviously, association of these
characteristics with prolonged longevity can not prove cause/effect relationships and it is pos-
sible that they represent markers rather than causes of delayed ageing. However, known actions
of some of the hormones affected by both “longevity genes” and CR and available experimental
and epidemiological findings allow developing some mechanistic hypothesis or, at the very least,
speculations. Mechanisms suspected of mediating the effects of reduced GH signaling on lon-
gevity are listed below.

3.1.  Activity of the somatotropic axis, growth and adult body size

In mice, small body size correlates with increased life expectancy. This relationship is supported
by studies of lines produced by selection for differential growth rate [20,21], as well as vari-
ous strains, mutants, knock-outs and transgenics [22] and, more recently by relating individual
differences in adult body size in a genetically heterogeneous population of mice to life span
[23]. In some of these comparisons, and in studies of wild-derived vs. domesticated mice, low-
plasma IGF-1 levels correlate with small size and prolonged longevity [23,24]. Association of
small body size and increased life expectancy is well documented in domestic dogs [25] and
size in this species correlates with circulating IGF-1 levels [26]. There is considerable evidence
that negative association of body size and longevity applies also to other species, including the
human [27].

It is unclear what mechanisms are responsible for the apparent “cost” of growth in terms
of longevity, particularly when viewed in light of evidence that in the comparisons between,
rather than within species, it is the larger animals that generally live longer, presumably due
to lower metabolic rate. However, epidemiological [28,29] and experimental [30] evidence for
IGF-1 being a risk factor for cancer suggests at least one possibility. Pathological elevations of
peripheral GH and IGF-1 levels in individuals affected with gigantism or acromegaly and in
transgenic mice overexpressing GH are associated with significantly reduced life expectancy
[31-33]. However, relating these observations to the role of GH and IGF-1 in normal ageing
is complicated by various disease processes in acromegalic humans and giant transgenic mice
[31,34,35]

The relationship of extended longevity of mutant and knock-out mice to alterations in their
body composition is unclear. Obesity is a risk factor for age-related disease in the human and
important role of trunkal obesity in the control of responsiveness to insulin is strongly supported
by epidemiological data [36] and by results of surgical removal of abdominal fat depots in the
rat [37]. Prolonged longevity of lean FIRKO mice [ 13] adds important evidence for this relation-
ship. However, long lived GHR-KO mice have increased adiposity (Table II) resembling humans
with Laron dwarfism [38]. Snell dwarf and Ames dwarf mice are frequently obese, but average
proportion of body fat and plasma leptin levels in middle aged and old Ames dwarfs are gener-
ally lower than the values measured in normal mice of the same chronological age [39].
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Table 11 Body composition in adult growth hormone resistant GHR-KO mice in comparison to normal animals
from the same stock.

Females Males

Normal GHR-KO Normal GHR-KO
Number of animals 27 23 25 22
Body wt. (g) 21.5+038 13.0+0.6 % 329+15 16.1+0.6 *
% lean 80.1 1.9 739+£24% 73.8+£2.0 527+£26%
% fat 105+ 1.8 145+2.4 18.8+2.0 346+3.1*
Bone mineral density  6.92 +0.16 6.18+£0.14 8.00 £ 0.57 643 £0.12 %

Determined by DEXA using procedures described by Heiman et al. [39].

*Significantly different from normal mice of the same sex; P <0.05.
3.2.  Reduced insulin levels and increased sensitivity to insulin

Long-lived dwarf mice and GHR-KO mice have reduced plasma insulin levels [40—43]. This is
not surprising in light of well documented anti-insulin actions of GH and stimulatory effects of
GH, IGF-1 and PRL on the insulin-producing cells in the pancreas [44—46]. Concomitant reduc-
tion in plasma insulin and glucose levels indicates increased sensitivity to insulin. In support of
this conclusion, responses to acute insulin stimulation in the liver (including phosphorylation of
insulin receptor and its substrates) are significantly enhanced in these animals [42,43]. However,
relationship of GH and IGF-1 actions to insulin signaling is complex and suppression of hepatic
IGF-1 action in organ-specific knock-outs as well as in dwarf and GHR-KO mice is associated
with symptoms of insulin resistance in skeletal muscle [47,48]. It should be emphasized that
reduction in plasma insulin levels is among the earliest and most consistent responses to CR in
rodents, subhuman primates and humans [18,19,49,50].

We hypothesize that reduced insulin release and improved sensitivity to insulin represent key
mechanisms linking reduced activity of the somatotropic axis and improved life expectancy. We
also believe that the same mechanisms may be critical for determination of human longevity. In
support of this hypothesis, insulin resistance is a major risk factor for most age-related diseases
in the human [51]. Plasma insulin levels are inversely related to survival in the Baltimore Ageing
study [52], Italian centenarians are characterized by exceptional sensitivity to insulin [53], and
incidence of diabetes in Japanese centenarians is 1/10 of the incidence in people in their 80s
in the same population [54]. Separation of the effects of disease from alterations in biological
ageing on the basis of demographic data is exceedingly difficult. However, there is indirect evi-
dence that centenarians represent a segment of the population that is genetically predisposed to
delayed ageing and thus findings in these exceptional individuals may be particularly relevant
in this regard.

33 Body temperature, metabolic rate, and oxidative stress
Body core temperature (Tco) is markedly reduced in dwarf mice [55] resembling the findings in

CR mice [18,19]. Smaller but significant reduction in Tco was detected also in GHR-KO mice
[56]. Reduced release of thyroid hormones, GH and insulin is likely to be responsible for these
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findings since each of these hormones is thermogenic. It is unclear whether reduced Tco repre-
sents a reduction in metabolic rate. Although absolute levels of food consumption, oxygen con-
sumption, and metabolism are reduced in dwarf and CR mice in comparison to control animals
(wild type [WT] and AL, respectively), metabolic rate per unit of lean body weight may not be
affected [57]. Interpretation of these findings is very complicated because long-lived mutant, KO
and CR animals are much smaller than the corresponding controls and therefore have less favo-
rable surface: mass ratio and face a greater challenge when housed in standard laboratory condi-
tions i.e. much below thermoneutral temperature. Moreover, their body composition is different
from normal (wild-type) mice with relatively greater weight of the brain, which is very metaboli-
cally active, and relatively smaller amount of fat which has low metabolic rate. The comparisons
are further complicated by differences in average daily Tco between these groups and by the
ability of small rodents to enter a state of torpor with a major further reduction in Tco.

Wild-type rodents subjected to CR resemble long lived Snell and Ames dwarf and GHR-KO
mice in that they are small and hypothermic with reduced plasma levels of GH, IGF-1, insulin,
and glucose, and variably suppressed reproductive functions. There is evidence in rats that long
term CR does not alter metabolic rate expressed per unit of lean body mass [57]. However, there
are some controversies concerning analysis and interpretations of data on metabolic rate of CR
animals [58] and findings in non-human primates and in the human have been interpreted as evi-
dence that CR reduces metabolism [59]. These complications notwithstanding, it is reasonable
to propose that the slow growing, hypothyroid animals with reduced Tco may have alterations in
energy metabolism that lead to reduced generation of reactive oxygen species (ROS).

Reduced ROS generation [60], combined with improved antioxidant defenses [61-63] may
lead to diminished oxidative stress and reduced oxidative damage to DNA and other cell com-
ponents. Protein oxidative damage in the liver and brain, and lipid peroxidation in the brain
are reduced in Ames dwarf, in comparison to normal mice [60]. Moreover, oxidative damage
to mitochondrial DNA in the brain of Ames dwarf mice is markedly reduced [64]. Inasmuch,
as oxidative stress and damage are believed to be the key mechanisms of ageing at the cellular
level, these alterations are likely to represent the final, common effector by which reduced soma-
totropic signaling and secondary changes in insulin action prolong longevity.

Possible contributions of delayed sexual maturation and reduced gonadal function [65,66] to
prolonged longevity in dwarf, GHR-KO and CR mice are probably minor and will not be dis-
cussed in this article. Results obtained in IGFIR +/— mice provide evidence that reduced IGF-1
signaling can increase life span without inhibiting reproductive functions [12].

4. CONFLICTING FINDINGS

Evidence for the involvement of the somatotropic axis in the control of ageing is compelling.
However, evidence for the causative role of reduced GH and/or IGF-1 actions in extending
longevity in mammals is largely correlative and is viewed by some as controversial. Reducing
plasma IGF-1 levels by expression of a GH antagonist in transgenic mice does not influence
life span [67], selective GH deficiency in GH releasing hormone receptor (GHRHR) mutant
(GHRHR™) mice is associated with prolonged longevity only when obesity is prevented by a
low fat diet [7], and in transgenic “minirats” life span is prolonged in heterozygotes with mod-
erate reduction in IGF-1 but shortened in homozygotes with a more profound suppression of
IGF-1 [68]. Injections of GH were reported to shorten life span in cardiomyopathic hamsters
[69], to extend it in mice [70], and have no effect on lifespan in rats [71]. Data on the impact of
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congenital GH deficiency on ageing and longevity in the human are extremely limited and dif-
ficult to interpret. Hypopituitarism caused by mutation of the Prop1 gene (homologous to Ames
dwarfism in mice) and GH resistance due to mutations of the GH receptor are apparently com-
patible with reaching an advanced age [72,73] but the number of patients is too small to allow
meaningful comparisons with endocrinologically normal individuals from the same populations.
A recent case report [74] comments on a youthful appearance of a middle aged patient with iso-
lated GH deficiency. Findings most difficult to reconcile with the anti-ageing actions of reduced
activity of the somatotropic axis concern the normal decline in GH release during ageing and
the beneficial effects of GH replacement in elderly individuals. These important issues will be
discussed below.

4.1.  GH levels decline with age

It is well documented that concentration of GH in peripheral circulation declines during ageing.
Detailed studies in the rat, in the dog and in the human provided evidence that this decline is due
primarily to reduced release of GH releasing hormone (GHRH) from the hypothalamus [75-78]
and entails suppression of secretory bursts of GH from the pituitary [75,78]. Age related sup-
pression of GH release is very pronounced. In the human, it starts soon after attainment of adult
height, with secretory rate of GH declining by approximately one half every seven years [78].
This alteration in endocrine function is not without consequences. Studies in individuals who at
some point in their adult life lost the ability to secrete GH (most commonly as a result of pitui-
tary tumors and their treatment) lead to the realization of multiple roles of GH after linear growth
is completed and to description of the syndrome of adult GH deficiency (GHD). Individuals
afflicted with GHD are characterized by obesity, loss of muscle mass, and increased cardiovas-
cular disease risk factors, as well as reduced energy level, reduced sexual interest, psychologi-
cal alterations, more frequent need to seek medical attention, and other symptoms collectively
described as reduced quality of life [79,80]. These patients improve dramatically when treated
with GH [79,80]. Since GH levels in the elderly are very low and many symptoms of ageing
resemble symptoms of GHD, it was proposed that age-related changes in body composition
and various measures of the quality of life are caused by reduced activity of the somatotropic
axis, the so-called somatopause. This proposal received strong support from the landmark study
of Rudman et al. [81], who reported in 1990 that six months of treatment with GH in elderly
men who had very low IGF-1 levels resulted in reduced adiposity, increased muscle mass and
increased skin thickness. Growth hormone treatment also improved bone density on one of the
examined sites of the skeleton [81]. These findings lead to great interest in GH treatment in the
management of symptoms of ageing. This very interesting and controversial issue will be briefly
discussed in the next section of this article.

4.2.  Potential use of GH in anti-ageing medicine

Following publication of results obtained by Rudman et al. [81], several groups examined effects
of GH therapy in unselected elderly subjects. The ability of GH to reduce percent body fat and
to increase lean body mass (primarily muscle volume) was confirmed, but beneficial effects
were generally not as clear as they are in younger patients with adult GHD [82]. Numerous side
effects were noted including athralgias, carpal tunnel syndrome, joint pain and development of
insulin resistance that, in a few cases appeared to have progressed to diabetes [82,83]. Moreover,
it was pointed out that GH induced increase in muscle mass does not necessarily imply improved
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strength [83]. Most investigators concluded that in the elderly GH should be used with caution,
that more studies are needed to evaluate the risk-benefit ratio of GH therapy in this group of
patients, and that at present, advanced age alone does not constitute an indication for GH treat-
ment [82,84].

In spite of these reservations, GH, GH releasers and numerous ill-defined “GH-related” prod-
ucts are aggressively promoted as anti-ageing agents [85] and advertisements directed at poten-
tial consumers promise reversal of virtually every accompaniment of ageing including graying
of the hair and baldness. These claims are usually supported by quoting beneficial effects of GH
replacement in middle aged patients with GHD. However, most of the evidence for problems
associated with untreated adult GHD (including cardiovascular risk factors and increased mor-
tality) and for the benefits of GH in these patients is derived from studies in subjects who lost
the ability to secrete GH as a result of pituitary tumors and/or their treatment [86]. Ethiology
of GH deficiency in this type of patients represents a serious confounding factor in any attempt
to extrapolate to normal elderly subjects. Some endocrinologists believe that undesirable side
effects of GH treatment in the elderly can be avoided by use of lower doses and also by starting
with a very low dose and increasing it gradually during early stages of treatment.

Multiple lines of evidence for neuroprotective actions of IGFE-1 [87-89] support the concept
of potential benefits of GH therapy. Moreover, GH treatment of ageing rats was shown to stimu-
late brain vascularity and regional blood flow [90] as well as cognitive function [91] thus reduc-
ing or reversing the effects of ageing on these parameters.

Clinical information available to date can be summarized by stating that the benefits of GH
therapy in the elderly are probably proportional to the degree of suppression of the somatotropic
axis in these individuals, that doses comparable to those used in young GHD patients should be
avoided, that risks of long-term GH therapy in the elderly are not known and include potentially
serious problems, and that there is no data on the possible effects of GH replacement in elderly
humans on life expectancy. Detailed discussion of clinical, ethical and philosophical issues
related to replacement therapy aimed at correcting physiological change in hormonal function
is outside the scope of this article. Extrapolation from the data and opinions concerning gonadal
hormone replacement therapy (HRT) probably applies to many aspects of the use of GH in the
elderly.

5. POSSIBLE PROTECTIVE ROLE OF AGE-RELATED DECLINE IN SOMATO-
TROPIC ACTIVITY

In view of delayed ageing and prolonged longevity of GH resistant and GH deficient mice, it is
interesting to consider the possibility that evolution may have favored a decline in GH release
after somatic growth is completed or nearly completed. In the preceding section(s) of this article,
we have discussed the effects of age-related changes in GH release on fat deposition, muscle
mass, brain vascularity, neuronal survival, and CNS function. None of these changes appears to
be beneficial or adaptive. However, reduced somatotropic activity may have a role in delaying
or preventing major age-related diseases and disease risk factors including cancer, insulin resist-
ance and diabetes.

Epidemiological studies suggest that plasma IGF-1 levels and other indices of GH action con-
stitute risk factors for neoplasms including breast, prostate and colon cancer [29,92,93]. Stimu-
latory effects of IGF-1 on the growth of cancer cells [94] support this concept. Tumor develop-
ment is delayed and severity of tumors reduced in long-lived dwarf mice with combined GH,
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PRL and TSH deficiency [17]. Dwarf mice as well as dwarf rats with isolated GH deficiency are
protected from chemically induced carcinogenics [30,95] and GH treatment promotes develop-
ment of mammary tumors in response to dimethlybenzenthracene (DMBA) in dwarf rats [30].

Anti-insulinemic actions of GH are well documented and GH treatment as well as pathologi-
cal elevation of GH due to pituitary tumors or overexpression of GH in transgenic animals can
lead to hyperinsulinemia and insulin resistance [34,96]. Incidence of diabetes is increased in
acromegalic patients [34] and a recent study suggested that GH treatment of elderly subjects
may constitute risk factor for diabetes [82]. However, in patients with GHD, GH replacement
may reduce, rather than exacerbate insulin resistance by reducing abdominal fat deposits [80]. If
age-related decline in GH should prove to have a role in maintaining sensitivity to insulin, this
would have important implications for survival. Evidence reviewed earlier in this chapter sug-
gests that insulin signaling plays an important role in the control of ageing in many organisms
and that enhanced responses to insulin are found in exceptionally long-lived humans [53] as well
as in long-lived mutant mice [40,42,43].

6. RELATIONSHIP OF GH ACTIONS DURING DIFFERENT STAGES OF LIFE HIS-
TORY TO THE REGULATION OF AGEING AND LONGEVITY; EVOLUTIONARY
CONSIDERATIONS

The mechanisms responsible for negative association of the activity of somatotropic axis with
longevity, for the possible protective role of reduced GH release in adults, and for the relation-
ship of low GH levels to functional decline during ageing remain to be clearly identified. It is
a matter of speculation how these complex and somewhat counterintuitive relationships may
have evolved. During pre- and peri-pubertal period, high levels of GH, and unrestricted food
intake promote somatic and reproductive development but may not be optimal for prolonged
survival. The existence of trade-offs between sexual maturation, fertility, reproductive effort,
and longevity is supported by considerable amount of evidence. This complex topic will not be
discussed here due to limitations of space. The putative mechanisms linking GH actions with
ageing might include increased production of reactive oxygen species related to anabolic and
thermogenic effects of GH, as well as increased nonenzymatic glycation [97], and detrimental
effects of insulin [98] related to GH induced reduction in sensitivity to insulin and consequent
stimulation of insulin release.

If the gradual decline in GH release after sexual maturation is indeed protective, as discussed
earlier in this review, it may have been favored by the impact of prolonged adult survival on the
length of the reproductive period. Extended period of parental care of the young in primates may
have provided additional evolutionary advantage to individuals less likely to succumb to cancer,
diabetes, or other diseases related to insulin resistance. The apparent costs of such protective
effects would include detrimental consequences of reduced GH levels on skeletal muscles, fat
deposition, brain vascularity and brain function in old individuals. These consequences of age-
related reduction in GH levels may not have been selected against because they emerge mainly
in the post-reproductive period when the force of natural selection is greatly reduced if not
eliminated.

The assumptions concerning the relationship of GH secretion at different stages of life his-
tory to the regulation of longevity are highly speculative. However, they appear plausible when
viewed in the light of information on the effects of caloric intake on longevity. Caloric restriction
(CR) started before sexual maturation, in early adulthood, or in mid-life prevents age-related
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disease and prolongs life, with early onset CR being most effective [18,19]. However, in ageing
individuals, reduced food intake is detrimental rather than beneficial and survival benefits can be
produced by improved nutrition and increased food consumption [99,100]. The proposed highly
complex interplay between GH and age-related changes in susceptibility to disease, in body
composition, and in physical and mental function may constitute one of the mechanisms of the
apparent trade-offs between growth and reproduction and life expectancy.

6.1.  Implications for possible anti-ageing strategies

It is interesting to consider whether any of the information discussed in this review might allow
development of novel and effective anti-ageing interventions. The suspected role of altered
insulin signaling in long lived GH resistant and GH deficient mice suggests that reducing insu-
lin and glucose levels in addition to its well documented role in preventing age-related disease
may also slow the biological process of ageing. This approach to “anti-ageing medicine” seems
particularly attractive, since reduction in peripheral insulin and glucose levels in the human can
be safely and effectively achieved by diet and exercise. Pharmacological interventions aimed at
improving sensitivity to insulin, or perhaps selectively interfering with insulin actions in the adi-
pose tissue [13] or in particular fat depots [37] emerge as additional, more remote possibilities.

It is also possible that a low dose regimen of GH replacement in selected elderly subjects will
be proven in future studies to be beneficial in preventing or reversing frailty and in improving
the quality of life. In this context, it is interesting to mention that in the human, physical exercise
increases GH release [101, 102] and benefits of exercise in preventing and reversing the age-
related functional decline are documented beyond any doubt. Importantly, this includes evidence
from studies in very old subjects [103].
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Ageing and the Adrenal Cortex

V. LAMOUNIER-ZEPTER and S.R. BORNSTEIN

University Hospital of Duesseldorf, Department of Endocrinology, Moorenstr. 5, 40225, Dues-
seldorf, Germany

ABSTRACT

Human ageing is associated with a clear dissociation of the adrenocortical hormone secretion
pattern: circulating levels of adrenal androgens significantly decrease with age in both sexes,
while cortisol and aldosterone secretion remains almost unchanged. The exact mechanism to
account for this dissociation is still unclear. The regulation of adrenocortical steroidogenesis in
the elderly involves diverse extra- and intra-adrenal factors, including oxidative stress, apoptosis
and the interaction of these with immunological factors. Here we review the mechanisms pro-
posed for the adrenal senescence and the potential role of the age-related changes in adrenocorti-
cal secretion in pathophysiological ageing.

1. INTRODUCTION

Adult human ageing is associated with a number of important changes in physiological function
and regulation to which the adrenal function may contribute. The changes in the adrenal cortex
that occur with ageing in humans, and how such changes may have an impact on important
physiological and pathophysiological processes is the focus of this chapter.

The adrenal gland consists of two endocrine tissues of different embryonic origin: the pri-
marily steroid-producing adrenocortical tissue and the catecholamine-producing medullary
chromaffin cells. The adult adrenal cortex is functionally divided in three distinct zones, charac-
terized by the expression of specific steroidogenic enzymes and the ability to produce a unique
steroid hormone profile in response to stimulation by specific peptides hormones: outer zona
glomerulosa (ZG), central zona fasciculata (ZF) and inner zona reticularis (ZR). The ZG is the
unique source of aldosterone. The ZF produces mainly the glucocorticoids, cortisol and corti-
costerone, whereas the ZR is the main source of adrenal androgens, dehydroepiandrosterone
(DHEA) and dehydroepiandrosterone sulfate (DHEAS) [1].

The human and mouse adrenal presents a transient developmental zone between the cortical
and the adrenal medulla, so called fetal or X zone, respectively [2-3]. The human fetal zone
secretes large amounts of DHEAS, which act as a source of C , steroids for placental estrogen
production, thus being crucial in establishing the estrogenic milieu during pregnancy [2].

The chromaffin cells of the adrenal zona medullaris produce mainly the catecholamines,
epinephrine and norepinephrine. Chromaffin vesicles contain additionally numerous transmit-
ters, neuropeptides and proteins, which may be released together with the catecholamines.



140

Cholesterol
*P 450scc
17OH CYP17 DHEAST
Pregnenolone 170-OH Pregnenolone ~ wemmiiise— DHEA  =ossliiie— DHEAS
3BHSD 3BHSD 3BHSD
770/—/ CcYP17
Progesterone 170-OH Progesterone sl Androstenedione
’P-450021 P-450c21
P-450c1181
11-Deoxycorticosterone 11-Deoxycortisol i Cortisol
*P -450c118B2
P 45001182 P-450c1182
Corticosterone 180HCorticosterone el Aldosterone

Figure 1. Steroidogenesis in the human adrenal cortex. Abbreviations: DHEA, dehydroepiandrosterone; DHEAS, dehy-
droepiandrosterone sulfate; P450scc, side-chain cleavage enzyme; 170H, 17a-hydroxylase; CYP17, 17,20-desmolase;
DHEAST, dehydroepiandrosterone sulfotransferase; 3BHSD, 33-hydroxysteroid dehydrogenase; P-450¢21, 21-hydrox-
ylase; P-450c11B2, 11P-hydroxylase; P-450c11B1, [ 11-hydroxylase.

There is a close interaction of the adrenal cortex with the adrenal medulla. In addition, there is
an intricate neuroendocrine immune network within the adrenal modulating both adrenocorti-
cal steroidogenesis and adrenomedullary catecholamine production [1]. Adrenal senescence is
primarily associated with a decline in adrenal androgen production. Therefore we will focus on
adrenal androgen secretion and ageing.

2. ANDRENAL ANDROGEN SECRETION AND AGEING

Adrenal androgens are primarily produced in the inner zona reticularis of the adrenal cortex. A
small amount of DHEA and its sulfate is produced by the testes and the central nervous system
(CNS) [4-5]. DHEA is synthesized from the precursor pregnenolone, derived from cholesterol
after side-chain cleavage by cytochrome P450scc enzyme (CYPscc) (Figure 1). Cytochrome
P450-1700 (CYP17), a 170-hydroxylase with 17,20-desmolase activity, converts the C-21
steroid pregnenolone to the C-19 steroid DHEA. Hydroxysteroid sulfotransferase (DHEAST)
converts DHEA to DHEAS, which is the most abundant circulating steroid hormone in humans
[6]. DHEAS is highly expressed in the human adrenal cortex and liver. Its expression is tissue-
specific regulated by steroidogenic factor 1 in the adrenal and liver receptor homologue in the
liver [7].

DHEA can also be converted to androstenedione by the microsomal non-P450 enzyme 3[3-
hydroxysteroid dehydrogenase (3BHSD). In the periphery, DHEA and androstenedione can
serve as substrates for the formation of testosterone and aromatization to estrogens [8].
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2.1.  Regulation of androgen production

Besides the well established stimulatory effect of adrenocorticotropin (ACTH), the regulation of
adrenocortical steroidogenesis involves a complex interaction of several intra- and extraadrenal
factors. This intricate intraadrenal regulatory system may explain the discrepancy in cortisol
and androgen release in several clinical situations, and especially in the age-related changes in
androgen secretion [8].

2.2.  Extra-adrenal regulation of adrenal androgens

The extra-adrenal factors believed to modulate adrenal androgens secretion include gonadal
androgens, insulin, growth hormone (GH), prolactin, and pituitary peptides.

Based on the clinical observation of increased pubic hair growth in girls with gonadal dys-
genesis treated with estrogens, it has been postulated that estrogens participate in the regula-
tion of adrenal androgen secretion [8]. Indeed, experiments with human adrenal cell culture
demonstrated an increased DHEA/DHEAS production after stimulation with estradiol [9-10].
Similarly, the adrenal response to stimulation with ACTH increases after testosterone treatment
invivo [11].

Insulin infusion has been found to cause a decrease in circulating DHEA/DHEAS levels [12].
In addition, in primary cultures of human adrenocortical cells, insulin and insulin-like growth
factor 1 (IGF-1) increase the mRNA levels for 17o-hydroxylase and type II 3BHSD in the
absence of cyclic AMP or ACTH, and also potentiate the effect of cyclic AMP and ACTH in all
steroidogenic enzyme mRNA expression [13].

Studies of growth hormone effects on adrenal steroidogenesis have been inconclusive.
Patients with GH deficiency seem to present decreased concentrations of adrenal androgens
[14—15], but treatment with human GH as such does not have any effect on the adrenal androgen
secretion [15].

In vitro studies showed that prolactin stimulates steroidogenesis in guinea pig and human
adrenals [16—17]. Moreover, human adrenals express receptors for prolactin [17]. However,
during the characteristic age-related changes in adrenal androgens concentration there are no
corresponding changes in prolactin concentrations [8].

Besides ACTH, other peptides derived from proopiomelacocortin may be involved in the reg-
ulation of steroidogenesis. Concentrations of B-endorphin and [-lipotropin have been reported
to increase during puberty, suggesting a possible role of both opioids in the development of
adrenarche [18]. In fact, in vitro studies with guinea pig adrenal cells showed an increase in
DHEA production after stimulation with B-lipotropin [19]. Similar results were obtained with
stimulation of human adrenal cells with B-endorphin in vitro [20]. However, if this mechanism
functions in vivo is still unclear.

At least, the corticotropin-releasing hormone (CRH) may also directly influence the adrenal
androgen production. In human fetal adrenal CRH increases DHEAS production as effective as
ACTH, whereas at stimulating cortisol production CRH was only 30% as potent as ACTH [21].
On the other hand, ACTH does not elevate cortisol secretion in the absence of CRH action as
documented in CRH-type 1 receptor knockout mouse model [22]. Consistent with this preferen-
tial effect on DHEAS production, an increased expression of CYP17 mRNA, but not of 3HSD
mRNA, was observed after stimulation with CRH [21].
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2.3.  Intra-adrenal regulation of adrenal androgens

Besides systemic factors, the adrenal androgen secretion is regulated by complex intra-adrenal
interactions, involving the adrenal vascular supply, its neural input, the immune system, and
local growth factors [1].

The adrenal gland is highly vascularized and its blood flow is finely controlled by a complex
network of neural and hormonal mechanisms [1]. Anderson suggested that, particularities of
adrenal blood flow would explain the increased androgen secretion during adrenarche [23]. In
the adrenal blood flows from cortex to medulla, thus exposing the inner-zone cells to high levels
of cortisol. Gradually the reticularis cells would respond to this high cortisol levels by undergo-
ing morphological and functional changes, such as induction of the enzyme 17,20-desmolase
and perhaps partial loss of 3BHSD, resulting in an increase in androgen production [23].

In addition to medullary catecholamines and neuropeptides to which adrenocortical cells are
exposed in response to activation of the sympatho-adrenal axis, the adrenal cortex receives a
direct innervation, which seems to modulate its function. The innervation of the adrenal cortex
originates from two different sources: one is the adrenal medulla that is regulated by splanch-
nic nerve activity. Other neurons have their cell bodies outside the adrenal gland and reach the
cortex together with blood vessels [1]. In vivo studies reported a regulation of adrenocortical
sensitivity to ACTH through splanchnic nerve activity: dissection of the splanchnic nerves
decreases adrenocortical response to ACTH [24], while stimulation enhances it [25]. Similarly,
perfusion of intact pig adrenals with epinephrine or stimulation of the splanchnic nerves showed
an increased release of androstenedione [26]. Besides the release of catecholamines, other pos-
sible pathways for the neural activation of adrenal cortex include the release of neuropeptides.
For example, the vasoactive intestinal peptide (VIP) has been identified in nerves and cells
within the adrenal cortex in various mammals [27]. In our studies carried out on human adrenal
primary cell culture, VIP stimulated the release of DHEA, testosterone, and androstenedione
significantly [28].

Components of the immune system are located within the adrenal cortex under normal condi-
tions, indicating the existence of an intra-adrenal immune system [29-30]. Macrophages were
found primarily in the zona reticularis, expressing different cytokines such as interleukin-1 (IL-
1), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFa) when activated [31]. The adreno-
cortical cells themselves are also able to synthesize several cytokines. In situ hybridization and
specific immunostaining studies show that cytokines are expressed mainly in steroid-producing
cells in the zona reticularis and in cortical cells located in the adrenal medulla [31]. This intra-
adrenal immune system has direct effects on the adrenocortical function, including a regulatory
role on adrenal growth and on steroidogenesis [1]. IL-6 receptor is expressed with high density
in the zona reticularis and inner zona fasciculata of human adrenal gland and IL-6 stimulates the
release of androgens both via ACTH and directly [32—33]. In human fetal adrenals TNFo alters
the P450 enzyme expression with a consequent shift to androgen production [34]. Moreover,
based on the observation of direct cellular contacts between lymphocytes and reticularis cells,
as well as on in vitro experiments with HLA-matched lymphocytes and NCI-H295 cells, it has
been found that lymphocytes may directly stimulate DHEA secretion [35]. The T lymphocyte
infiltration in adrenals increases with age, suggesting that lymphocytes may be involved in the
alterations of adrenocortical function during ageing [36].

Various peptide growth factors may also be involved in the regulation of adrenal androgens
secretion. Epidermal growth factor (EGF) and fibroblast growth factor (FGF) stimulate growth
of bovine and human adrenocortical cells in vitro [37-38], but only EGF also stimulates DHEAS
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secretion in fetal zone cells [39]. Transforming growth factor B reduces DHEAS synthesis by
increasing mRNA accumulation of 3HSD and decreasing those of CYP17 [40-41]. Both Insu-
lin-like growth factors peptides and their receptors have been identified in the adrenal cortex
[42-43] and a regulatory effect on androgen biosynthesis has been reported in human adre-
nal primary cultures [44]. In addition, the treatment of adrenal cells with IGF-I or II leads to
increased CYP17 and 3BHSD mRNA expression without changes in the expression of CYPsce
[45].

3. ADRENARCHE/ANDROPAUSE

In contrast to the minimal changes of the cortisol and aldosterone secretion occurring with age,
the adrenal androgens production in humans follows a characteristic age-associated pattern [46].
DHEA is the main secretory product of the fetal adrenal, leading to high circulating levels of
DHEAS at birth. After birth, the DHEAS serum concentrations decrease to almost undetectable
levels, in parallel with the involution of the fetal zone in the first year of life [4]. During child-
hood, DHEA concentrations remain low, but gradually increase again between the sixth and
eighth year of age, a phenomenon called adrenarche [47], and reach peak levels between the ages
of 20 and 30 [46]. Thereafter, a steady decline of androgen levels is observed throughout adult
life, so that only 20-30% of those in young adults are found by the ages of 70 to 80 years. The
greatest decline occurs by the ages of 50 to 60, which is called adrenopause [48].

3.1.  Regulation of adrenopause

While alterations of adrenal blood flow may explain certain aspects of hormone profile changes
during adrenarche, the mechanisms to account for the decline in the androgen secretion in ageing
may be different [49]. It has been proposed that a reduction of 17,20-desmolase enzymatic activ-
ity may be responsible for the decrease in DHEA synthese [50]. However, no changes in the
gene expression of 170-hydroxylase and other enzymes reponsible for steroidogenesis could be
related to ageing [51]. Thus, it is probable that structural alterations in the adrenal cortex other
than changes in the enzymatic properties of the zonal cells could explain the decrease in adrenal
androgen synthesis evaluated in ageing.

In fact, morphological rearrangements in the adrenal cortex with ageing have been observed
[52]. In spite of similar total cortical thickness between young and older men, a significant
decrease in the zona reticularis width was observed with ageing. Moreover, when the zona
reticularis width was evaluated in proportion to outer cortical zone thickness, a 2-fold increase
in the ratio of the width of zona fasciculata and zona glomerulosa to that of zona reticularis has
been observed. In paralel, the border between zona reticularis and zona fasciculata becomes
irregular [52]. This remodeling of the cortical zones may explain the modifications in the adrenal
steroidogenesis observed in the elderly. In contrast to the zone fasciculata, which has abundant
3BHSD, the human zona reticularis contains high levels of DHEAST and little, if any 3pHSD
[51,53]. These intra-adrenal differences in the steroidogenic pathway involve a preferential syn-
thesis of DHEA/S but only a small amount of cortisol in the zona reticularis. Thus, a reduced
mass of the zona reticularis in ageing but without reduction in the mass of zona fasciculata may
result in reduced DHEA synthesis without affecting the cortisol synthese pathway [52].

It remains unclear how exactly these morphological rearrangements in the adrenal cortex
occur and whether these observed morphological changes impact on adrenocortical function and
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Figure 2. Proposed mechanisms for adrenopause. a, Adult adrenal gland with differentiated androgen-producing cell,
expressing MHC class I and FAS. FAS-L expressing T helper cells induce apoptosis in immunocompetent reticularis
androgen-producing cells. Oxidative stress also contributes to apoptosis, leading to decrease of zona reticularis width (b)
and downregulation of adrenal androgens synthesis.

regulation. We have proposed a multifactorial model (Figure 2), where the interaction between
extra-adrenal and intra-adrenal hormonal and immunological factors leads to apoptosis of the
cortical androgen-producing cells [54]. The highly differentiated androgen-producing reticu-
laris cells express major histocompatibility (MHC) class II antigens, as well as FAS and FAS
ligand [55-57]. FAS is a cell surface molecule of the tumor necrosis factor (TNF)/nerve growth
factor receptor families [S8-59], whereas FAS ligand (Fas-L) is a type II membrane protein also
belonging to the TNF family [58,60]. Both molecules are involved in cellular immune response
and programmed cell death [55,61]. There is also evidence of MHC class II mediated pro-
grammed cell death [62]. T lymphocytes expressing CD4 and CD8 antigens were present within
human adrenal zona reticularis by immunohistochemical subtyping, and electron microscopic
analyses demonstrated direct cell-cell contact between T lymphocytes and adrenocortical cells
in situ [35]. Thus, Fas-L expressing T helper cells may induce apoptosis in immunocompetent
androgen-producing cells expressing Fas and MHC class II antigens [63]. A functional link
between the MHC class complex, Fas/FasL. and apoptosis has already been demonstrated: liga-
tion of MHC class II antigens leads to increased sensitivity of lymphocyte cell lines to Fas-medi-
ated apoptosis [64—65]. A similar mechanism seems to occur in the human adrenal cortex [66]
and would explain the Fas/MHC class II-mediated apoptosis of differentiated reticularis cells.
In addition to these immune-endocrine interactions, oxidative damage could contribute to the
adrenocortical cellular senescence. The antioxidants ascorbate (vitamin C) and alpha-tocopherol
(vitamin E) are concentrated in the adrenal gland to very high levels compared to other organs
[67]. It has been proposed that vitamin C and E protect the adrenal membranes from the delete-
rious effects of lipid peroxidation, thereby playing a protective role in steroidogenesis [68—69].
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Interestingly, in the guinea pig as well as in the human adrenal cortex the ZR is the site of great-
est lipofuscin accumulation, an end product of lipid peroxidation [70], and is also the region of
greatest peroxidative activity in vitro [71]. Thus, the accumulation of free radicals from both
exogenous sources and metabolites of catecholamines produced by medullary chromaffin cells,
together with a decrease in antioxidants, would be responsible for increased oxidative damage
of the reticularis cells and promote their apoptosis. The apoptosis of ZR cells with a consequent
decrease in CYP17 activity and DHEA production, but with a maintained cortisol secretion,
would create the imbalance between androgen and cortisol secretion observed in ageing.

3.2.  Functional significance

The decrease in the androgen production observed during adrenopause may be an important
link between endocrinosenescence and immunosenescence. Several epidemiological studies
have reported a negative correlation of serum DHEA and DHEAS with IL-6 [72-73]. Circulat-
ing IL-6 increases with ageing [74—75], suggesting an important role of this cytokine in several
age-dependent diseases [76—78]. Additionally, in vitro evidence has been presented for DHEA-
induced inhibition of IL-6 production by human peripheral mononuclear blood cells [73]. Thus,
the age-dependent decrease in DHEA may partly explain the increase in serum IL-6 concen-
trations observed in the elderly. In fact, the treatment of ageing mice with DHEA or DHEAS
reduces up-regulated IL-6 production [79]. A similar effect was verified in the serum levels of
1L-10, which also is increased in aged mice [80].

Whether DHEA has direct immunomodulatory effects on target cells or whether these effects
are indirectly mediated by its downstream steroids, e.g. testosterone, remains unclear. In vitro
studies showed DHEA conversion to physiological amounts of downstream steroid hormones in
macrophages, suggesting a relevant immunomodulatory effect for the downstream hormones of
DHEA [81]. In addition, gene profiling studies, which analyzed the effects of dexamethasone,
testosterone, and DHEA on gene expression by lymphocytes, suggested a direct effect on gene
expression, which may be mediated by a receptor specific for DHEA [82].

It has also been suggested that the balance between the adrenal androgen and glucocorticoids
may influence the differentiation of T helper cells into Th1 and Th2 [83]. The Thl response
promotes cellular immunity, whereas the Th2 profile through IL-3, IL.-4, IL-5, IL-10 and IL-
13 secretion initiates humoral immunity and counteracts the Thl response [83]. It seems that
corticosteroids induce a shift from Th1 to Th2 response [84—85]. Thus, changes in the hormone
balance with a relative predominance of glucocorticoids observed in the adrenopause would
alter the immune balance, with a switch toward a Th2 cytokine pattern. This dysregulation of
cytokine production is in accordance with the predominance of Th2 cytokines in the ageing
immune system and may explain the propensity to disease observed in aged people.

Another potential role of adrenal androgens in the pathophysiological ageing refers to the
effects of DHEA and DHEAS on the central nervous system. DHEA and DHEAS may be
synthesized de novo in the CNS, and thus belong to the class of neurosteroids [5]. They act at
two major receptors: the y-aminobutyric acid (GABA) receptor and the N-methyl-D-aspartate
(NMDA) receptor [86]. Through their interactions with these neurotransmitters, DHEA and
DHEAS are supposed to be involved in complex processes such as learning, memory, neuro-
protection and neocortical organization. As a GABA receptor antagonist, DHEA and DHEAS
may enhance the neuronal and glial survival in mouse embryo brain cells. Furthermore, central
DHEA injection can improve learning and memory capacities in mice [87]. In vitro experiments
with primary cultures of mouse embryonic neocortical neurons indicate that DHEA and DHEAS
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may affect axonal and dendritic growth, thus suggesting an organizational role of DHEA and
DHEAS in the developing CNS [88]. This neurotrophic effect of DHEA was mediated by the
NMDA receptor. In addition, in rat primary hippocampal neurons culture, DHEAS was able to
enhance the neuronal resistance to stress relevant to both acute and chronic neurodegenerative
conditions. The beneficial effects of DHEAS on neuronal survival was correlated with an activa-
tion of a kB-binding transcription factor [89], which appears to protect against the neurotoxicity
associated with oxidative stress, calcium and B-amyloid [90]. DHEA also opposes the action of
glucocorticoids on the brain, antagonising the neurotoxicity of corticosterone on the hippocam-
pal rat cells [91]. Thus, it has been proposed that the age-related decline of DHEAS may play a
role in the occurrence of neurodegenerative diseases, including Alzheimer’s disease.

Whether the centrally synthesized DHEAS only or changes in plasma DHEAS levels can also
affect CNS functions remains unclear. In fact, the data concerning the correlation of peripheral
DHEAS secretion and cognitive function are still conflicting. In a larger study of normal older
women, no significant relationship between DHEAS levels in serum and cognitive function has
been found [92]. Similarly, in elderly people no correlation has been demonstrated between
cognitive impairment and serum DHEAS levels [93]. The studies on DHEAS levels and Alzhe-
imer’s disease are also contradictory. Some found that Alzheimer’s disease patients had lower
DHEAS levels than controls [94-95], but this could not be confirmed by others [96]. When
DHEA is expressed in relation to cortisol concentrations, however, an increased cortisol:DHEA
ration seems to be associated with cognitive impairment in elderly people [97]. Cortisol has a
central neurotoxic activity, whereas DHEAS antagonizes the glucocorticoid action both cen-
trally and peripherally. Thus, not exactly the decrease of adrenal androgens but the dysbalance
of adrenocortical secretion during ageing may be involved in the age-related diseases such as
neurodegenerative disorders and others.

4. CONCLUSION

Ageing in healthy people is associated with a clear dissociation of the adrenocortical hormone
secretion patiern. These changes in adrenal hormone levels may be an important link between
immune-, endocrine- and neuronal-senescence, thereby with a widespread clinical significance.
On this basis, it has been questioned whether ageing represents, in part, an androgen deficiency
syndrome and is therefore reversible by DHEA supplementation. In fact, increasing use of
DHEA as anti-ageing drug has been observed in the USA, where it is considered to be a food
supplement and available without prescription. However, the advantage of such therapy in the
elderly remains unclear. Especially, the conversion of exogenously administrated DHEA to
potent androgens and estrogens in excess may increase the risk of development of sex hormone-
dependent neoplasias. Thus, the risk vs. beneficial effects of DHEA supplementation in elderly
remain to be elucidated before a widespread use of DHEA in advanced age is recommended.
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ABSTRACT

The hypothalamic-pituitary-gonadal hormone axis undergoes profound changes with ageing in
both sexes. While there is a rather abrupt cessation of sex steroid production in women with age
(menopause), alterations in men are more subtle. Recent cross-sectional and longitudinal stud-
ies have identified a number of age-related changes in men that can ultimately lead to androgen
deficiency. A number of symptoms and disorders frequently seen in elderly men (e.g. loss of
body mass, sexual dysfunction, osteoporosis, depression) have been linked to these endocrine
changes. Up to one third of men beyond the age of 60 have low serum testosterone levels. The
role of androgen supplementation for these men is controversial due to the lack of long-term,
randomised clinical trials with defined clinical endpoints. The aim of this review is to sum-
marize age-related changes of the hypothalamic-pituitary-axis in men, determine their clinical
relevance with particular reference to androgens, and discuss advantages and disadvantages of
androgen supplementation.

1. INTRODUCTION

Mean life expectancy continuously increases worldwide and is currently 78 years in Western
Europe, 76 in North America, 69 in Latin America, 65 in Asia and 49 years in Sub-Saharan
Africa. Life-style changes and technologic advances to reduce infant and maternal mortality, as
well as hygienic, medical, surgical and occupational improvements, all contribuie to this increase
in mean life expectancy. It has been estimated that by the year 2050, 16% of the human popula-
tion will be older than 65 years in industrialized countries [1]. These demographic changes con-
front societies with new, emerging problems involving social, political and economical issues.

Ageing affects all organ systems, resulting in metabolic, cardiovascular, intestinal, neurologi-
cal, orthopaedic, genitourinary and endocrine changes, which can ultimately lead to a state of
multi-morbidity. Rising co-morbidities with advanced age are associated with increasing bur-
dens to the health care system, with 80% of medications being prescribed within the last 10 years
of life. This emphasizes and justifies the importance of scientific inquiry in the ageing popula-
tion to establish, improve or develop healthy ageing.
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2. GENDER RELATED DIFFERENCES OF THE ENDOCRINE SYSTEM DURING
AGEING

Menopause in women is characterized by a cessation of ovarian cyclic function endocrinologi-
cally resulting in a sharp decrease of estradiol serum levels below 20pg/ml and, through feed-
back mechanisms, a compensatory rise of follicle stimulating hormone (FSH >351U/1) and lutei-
nizing hormone (LH >10IU/1) [2]. Usually, menopause occurs around the end of the 5" decade
of life. Postmenopausal women lack menstrual cyclicity, that can be accompanied by urinary
urgency, vaginal dryness, hot flushes, depression, anxiety, irritability and skin alterations.

In men, age-related endocrine changes generally occur later in life than in women, and these
changes are more subtle, since there usually is no complete cessation of testicular function in
healthy ageing men like that of the ovaries in women. Therefore the term “andropause”, defined
as “indefinite syndrome composed of several constellations of physical, sexual, and emotional
symptoms brought about by a complex interaction of hormonal, psychological, situational and
physical factors” [3] is a misconception and not truly analogous to female menopause [4]. Usu-
ally, there is no endocrine discontinuity in male reproductive function, since persistent testicular
function enables elderly men to reproduce even above 65 years [5]. Despite the gradual decline
of testicular function with age, only about one third of men will become hypogonadal as defined
by low serum testosterone levels, which may lead to the development of clinical signs and symp-
toms.

3. HYPOGONADISM IN ELDERLY MEN

Werner published the first report of clinical symptoms related to hypoandrogenism in 1939 [6].
He proposed the term “male climacteric” for a syndrome comprising nervousness, irritability,
psychological depression, impaired memory, fatigue, insomnia, hot flushes, periodic sweating
and loss of sexual vigour. Later, the terms “andropause” or “male climateric” were popularised
and, more recently, the terms “PADAM” (partial androgen deficiency of the ageing male) and
then “ADAM?” (androgen deficiency of the ageing male) were created to describe all androgenic
changes during the male ageing process.

The International Society for The Ageing Male defines hypogonadism as a biochemical syn-
drome associated with age and a deficiency in serum androgens that may result in alterations
affecting quality of life and adversely affect function of multiple organ systems [7]. Currently,
there is consensus that serum-testosterone (T) levels of less than 320ng/dl or 12nmol/l are
defined as hypogonadism that may require treatment. The prevalence of men with serum testo-
sterone levels in the hypogonadal range increases linearly with age [8]. While only 7% of men
less than 60 years fall into this category, this percentage increases to 25% in those aged 60—80
years and to further 30—40% of men above 80 years but this does not mean that these men neces-
sarily develop other symptoms of hypogonadism.

There is no consensus about the endocrine causative mechanisms of the rather modest age-
associated decline in T the origin of which may be at all three regulatory and organ levels of
the hypothalamo-pituitary-testicular axis [4]. Decreased numbers of Leydig cells, impaired
testicular perfusion and a blunted release of T upon stimulation by chorionic gonadotropin point
at a partial primary testicular failure (primary hypogonadism). Elevated LH serum levels are
common in elderly men, but these levels in response to the age-related decline of T levels of
primary cause are lower than those observed in androgen-deficient younger men. Hypothalamic
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Figure 1. Hypogonadism of the ageing male.

In contrast to young male adults where often clearly defined disorders such as anorchia, Klinefelter syndrome and pitui-
tary deficiency are the cause of primary (testicular) or secondary (hypothalamic, pituitary) hypogonadism, in elderly
men age-related gradual regulatory changes of the HPG axis result in a mixture of partial dysfunctions at all organ levels
(hypothalamus, pituitary, testis). Primary testicular failure leading to partial hypergonadotropic hypogonadism with
increasing levels of follicle stimulating hormone (FSH and luteinizing hormone (LH) (left side), is intermingled with
central defects of the hypothalamic-pituitary unit usually causing only mild secondary gonadal failure or hypogonado-
tropic hypogonadism (right side). Age-associated changes at the testicular level are reductions in the numbers of Leydig
(LC) and Sertoli cells (SC), thickening and hernia-like protrusions of the basal membrane of the seminiferi tubules,
development of vacuolization and accumulation of lipofuscin within the Leydig cells and a decrease in the T production
capacity upon stimulation with chorionic gonadotropin (CG); Additionally, SHBG levels in serum are upregulated with
age: The sum of all these changes is meant to result in diminished levels of bioavailable T. This in turn should lead to
full compensatory upregulation of the hypothalamic-pituitary unit but concomitant age-related changes, i.e. failure of
the hypothalamus to generate appropriate amplitudes of the pulsatile secretion bursts of gonadotropin-releasing hormone
(GnRH), higher sensitivity to the suppressive effects of T, and smaller amounts of GnRH released at each pulse, seem to
be responsible for age-associated blunted pituitary response of FSH and LH and consequently inadequate T production
and availability. Moreover, despite declining opioidergic suppression of GnRH secretion, old men fail to adequately
restore GnRH and LH synchronous pulsatility and amplitudes to compensate for mostly mild primary hypoganadism
reflected by too low T serum levels (reviewed in [21] and [22]).

Dashed arrows ... regulatory mechanisms; solid arrows ... changes in organic functions and of hormone levels with

age
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impairment of stimulating LH, and subsequently androgen secretion is inferred from the loss of
circadian rhythm of LH and T levels. Moreover, the nycthemeral variations in plasma T levels
are significantly decreased in elderly men. The reduced number of spontaneous high amplitude
LH pulses in elderly men does not seem to be a consequence of decreased sensitivity of the
gonadotrophs to gonadotropin releasing hormone (GnRH), but of the release of smaller amounts
of GnRH at each pulse. These findings speaks in favour of additional functional changes in the
hypothalamic-pituitary unit (secondary hypogonadism). Above the age of 80, elevated LH levels
may also be explained by the loss of the increased opioid tone of middle aged men [for review
see 4,21,22] (Figure 1).

4. LONGITUDINAL ENDOCRINE CHANGES IN AGEING MEN

Although age-related endocrine changes have been repeatedly analysed in cross-sectional data
[9], there are only few longitudinal studies available [10—12]. Recently, Feldman et al. reported
a follow-up of the Massachusetts Male Ageing Study [13]. In this community-based trial 1.709
men aged 4071 years were initially investigated in 1991. Most of these men were reinvestigated
7-10 years later (n=1.156) and the data analysed cross-sectionally at baseline and follow-up, as
well as longitudinally. It was observed that total testosterone (T: —1.6%/year), bioavailable testo-
sterone (BAT: —2.8%/year) and albumin-bound testosterone 2.5%/year) longitudinally declined
significantly with age. These longitudinal changes are slightly higher than those of the cross-
sectional data at follow-up (0.8%/year, 1.7%/year, 2.0%). Dehydroepiandrosterone (DHEA) and
dehydroepiandrosterone sulphate (DHEA-S) longitudinally declined in parallel by 1.4% and
5.2% annually, whereas dihydrotestosterone (DHT), follicle stimulating hormone (FSH) and
luteotropic hormone (LLH) increased by 3.5%, 3.1%, and 0.9%, respectively (Figure 2). These
results are consistent with Harmann et al. who investigated longitudinal changes of T and the
free testosterone index (FTI) in healthy men aged 22-91years. They reported an average decline
of T by 0.124 nmol/L/year and FTI by 0.0049/year [10]

5. DECLINE IN PULSATILE HORMONE SECRETION WITH AGE

In addition to changes in absolute hormone and hormone metabolite serum levels, the ageing
hypothalamic-pituitary-gonadal axis is also characterised by a decline in diurnal pulsatile secre-
tion. LH and FSH synthesis and secretion are differentially regulated by the frequency of GnRH
pulses. A low frequency of GnRH stimulation preferentially increases FSH, whereas LH is
maximally stimulated at higher GnRH pulse frequencies [14,15]. Basal LH pulse frequency in
ageing men is comparable to young men, but frequency of LH pulses with amplitudes greater
than 21U/L decreases. Mean LH pulse amplitude, maximal LH pulse amplitude and pulse areas
decline with ageing resulting in a loss of circadian changes of T serum concentration [16,17]. In
young men, LH and T peak between 5.00-8.00 am and decline in the late afternoon and early
evening (5.00-7.00pm) [18].

To address the issue of the necessity of multiple serum sampling due to diurnal hormone
variations, we recently investigated 101 healthy men with a median age of 56 years [19]. Three
morning serum samples were obtained within 90 minutes, separately analysed and compared to
results of three pooled samples. If serum T was greater than 400 ng/dl, single analysis varied by
a maximum of £20% from pooled data, supporting the conclusion that due to the lack of pulsa-
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Figure 2. Annual endocrine changes of ageing men in cross sectional and longitudinal studies from the same cohort
[9,13].

tility in elderly men, a single blood sample analysis seems to be sufficient. Men with a serum T
of less than 400ng/dl, however, require repeated investigations for exclusion of hypogonadism
[19].

6. IMPACT OF HEALTH STATUS ON SERUM ANDROGEN LEVELS

In sharp contrast to the situation in young men, where hypoandrogenism is usually caused by
clear pathomechanisms (e.g. Klinefelter syndrome, pituitary deficieny, anorchia etc.), ADAM
is a multifactorial disorder. Factors like psychological stress, acute or chronic illness, physi-
cal activity, obesity, malnutrition, drug abuse or medication have a significant influence on
the hypothalamic-pituitary-gonadal axis. Therefore, it is difficult to determine whether these
age-related endocrine changes are caused by the ageing process per se, or are a consequence of
underlying disorders [13,20]. A poor health status must, therefore, be considered a major risk
factor for developing hypogonadism.
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7. ANDROGEN SUPPLEMENTATION IN AGEING MALES
7.1.  General considerations

First, it must be emphasised that data from large, prospective, randomised trials on androgen sup-
plementation in ageing men are rare [21]. A second limitation is the definition of clinical study
endpoints. Considering the fact that ageing is associated with a tremendous increase in health
care costs, primary endpoints should be improvements of well being, quality of life and healthy
ageing, parameters that are not easy to assess. Prolongation of life by modulation of the ageing
process per se is an unrealistic endpoint. To date, only a few trials have studied the improvement
of quality of life. Clinicians should, therefore, be encouraged to not only study changes of sero-
logical parameters, but also improvements in quality of life and general well being.

A number of symptoms and syndromes accompanying the ageing process of men, such as
loss of muscle mass and muscle strength, changes in body composition, osteopenia, reduction
of bone density, sexual dysfunction, regression of secondary sexual characteristics, decreased
haematopoiesis, lethargy, decreased cognitive function and decreased general well-being, are
also observed in androgen-deficient young men. This led to speculations that lower androgen
levels may be responsible for some of these changes in ageing men, and that androgen replace-
ment therapy may prevent, retard or even reverse some of these age-related clinical features.
But, since most of the clinical features accompanying the ageing process are non-specific and
of multifactorial origin there are no significant correlations to androgen levels. Nevertheless, it
has been assumed that androgen deficiency or insensitivity is involved, providing a rationale for
androgen supplementation in elderly men [for review see 21].

7.2.  Indications for androgen supplementation

Common indications for androgen supplementation for ADAM are decreased musculosceletal
mass, increased adipose tissue, loss of libido and reduced hematocrit, as these symptoms par-
tially can be reversed by androgen replacement in adult men with frank hypogonadism due to
known causes [22,23]. Preliminary results after T replacement in elderly hypogonadal (BAT
<70 ng/dl) men (69-89 years) have shown beneficial effects on libido, density lipoprotein levels
and a significant increase in bone density and lean body mass [24,25]. In a double blind study in
which 108 men over 65 years old were randomized to wear either a T patch or a placebo patch
for 36 months, fat mass decreased and lean mass increased significantly in the T-treated group.
Muscle strength of knee extension and flexion was, however, not significantly different in the
two groups [26]. Although testosterone-treated men reported improved fitness and general well
being [27], the long term outcome remains unclear.

There are only a few studies investigating the effect of hypogonadism on age-associated
physical and cognitive function. In a placebo controlled trial, 15 hypogonadal men (T <60 ng/
dL) with a mean age of 68 received placebo, and 17 hypogonadal men (mean age 65) received
biweekly 200 mg T-cyprionate for 12 months [28]. The primary outcome was improved strength,
increased haemoglobin, and lower leptin levels in treated individuals as compared to placebo
but no significant difference in cognitive function was found. Seventeen percent of the patients
receiving T had to be withdrawn due to abnormally elevated hematocrits.

Although supraphysiological doses of T, especially when combined with strength training,
increased fat-free mass, muscle size and strength in men aged 1940 years [29], the long term
substitution of supraphysiologic doses of T in frail elderly men cannot be recommended yet.
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7.3.  Depression and androgen supplementation

One of the major psychiatric problems of ageing is depression, which has been repeatedly linked
to serum androgen levels. Recently, Perry et al. studied the effect of T-cyprionate on 16 elderly
eugonadal males with major depressive disorder who received either 100 mg/week or 200 mg/
week for 6 weeks [30]. There was a 42% decrease in depression scores irrespective of androgen
dosage. This positive short-term effect emphasizes the importance of long-term trials.

7.4.  Body composition and androgen supplementation

Several studies have determined the impact of androgen supplementation on body composi-
tion, BMI and lean body mass. As mentioned above Snyder and co-workers investigated 108
men (age > 65 years) in a double blind study for 36 months. Following T-treatment, lean body
mass increased significantly and fat mass decreased [26]. Similar data were reported by Rolf
et al. in 61 hypogonadal men (age 20—67 years) [31], who used 24 untreated hypogonadal men
aged 19-65 years and 60 healthy eugonadal men (age 24-78 years) as controls. In eugonadal
and untreated hypogonadal men, BMI and total fat mass increased consistently with advancing
age. Hypogonadal males receiving T supplementation revealed neither an age-dependent change
in BMI nor an increase in body fat content. It was concluded that ageing men benefit from T
therapy with respect to body composition.

7.5.  Bone metabolism and androgen supplementation

Although elderly men are less frequently affected by osteoporosis than post-menopausal
women, it is still found in approx. 10% of men >65 years. Whether the physiological reduction
of gonadal function in ageing men [32,33] leads to the age-related bone loss is still a matter of
debate [34,37]. Concomitant with the rising incidence of osteoporosis in ageing men, the risk of
osteoporotic fractures increases as well [38]. A positive correlation between the bone mineral
content and plasma T, androstendione and estrone were reported in 30 men aged 60-90 years
[33]. Androgen substitution was shown to improve bone mineralization and bone density in
hypogonadal adult men [25]. Further, long term T-substitution normalized and maintained bone
mineral density in this cohort [39]. It was shown by Snyder and co-workers that increasing the
serum T concentrations in men over 65 years of age did not generally increase lumbar spine bone
density, but increased it in those men with low pretreatment serum concentrations [40]. Never-
theless, it has to be kept in mind that only a few percent of osteoporotic men are hypogonadal.

The development of osteoporosis may be related to secondary estrogen deficiency rather
than a primary testosterone deficiency [34]. In postmenopausal women, estrogen stimulates
calcitonin secretion and increases calcium resorption [41]. Whether these mechanisms are also
present in men remains unclear. Testosterone might also act indirectly, as human bone contains
the enzyme So-reductase, converting testosterone into dihydrotestosterone [42].

7.6.  Side effects of androgen supplementation

Most of the concerns regarding long-term androgen supplementation centre on the prostate.
Despite the importance of androgens for prostatic growth and the fact that benign prostatic
hyperplasia (BPH) and prostate cancer require T during puberty, there is presently no evidence
that androgen supplementation in hyopogonadal men will lead to BPH or induce prostate cancer
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[43]. Only moderate increases in prostate size and prostate specific antigen (PSA) levels were
noticed following androgen supplementation [26,44,45]. However, there is a recent case reports
on the development of prostate cancer during androgen supplementation [46].

An elevated PSA serum level should be considered a contraindication for T supplementation.
If under androgen-supplementation PSA rose more than 0.8 ng/ml/year (“PSA-velocity”) and if
the absolute PSA level exceeded 4 mg/ml, therapy should be stopped and prostate biopsy per-
formed. Further possible risks of androgen supplementation in elderly men are the development
of acne, arise of hematocrit, worsening of lower urinary tract symptoms, a decline in HDL, sleep
apnea and psychosocial issues.

8. SENIEUR PROTOCOL — AN OPTIMISED STUDY POPULATION TO INVESTI-
GATE MALE AGEING

Reliable studies on age-related endocrine changes must fulfil two criteria: (i) a reproducible and
reliable assay system, and (ii) a well characterized, healthy study population. To achieve this
goal, the Human Immunology Group of European Community’s Concerted Action Programme
on Ageing (EURAGE) designed admission criteria for gerontological studies, summarized
under the “SENIEUR protocol” [47]. The primary aim of this protocol was to define “healthy
aged subjects” for immuno-gerontological studies. To reduce the risk of biased results due to
a poorly defined study population, the SENIEUR protocol excludes any endogenous and exog-
enous influences on the immune and endocrine system to provide a standardized study popula-
tion suitable for gerontological studies. Healthy aged people taking any medication known to
adversely affect immune and endocrine systems (e.g. anti-inflammatory drugs, hormones, and
analgetics) are excluded from the SENIEUR-protocol.

The impact of ageing on individuals selected according to the SENIEUR protocol with
respect to endocrine changes [48], immune variables, lipid profiles, lipoproteins and neopterin
has been intensively studied. To investigate the impact of health status on androgen levels in
men, we quantified total T, BAT and SHBG in 526 men (aged 20-89 years) participating in a
health screening project and compared the respective values to 35 men selected according to the
SENIEUR protocol. This study has shown that the lowest annual declines in androgen level were
observed in the SENIEUR-group (T —0.2%; BAT: —0.4%), emphasizing the importance of the
health status for endocrine changes. BMI and levels of cholesterol, triglycerides, and glucose
correlated negatively (p <0.01) with T and BAT. Based on SENIEUR-data, the proposed lower
T reference value declined gradually from 3.1 ng/mL (20-29 years) to 1.7 ng/mL (=70 years)
[49].

9. CONCLUSIONS

Longitudinal changes of the endocrine system are now well established in both genders. How-
ever, it remains to be definitively determined that preventive endocrine treatment is beneficial for
ageing men. There are data available supporting the beneficial role of androgen supplementation
in hypogonadal men, but this group is a minority of the ageing population. In eugonadal ageing
men, there are only a few, controversial reports available, and androgen supplementation as a
“life style drug” is premature. Investigations on endocrine changes or outcome of endocrine
treatment require strict inclusion criteria, reproducible assay systems, randomised trials and
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clear definitions of primary clinical endpoints, that not only focus on short term, but the long-
term outcome.
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ABSTRACT

The neuroendocrine systems shows in its central and peripheral components a time structure
consisting of rhythms of multiple frequencies ranging from minutes (e.g. pulsatile secretions)
and hours (ultradian rhythms) to the prominent about 24-hour (circadian) rhythms, and to lower
(infradian) frequencies including seasonal variations or circannual rhythms. Optimal function
of the human organism depends critically on the maintenance of these rhythms and their time
relations among each other, and in some frequencies upon maintenance of environmental syn-
chronization.

The adrenal cortex shows with ageing a subtle increase in cortisol and more marked decrease
in adrenal androgen production. The circadian amplitudes of some adrenal steroids decrease
with ageing. The increase in cortisol with ageing was found to be correlated with cardiovascular
pathology in the elderly.

Age is the most important factor affecting circulating melatonin concentrations with signifi-
cant decline in the elderly. This may lead to a loss in circadian time information and in antioxi-
dant functions.

Ageing changes in the hypothalamic-pituitary-thyroid axis show ethnic-geographic differ-
ences which in part may be due to environmental conditions (e.g. iodine supply).

In prolactin secretion, circadian rhythmicity continues in the elderly. Catecholamine circa-
dian rhythms centrally as well as peripherally also persist into old age, however, with changes in
circadian mean and circadian amplitude.

In general, in healthy subjects rhythmicity is maintained until very old age. However, some
characteristic changes like, e.g., a decrease in the circadian amplitude of numerous variables,
occur also in the clinically healthy elderly. With disease states developing with advancing age,
circadian as well as rhythms in other frequencies may be markedly disturbed and the altered time
structure may contribute to ill health and senility.

1. INTRODUCTION

Living matter displays an organization in space, its molecular and anatomic structure, and
an organization in time or time structure. The human time structure consists of a spectrum of
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rhythms of different periods, ranging from milliseconds to years, which are superimposed upon
one another and upon the time-dependent changes that accompany growth, development and
ageing (for review see [ 1-2]). In the neuroendocrine system, rhythmicity is required for optimal
function and rhythm disturbances or loss of rhythmicity in some frequencies may lead to mal-
function and disease.

Many biological rhythms are genetically fixed with specific genes and gene products now
identified in several mammalian species. The prominent circadian (about 24-hour) rhythms,
which are ubiquitous in human cells, tissues and organs, are maintained by a multiple gene
mechanism consisting of interacting positive and negative transcription/translation feedback
loops. These rhythms are directed by a central master clock located in the paired suprachias-
matic nuclei in the hypothalamus which is kept entrained with the solar day-night cycle (or
artificial lighting regimen) through non-vision-related ganglion cells in the retina, which serve as
slow-acting photoreceptors. Circadian peripheral oscillators, which possess a molecular compo-
sition like that of the master clock are found in many peripheral tissues and typically cycle with
a 6 to 8 hour delay with references to the central pacemaker (for review see [3]). The genetic
mechanisms interact with endocrine factors, like cortisol in the maintenance of rhythmicity in
some peripheral oscillators [4].

In some animal models, ageing was found to lead to a loss in rhythmicity at the level of
the central oscillator [S5]. In others, ageing seemed to affect the rhythms in some peripheral
oscillators, but not in all tissues and seemed to act primarily on interaction among central and
peripheral circadian oscillators with loss of circadian synchronization between them [6]. Further
identification of oscillator genes in the circadian and other frequency ranges may open the way
for environmental (light) and pharmacologic manipulation of rhythm disturbances encountered
in the aged.

In the study of the neuroendocrinology of ageing in human populations, it has to be realized
that the neuroendocrine system in our classic concept is only part of the complex regulatory web
which including the central and peripheral nervous system, the immune system, the endocrine
glands and peripheral endocrine tissues like adipose and gastro-intestinal tissues. Any separate
discussion of parts of this system is by necessity artificial and has to be understood against the
background of other presentations in this issue.

2. ADRENAL HORMONES CIRCADIAN RHYTHM

The increasing number of subjects reaching the age of 65 and older thanks to medical progress
and improvement of life conditions has raised a growing interest in the study of the ageing
process and age-related changes in biologic rhythms [7]. Adrenal function and ageing has been
the subject of special care in recent years. Throughout life, the adrenal cortex exhibits dramatic
steroidogenic changes, among which a subtle increase in cortisol with age. These steroidogenic
changes are considered to worsen some age-related diseases, although their exact biological
significance is not completely understood [7-12].

The circadian profile of plasma cortisol is conserved in the elderly but with higher plasma
levels at night during the trough time (nadir) which results in an elevated cortisol 24-hour mean
level and a reduction in the rhythm amplitude [13—15]. These higher plasma cortisol levels at
night may play a role in cognitive and metabolic disturbances found in the elderly. Besides, an
increase of the active free fraction of plasma cortisol was reported in elderly subjects, probably
in relation to a decrease in the concentration of binding proteins and/or to a decrease in bind-
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ing capacity of these proteins [13,16]. A dramatic reduction of circadian amplitude was also
observed on 18-hydroxy-11-deoxycorticosterone (18-OHDOC), an ACTH-dependent steroid
[13,16]. Both ACTH and cortisol circadian rhythms are independent of the sleep-wake cycle
although small modulatory effects of this cycle have been shown. Cortisol circadian rhythm is
a robust rhythm, which does not respond rapidly to minor and transient environmental changes
(as in e.g. jet lag) as they are part of our daily life, which makes it a good candidate as a rhythm
marker.

A trend for a phase advance in plasma cortisol and plasma 18-hydroxy-11-deoxycorticos-
terone was reported in the elderly [13,17] but was not found in all seasons [16]. A similar
phenomenon was described by Haus et al. [18] for plasma DHEA-S. Both plasma DHEA and
DHEA-S are decreased in elderly men and women, and have lost their ability to be stimulated
by adrenocorticotropic hormone [19], most probably in relation with an enzymatic alteration
in the biosynthetic pathway. In contrast, the response of cortisol production to stimulation by
adrenocorticotropic hormone and the adrenocorticotropic hormone response to the infusion of
corticotropin releasing factor appear to be unimpaired in the aged [review in 20].

Recent data on melatonin [21] and cortisol [22] lead to consider a possible outcome of geo-
graphic and ethnic origins and/or eating habits on hormone blood patterns. Therefore, we meas-
ured morning (08:00) serum cortisol levels in Chinese people from 31 to 110 years old, stratified
by 10-year age groups to explore the influences of age and gender. Because of the high incidence
of cardiovascular diseases, especially high blood pressure and ischemic heart disease, in ageing
we also documented this aspect in relation with serum cortisol concentrations [23].

We showed the positive effects of ageing and cardiovascular diseases on morning (08:00)
serum cortisol levels. In comparison with the young controls (< 60s), serum cortisol levels were
increased significantly in the elders (60s, 70s, and >80s); after 60 years of age, morning serum
cortisol levels increased significantly with ageing and the increase was even more significant
in pathological conditions as we found that the whole patient group had higher serum cortisol
levels than the whole healthy elders. While a positive correlation has been reported in a longitu-
dinal study between systolic blood pressure and the ageing-cortisol slope [24] which is consist-
ent with the glucocorticoids-induced hypertension observed in Cushing’s syndrome patients, in
the elderly subjects of the present study higher serum cortisol levels seemed more related with
ischemic heart disease than with high blood pressure. In the 70s group, no significant difference
was found between the healthy and patient groups, possibly because approximately one third
of the patients of this age group had High Blood Pressure (HBP) alone versus only one fifth
in the 60s age group [23]. This divergence may be due to differences in geographic and ethnic
origins and/or eating habits as reported for cortisol [22] and other biological parameters [25-28].
Changes in steroidogenesis implicated in ageing and many age-related diseases were reported
also in the literature [10-12,29,30] however, the clinical implications of increase in serum corti-
sol in ageing and diseases conditions were not completely understood and need further study.

We also compared the circadian rhythms of serum cortisol and DHEAS in four ditferent age-
groups of healthy Chinese men (in their 30s, 40s, 50s and 60s) [22]. The circadian rhythmic
pattern of serum cortisol and its serum concentrations were similar to those reported in the
literature for Caucasian subjects (a peak concentration of about 320 nmol/L and a trough con-
centration around 83 nmol/L [16,31,32]. The two populations differed, nonetheless: the peak
serum concentrations in Chinese men (31-63 years old) were observed between 04:00 and 06:00
hrs and the minimum concentrations around [8:00-24:00 hrs, while in both young and elderly
Caucasian subjects [7,16,31,32], peak plasma cortisol concentrations occur around 06:00-08:00
hrs and the minimum concentration around 23:00-02:00.hrs. Our results thus indicate that both



168

the peak and the trough of serum cortisol levels in Chinese men occur approximately 2 hours
earlier than in Caucasians [22]. This difference may well be a consequence of the regular social
routine in China, where it is customary to get up and go to sleep early (06:00 + 01:00 and 22:00
+ 01:00, respectively) which strongly suggest that social activity and living habits play a major
role in the synchronization of circadian rhythms in humans [22]. Nevertheless, differences in
geographic and ethnic origins and/or eating habits may also be responsible for the observed dif-
ferences in serum cortisol peak and trough times between healthy Chinese and Caucasian men.
Indeed variations according to ethnic origin and/or eating habits have been reported for some
biologic parameters [25-28].

The circadian profiles of serum DHEAS were similar in all four age-groups and the circadian
rhythmicity of serum DHEAS was validated in all. These results are consistent with the literature
[review in 7,8]. In this study, although circadian rhythmicity and serum cortisol levels remained
relatively constant in the elderly, serum DHEAS levels decreased significantly among men in
their 60s. The amplitudes of the circadian variation of serum DHEAS were very small (10%,
range 9-14%), and levels were higher during the day (small peak around 16:00 hrs); these results
are similar to that reported by Ferrari et al. [30]. Our results also showed that serum DHEAS
levels fell markedly in ageing Chinese men. The group aged 30-39, had the highest 24-h mean
serum DHEAS concentrations, and those in their 60s had the lowest — approximately 50% lower
than for those in their 30s. Serum DHEAS fell approximately 20% for those in their 40s and 50s,
compared with the youngest group. These data are similar to those reported for Caucasians [33].
In view of the great inter-individual variability of serum DHEAS, which may be considered a
highly specific individual marker [34,35], the uneven decrease of serum DHEAS in our different
age-groups may result from the individual differences among these age-groups.

Ageing appears to affect cortisol and DHEAS secretions differently: we found that cortisol
secretion was generally constant across the age-groups or increased slightly with age. We have
previously shown in Caucasian men in their 80s the conservation of the circadian profile of
plasma cortisol, but higher plasma concentration of this hormone during the trough time (nadir)
which results in an elevated cortisol 24-h mean levels [16]. Adrenal production of DHEA and
DHEAS showed a clear-cut age-related decline. The circadian variation of molar ratio of cortisol
/ DHEAS was thus significantly higher in elderly than young subjects [30]. We evaluated this
specific circadian variation in age-groups of men in their 30s, 40s, 50s and 60s. This circadian
pattern was similar in all these age-groups, with a peak at early morning (04:00-06:00 hrs) and a
trough between 18:00-24:00 hrs. This pattern is similar to the circadian variations of serum cor-
tisol. The circadian pattern of the molar ratio of cortisol / DHEAS thus results mainly from cir-
cadian variations of the serum cortisol rhythm, since those for serum DHEAS had a very small
amplitude. The level of the cortisol / DHEAS molar ratio, however, was significantly higher in
the group in their 60s compared with the younger age-groups, obviously because of their signifi-
cantly lower serum DHEAS levels. Thus, the circadian pattern of the ratio primarily represents
the cortisol rhythm, whereas its level represents the change in serum DHEAS levels with age.

3. MELATONIN CIRCADIAN RHYTHM

Melatonin (N-acetyl-5-methoxytryptamine) is the main hormone secreted by the pineal gland
with a high amplitude circadian rhythm. Its circadian rhythmicity is comparable in humans and
in experimental animals (either diurnal or nocturnal ones) with daily dark span plasma con-
centrations three to ten times higher than during the light span. Melatonin interacts with other
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circadian periodic variables and thus indirectly controls or exerts influence upon a wide variety
of physiologic functions such as the sleep-wake cycle, thermal regulation, feeding and sexual
behavior, and certain cardiovascular functions, and through its interaction with serotonin, it
participates in the regulation of the secretion of ACTH, corticosteroids, 3-endorphin, prolactin,
renin, vasopressin, oxytocin, growth hormone, and LH [36,37].

Various reports have shown that secretion of plasma melatonin and urinary 6-sulfatoxyme-
latonin decline with age in humans [38—42]. More recent data, however, do not support the
hypothesis that reduced melatonin levels are a general characteristic of healthy ageing [43,44].
To further assess this hypothesis, we measured serum melatonin concentrations at 02:00 hhrs
and 08:00 hrs in a cross-sectional study among 144 subjects aged from 30 to 110 yr [21]. Since
we have formerly found higher levels of plasma melatonin in Caucasian elderly women [45],
we also explored such a difference in Chinese elderly women. Indeed, differences in melatonin
[46,47] and other biological parameters [25-28] have been reported according to ethnic origin
and/or eating habits. To determine the age at which the circadian rhythm of serum melatonin
concentration changes, we also examined the characteristics of this rhythm in four age-groups
— persons in their 30s, 40s, 50s and 60s (cross-sectional study). This issue is important because
melatonin is an antioxidant and a free radical scavenger that may be involved in the ageing
process and age-related diseases [48—50] and because oxidative damage (from free radicals) is
involved in the pathogenesis of various diseases, especially ischemic coronary heart disease.
Therefore, we also looked to see if such diseases in elderly subjects might be related to their
serum melatonin concentrations.

Our studies confirmed the variation of melatonin levels in all these adult age groups, with
night peaks and daytime lows. The 02:00 hr melatonin levels differed significantly according
to age and sex, although this consideration might be restricted to women aged 60 years and
over [21]. Regardless of age, nighttime serum melatonin levels were higher in women (post
menopausal) than in men: this confirms our earlier finding of sex-related differences in blood
melatonin concentration [45]. Serum melatonin concentrations at 02:00 hrs differed very sig-
nificantly by age, between those under 60, and those 70 or older (P < 0.001). The nighttime
melatonin levels did not decrease further in the oldest group, compared with those in their 70s.
To better define the age threshold at which serum melatonin begins to decline we studied serum
melatonin levels throughout the day and found that they peaked during the night and were very
low during the day. Those in their 60s had a circadian melatonin pattern similar to that among the
younger subjects. Although the younger age-groups could not be distinguished by their night-
time melatonin concentrations, the level was significantly lower for those in their 60s than for
the younger subjects.

Our results confirm that age was the most important factor affecting nighttime melatonin
levels. A decline was observed in the group of patients in their 60s. There was also a signifi-
cant difference between those in their 60s and those 70s and older. Levels were similar among
those in their 70s and those over 80. This may mean that the nighttime melatonin level begins
to decline in the early 60s, bottoms out in the 70s, and then remains at that level with no further
decline. Our study thus agrees with those by Nair et al. [41] and Sack et al. [42] and conflicts
with some other findings. Zeitzer et al. [43] found no negative relation between age and the
amplitude of serum melatonin rhythm in subjects following a “constant routine” (except for a
small group of elderly subjects), and Kennaway et al. [44] found that the decrease in urinary
6-sulfatoxymelatonin was not significant after the age of 30. The discrepancy with the report of
Zeitzer et al. [43] may be due mainly to the study conditions. Constant routine conditions (sub-
jects remaining awake for at least 30 hours in semi-recumbent position under constant dim ambi-
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ent illumination of 15 lux and receiving hourly equicaloric snacks and fluids) may possibly be
suitable to describe the endogenous circadian rhythm of melatonin.Although a group of elderly
subjects did have significantly lower amplitudes even with these conditions. These observations
are far enough removed from the usual living conditions, especially among the elderly, to bias
any assessment of the clinical usefulness of melatonin in the aged. The finding by Kennaway et
al. [44] that urinary 6-sulfatoxymelatonin decrease was no longer significant after the age of 30
did involve normal living conditions. The difference between those results and ours may be due
to differences in geographic and ethnic origins and/or eating habits as has been established for
melatonin [46,47] and to other biological variables [25-28].

Melatonin has recently been shown to be an antioxidant and a free radical scavenger that may
be involved in the ageing process and with age-related diseases [48-50]. Although oxidative
damage (from free radicals) is involved in the pathogenesis of various diseases, especially the
ischemic coronary heart disease, in this cross-sectional study we found no significant relation
between serum melatonin levels and these diseases. This may be a consequence of the treatment
the subjects received: either the effect of the treatment was to lower melatonin levels greater
than in controls and thus these possible greater levels had no role in preventing the disease or the
effect of the treatment was to increase melatonin concentrations to levels similar to those in con-
trol subjects which has not yet been reported. To our knowledge the only report dealing with an
attempt to stimulate melatonin secretion in man with beta-adrenoreceptor agonists [51] did not
yield a positive result. Further studies are needed to answer the question of whether physiologi-
cal concentrations (ten to sixty pg/ml) of melatonin might influence free radicals sufficiently to
protect the cardiovascular system.

4, HYPOTHALAMIC-PITUITARY-THYROID (HPT) AXIS
4.1.  Clinical considerations

The hypothalamic-pituitary-thyroid (HPT) axis is part of a complex web of neuroendocrine
functions. It shows an intricate time structure with rhythmic variations of multiple frequencies
found at all levels of the system from hypothalamic neurons to the cells of the peripheral target
tissues. The frequencies observed range from rapid neuronal discharges to pulsatile secretions
and ultradian rhythms to circadian and circannual rhythms. The time-dependent rhythmic (and
non-rhythmic) variations of the HPT system interact with, and are modulated by similar time-
dependent variations of other neuroendocrine, metabolic and immune functions. The rhythmic
variations are superimposed upon trends like child development and ageing. A description of
the chronobiology of the ageing changes in the HPT axis is quite complex, with some apparent
differences between observations obtained in different laboratories at different geographic loca-
tions.

During the process of ageing, alterations of the hypothalamic-pituitary-thyroid axis have to be
considered which are not directly age related, but caused by thyroidal or non-thyroidal illness,
the incidence of which increases with age [52]. Overt or occult thyroid disease in the elderly
interacts with the physiologic changes due to the ageing process. Ethnic-geographic differences
also have to be taken into account, including climate, daylight exposure, and diet. Sleep depri-
vation and sleep fragmentation as seen frequently in the aged lead to a marked decrease in the
mean 24-hour TSH secretion [53-56]. In iodine deficiency regions, the prevalence of goiter is
estimated at between 30 and 50 percent increasing in frequency with advancing age [57-62].
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Prolonged iodine deficiency leads to nodular goiter, often with alteration in thyroid function.

Prevalence of primary hypothyroidism in elderly populations determined by elevated TSH
concentration ranges in the U.S.A. and in Norway between 9.6 and 20.3%, with a 3-5 fold pre-
ponderance in women [63-66].

In contrast in Germany (a country with iodine deficiency), the incidence of hypothyroidism, in
the elderly (including subclinical forms) is only 1-2%, while there is an incidence of 8-10% of
hyperthyroidism [52]. Apart from these conditions, subtle changes due to the physiologic ageing
process can be found at all levels of the hypothalamic-pituitary-thyroid axis.

4.2.  Thyrotropin Releasing Hormone (TRH)

TRH is a tripeptide neurotransmitter with multiple actions in the central nervous system and
beyond [67-68]. It is produced also in peripheral tissues, including the immune system [69]. In
addition to its capacity to stimulate the release of thyroid-stimulating hormone (TSH) from the
anterior pituitary, it also stimulates prolactin. Its hypothalamic content shows a circadian rhythm
in rodents, which is in its timing light-dark cycle dependent [70-72]. TRH interacts with other
circadian periodic neurotransmitters, e.g., S-hydroxytryptamine (5-HT), dopamine and nore-
pinephrine [73].

The action of TRH upon the pituitary via a specific membrane receptor leads to de novo syn-
thesis and release of thyroid stimulating hormone (TSH). After binding with TRH, the receptor
is only slowly degraded. Therefore, a short pulse of TRH, can lead to a prolonged secretion of
TSH from the pituitary cell [74]. The density of TRH receptors can be modulated by other hor-
mones. Thyroid hormones exert a powerful negative feedback control over the pituitary response
to TRH [75]. At the TRH receptor level, there is interaction with gonadal and adrenal steroids
[76-77]. This heterologous modulation suggests the likelihood of rhythmic interactions between
the thyrotropic, gonadotropic and adrenotropic axes.

TRH is the main stimulator of TSH production and release and appears to be the most impor-
tant factor in the regulation of the pulsatile secretion and of the circadian rhythm of TSH. The
pulsatile stimulation of TSH secretion results from an interplay of an apparent hypothalamic
oscillator modulated by inhibitory hypothalamic influences mediated by dopamine and somato-
statin. Triiodothyronine (T,) secreted by the thyroid or converted from T, in peripheral tissues
inhibits synthesis and secretion of TRH [78] and stimulates the release of inhibitory factors such
as dopamine or somatostatin. At the level of the thyrotrope cell in the anterior pituitary T, inhib-
its the synthesis of TSH secretion by interaction with specific T, receptors [79].

4.3.  Thyroid Stimulating Hormone (TSH)

Thyroid stimulating hormone is secreted from the pituitary gland in a series of discrete pulses
with an average pulse frequency of 9 pulses/24 hours (range 7-12) in normal men and women.
These pulses are not equally distributed, but cluster during the evening and night hours when
fusion of the pulses and an increase in amplitude leads to the nightly increase of TSH concentra-
tion forming the circadian rhythm of this hormone with a maximum in day-night synchronized
subjects usually between 02:00 and 04:00 hrs [54,80]. The relatively high peak values of indi-
vidual TSH pulses during the evening hours have to be kept in mind since the values reached
during this time may be slightly above the usually accepted normal range.

The pulse pattern may be necessary for normal thyroid gland function with better response
of the thyrotrops in the pituitary to intermittent than to continuous TRH stimulation [81]. Loss
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of the usual nocturnal variations in TSH and pulse amplitude may be sufficient to cause clinical
hypothyroidism [80]. The TSH pulses are statistically significantly concordant with the pulses of
LH, FSH and the o-subunit of the glycoprotein hormones suggesting that an underlying unified
signal coordinates the pulsatile secretion of both gonadotrops and thyrotrops [80].

Pulse patterns are changed by prolonged fasting and malnutrition. Fasting (e.g., 36 hours)
leads in clinically healthy subjects to a decrease in mean pulse amplitude and lowering of the
24-hour mean. The pulse frequency during fasting remains unchanged [82]. The starvation
related decrease in TSH could not be prevented by TRH infusions [83] but in animal studies in
rodents could be prevented by administration of leptin [84], suggesting an interaction between
these agents.

Sleep deprivation and sleep fragmentation as seen frequently in the aged lead to a marked
decrease in the mean 24-hour TSH secretion, and lowering of pulse amplitude also without
change in peak frequency [53,54,56]. The pituitary response to TRH stimulation is consistently
reduced in the elderly [85].

The nocturnal peak of TSH was blunted in the elderly due to a decrease of TSH pulse
amplitude [86-89]. However, the temporal structure of the pulsatile TSH secretion and of the
circadian rhythm remains constant with a trough in the late afternoon and peak around midnight
together with an increased frequency in TSH pulses [55]. While most reports on pulsatile and
circadian rhythms in TSH in the elderly show a blunting of the nocturnal peak and a decrease
in circadian amplitude [68,90], the circadian mean concentrations may vary according to geo-
graphical region and iodine status. When the iodine supply is experimentally decreased, the TSH
levels drop in clinically healthy subjects by approximately 50 percent without any effect on the
frequency of TSH pulses [91]. In reports from iodine deficiency areas like Germany, a prospec-
tive study of mostly elderly subjects in a rehabilitation clinic showed only in 0.8% of subjects
elevated TSH serum levels indicating hypothyroidism, but a prevalence of 22.6% of subjects
with suppressed TSH [92]. Lower TSH levels in the elderly were reported also, e.g., from Hol-
land [93]; from India [94], and in centenarians in Italy [95,96], in one region, but elevated levels
were reported from another [97].

We compared 277 clinically healthy and euthyroid elderly men and woman (77 & 11 years of
age) with 193 children (11 % 1.5 years of age) living in Eastern Europe (Romania). The activity-
rest pattern was synchronized by the routine of a home for the aged or by their school routine:
average time of raising 06:30 hrs, time of retiring 22:00 hrs, and three meals per day sampled six
times over a 24-hour span. We found that in the elderly the amplitude of the circadian rhythm of
TSH was reduced due to an increase of the trough values during daytime with little difference in
the peak values during evening and night. The circadian mean concentration was higher in the
elderly due to the higher values during daytime.

4.4.  Thyroid hormone

Low amplitude circadian rhythms were found in total thyroxine (TT,) and triiodothyronine
(TT,), the timing of which varies to some extent between different studies by different investi-
gators and in our laboratory in subjects of different age groups and geographic locations [98].
In most studies, the acrophase of TT, was found during the forenoon or noon hours with lower
values during the night [68,98-102]. The circadian rhythm in free T, (fT,) showed in elderly
subjects a peak during daytime.

The circadian rhythm in TT, showed in elderly subjects an acrophase in the late afternoon
in contrast to a group of children 11 £ 1.5 years of age, who showed the acrophase of TT, and
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also of free T, (fT,) during the late night and early morning hours [59,98] similar to a group of
subjects reported by Weeke and Gundersen [103]. The elderly subjects in our series showed no
statistically significant circadian rhythm in TT,. The acrophase of reverse T, (rT,) in children
was found during the afternoon and in elderly subjects during late afternoon and evening. A
comparison of the circadian timing of the HPT axis in children and in elderly subjects showed
in the elderly a slight phase delay in the circadian acrophase of TSH and a much more marked
phase delay in TT,, TT, and rT,. This observation suggests a delayed response of the thyroid in
the elderly to TSH stimulation occurring at about the same time and with the same TSH concen-
tration as seen in children or young adults [68].

4.4,  Seasonal variations and/or circannual rhythms of the HPT axis

The HPT axis shows marked seasonal variations, which are to a large degree, but probably
not exclusively, a response to changes in environmental temperature [104,105]. Stimulation of
TRH secretion in the hypothalamus and of TSH release in response to cold has been reported in
human subjects [106—108] leading to an increase in thyroid hormone production [109].

Seasonal variations in TSH in euthyroid subjects were reported by numerous investigators
[59,89,99,102,110-112]. The seasonal peak in plasma TSH concentration, however, was quite
variable in different studies. The peak was observed Halberg et al. [113] in adult women studied
in Minnesota, United States, during winter; and by Lagoguey and Reinberg [112]; in young adult
men in France during the spring by Nicolau et al. [59,102] and by Haus et al. [98]; in elderly
women and in children with and without endemic goiter in Romania during summer and fall. In
the Romanian children the circannual acrophase in TSH did precede the circannual acrophase of
the thyroid hormones, suggesting that the seasonal variation of the latter is not a direct result of
an increase in plasma TSH concentrations. The circannual TSH peak found in France in spring
[111-112] and in Romania during the early fall [59,98,102] also makes a temperature depend-
ence of the circannual rhythm of TSH unlikely.

Most investigators report (irrespective of the yearly temperature average) a seasonal variation
in serum or plasma TT, and TT, concentrations inversely related with the seasonally changing
environmental temperature [98,99,102,114-116]. Studies in a subtropical climate with little or
no seasonal temperature variations failed to demonstrate a seasonal variation in circulating TT,
and TT, concentrations [110,117]. '

In children [59], the circannual variations in thyroid parameters in moderate climates were
highly reproducible. In contrast, elderly subjects at the same geographic location showed no
seasonal variation in TT, but did show a circannual rhythm in TSH with the highest values found
during summer and fall [68,98,102,118]. TT, showed in the elderly a seasonal variation with
a peak during winter [98]. The apparent absence of a group synchronized seasonal variation
in some thyroid hormones raises the question of a defect in cold adaptation in the elderly, but
phenomena like desynchronization of a circannual rhythm within the group or a free-running
circannual rhythm cannot be excluded.

In conclusion the hypothalamus-pituitary-thyroid axis shows an intricate multi-frequency
time structure, which in clinically healthy subjects is maintained into very old age.

Changes in the HPT axis can occur as consequence of environmental conditions (e.g. iodine
deficiency). Over a lifetime developing extra-thyroidal and intra-thyroidal disease (e.g., autoim-
mune thyroiditis, multinodular goiter with or without autonomy, autoimmune thyroidal disease,
etc.) make recognition of changes due to the physiology of normal ageing difficult.

Many observations suggest in the aged a decreased hypothalamic stimulation of thyrotro-
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pin release. In addition, a delayed and/or decreased response of the thyroid gland may lead to
changes in timing of thyroid hormone rhythms and/or a compensating increase in TSH secre-
tions, especially at the time of the trough of the circadian TSH rhythm.

A decreased or absent seasonal variation in HPT axis may indicate absence or alteration of a
circannual rhythm or a defect of cold-adaptation in the elderly.

5. PROLACTIN (PRL)

Prolactin plasma concentrations show pulsatile variations superimposed upon ultradian rhythms
of an about 8-hour frequency and upon a circadian oscillation. The prolactin 24-hour profile
reflects both tonic and intermittent hormone release [119]. The normal secretory paitern of PRL
consists of a series of daily pulses, occurring every 2-3 hours, which vary in amplitude. The bulk
of the hormone is secreted during rapid eye movement (REM) sleep. In diurnally active human
subjects, REM-sleep occurs predominantly during the latter half of the daily sleep phase, so that
the highest prolactin plasma concentrations usually occur during the night [120]. In men and
non-parous women, REM-sleep is the dominant organizer of prolactin secretion. The mecha-
nism is not known at this time, but it has been shown that conversely PRL infusion increases
REM activity in the electroencephalogram [121,122]. In lactating women, the reflex elevation of
PRL and oxytocin by nipple stimulation during nursing becomes the predominant controller of
circulating prolactin concentrations. Differences in response to nursing as function of circadian
stage have thus far not been investigated.

Sleep onset is associated with an increase in PRL secretion also during daytime naps irre-
spective of the time of the day, but the amplitude of the prolactin rise is usually less than when
associated with nocturnal sleep. Conversely modest elevations in prolactin concentration may
occur at the time of the usual sleep onset even when the patient remains awake. Thus, PRL
plasma concentrations appear to be regulated by a circadian rhythm and the superimposed
pulsatile secretions modulated by the sleep-wakefulness pattern with maximal secretion when
sleep and circadian rhythmicity are in phase [56,123]. Shallow and fragmented sleep, prolonged
awakening and interrupted sleep patterns as frequently seen in the elderly, are associated with
a dampening of the nocturnal prolactin rise with decreased amplitude of the nocturnal prolactin
pulses [93,124] and decreased prolactin concentrations [125].

PRL secretion in man is normally restrained by the action of dopamine, which is secreted from
the hypothalamus. PRL is the only pituitary hormone that is secreted at unrestrained high levels
when completely isolated from any trophic influences of the hypothalamus. However, a variety
of stimulatory PRL secretagogues have been identified including steroids (estrogen), hypotha-
lamic peptides (thyrotrophin releasing hormone [TRH], VIP and oxytocin) and growth factors
such as EGF and FGF-2. Assays of hormone release from single cells have revealed substantial
variations in function between cells and marked temporal variations in single cell responses
[126]. Numerous medications used in everyday medical practice in the elderly, elevate PRL
secretion and can mask the physiologic rhythmicity and occasionally may even lead to symp-
tomatic hyperprolactinemia. These include commonly used antidepressants, antiemetics and
narcotics which antagonize dopamine action or elevate serotonin or endorphin bioactivity [127].
Hypnotics like benzodiazepines (e.g. triazolam) and imidazopyridines (e.g. zolpidem) taken at
bedtime concordant with the tendency of the daily prolactin rise may lead to substantial raises of
serum PRL concentrations leading into the range regarded as abnormal [128,129]. Endogenous
estrogens play a role in the differential regulation of prolactin in relation to age and sex. Mean
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PRL concentrations, pulse amplitude and pulse frequency are all higher in normally cycling
young women than either in postmenopausal women or in men [130]. Also, seasonal varia-
tions of serum prolactin concentrations have been found in women but not in men [18,131,132].
Ethnic-geographic differences in the circadian and the circannual amplitude of plasma prolactin
concentrations were reported with, e.g., Japanese women showing higher amplitudes in both
frequencies as compared to Americans [132].

During pregnancy, serum prolactin concentrations rise but the 24 hour secretion pattern
is maintained. Postpartum, the PRL pulses follow suckling episodes and the nocturnal rise
becomes manifest only after breastfeeding has ended [133]. In subjects with insulin-dependent
diabetes, the circadian and sleep modulation of PRL secretion is preserved, but overall levels are
markedly diminished [134,135]. Since prolactin secretion is part of the physiologic response to
stress both physically and psychologically stressful events can cause serum PRL to rise [136].

Abnormal 24 hr. prolactin profiles with blunting of the nocturnal rise and inadequate suppres-
sion of prolactin concentrations after L-DOPA administration were found in women with nar-
colepsy and with narcolepsy and sleep apnea [137]. Blunting of the nocturnal rise is not specific
and is found also in other conditions, including patients with breast cancer [138].

Circadian rhythmicity of prolactin continues in the elderly [38,98,131,139] with both
unchanged and decreased serum concentrations and unchanged or a decreased circadian rhythm
amplitude reported [18,131]. The plasma prolactin concentrations in elderly men were reported
to be low [134], although in men during the 8" and 9" decade, the MESOR increased but rhythm
detection by cosinor was lost during the 9" decade [18].

5.1, Hyperprolactinemia

Hyperprolactinemia is a frequent endocrine syndrome, which can occur at any age but is seen
most frequently in middle aged and elderly subjects. Chronic use of neuroactive drugs may
cause hyperprolactinemia. Any drug affecting dopamine synthesis and release or action at the
lactrotroph receptor or post-receptor levels may cause hyperprolactinemia (e.g. antipsychotic
drugs such as chlorpromazine, perphenazine, haloperidol or anti-emetrics and gastric motility
regulators such as metoclopramide and domperidone, etc. increase serum PRL concentrations
through dopamine receptor blockage [140].

Hyperprolactinemia caused by hormone secreting tumors is the most common human pitui-
tary disease. In hyperprolactinemia associated with pituitary prolactinomas the regularity of
the pulse pattern is decreased and the number of pulses is increased but the nocturnal elevation
of prolactin concentration may be preserved [141,142]. In Cushing’s disease PRL levels are
elevated throughout the 24 hr. cycle while the relative amplitude is reduced [143,144].

5.2.  Prolactin and the immune system

The effects of prolactin in the human body are many fold. Of importance in the aged is its
immune regulatory role. Prolactin receptors are found on a majority of immune-precursor and
effector cells in each of the major hematopoietic and lymphopoietic organs (bone marrow,
spleen, thymus). However, the action of prolactin upon the immune system is complex and
depends upon the stage of both the circadian timing of the prolactin rhythm and its time relations
to the circadian rhythms of immune related functions in the target organs [145].

In animal experiments prolactin restores immune competence in hypophysectomized animals
[146]. Inhibition of prolactin secretion by bromocriptine results in immunosuppression [147—
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149]. Prolactin antagonizes the immunosuppressive effects of glucocorticoids [150]. While
lowered prolactin leads to immunodeficiency and exogenous prolactin, short-term experiments
produces immunoenhancement persistently elevated prolactin levels due to a variety of condi-
tions are associated with immunosuppression [151-158].

Some of the discordant results on the effects of prolactin on the immune system may be due
to the pronounced circadian variation in its immune regulatory action [145] and the marked
time dependent difference of immuno cellular responses. In the male Balb/c mouse the immu-
nostimulatory activity of PRL was restricted to only an 8 hr. daily interval from 4—12 hrs. after
light on (HALO) in animals kept on a 12 hr. light-dark regimen. PRL administration outside this
sensitive interval was occasionally associated with immunosuppressive effects both in the one
way mixed lymphocyte reaction (MLR) and in hapten-specific delayed-type hypersensitivity
(DTH) responses.

Reducing endogenous levels of prolactin with bromocriptine inhibited immune functions only
when the drug was administered during this daily interval of immunoregulatory sensitivity to
the hormone [145]. This observation is similar to that of Bernton et al [150] who found that the
effect of the prolactin inhibitor Cysteamine (a dopamine beta-hydroxylase inhibitor) on spleno-
cyle mitogenic response was circadian time dependent.

Prolactin effects on immune activity and immunologic disorders were reported in human sub-
jects including lupus erythematosus and the post-partum exacerbation of rheumatoid arthritis
[146,151-153,156]. A chronobiologic explanation of the interaction of the rhythms in prolactin
secretion and in target cell responsiveness has not been reported in human subjects. It appears
that in the immunoregulatory action of prolactin the overall level of plasma PRL is of less impor-
tance than the circadian rhythms of PRL and that of the apparently circadian periodic responses
of the immunocompetent target cell systems. The phase relation between the circadian rhythm
in PRL and that of the rhythm in immunocellular response may be the determining factor for the
PRL effect upon the immune system. Circadian rhythm disruption or phase shifts of either of
these rhythms may be associated with immunologic dysfunction, which may be of interest for
shiftwork, transmeridian flights, circadian rhythm and sleep disturbances in the elderly.

6. CATECHOLAMINES
6.1.  Central and tissue catecholamines

The central and peripheral sympathetic nervous system and its humoral messengers show rhyth-
mic variations in various frequencies, which are especially prominent in the circadian range
and undergo characteristic changes with ageing (for review see [159]). In the hypothalamus,
noradrenaline (NE) concentrations decline with increasing age [160] with a reduced noradrena-
line turnover [161]. The age related decline in noradrenergic activity influences the functions of
the gonadotropic, somatotropic and thyrotropic axes [162]. The changes in central noradrenergic
and dopaminergic regulations may cause changes in the noradrenergic stimulated luteinizing
hormone releasing hormone release (LHRH) [163] and the tonic inhibition of prolactin secretion
by dopamine (DA) [164]. Since prolactin in turn stimulates DA secretion from dopaminergic
neurons the autoregulatory feedback control of prolactin and possibly of TSH appears to be
altered in the aged animals through a dopaminergic mechanism [165]. The tuberoinfundibu-
lar system shows marked decreases in dopamine concentrations with age in the medial-basal
hypothalamus and the median eminence [166]. There is a decrease of about 40% in the number
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of dopaminergic cells in the substantia nigra up to age 60 [167]. Dopamine receptors in the rat
striatum are lost concomitant with an impaired ability to adapt to various stimuli. This loss can
be substantially retarded by dietary restriction together with an approximately 40% increased
survival time [168]. The higher circadian mean serotonin turnover in the corpus striatum (34%
increase) and lower circadian mean of dopamine turnover (69% decrease) in aged rats as com-
pared to their young counterparts could be related to some of the changes in motor function in
the aged [169].

The levels and the circadian rhythms of hypothalamic striatal and hypophyseal catecho-
lamines are age-dependent. In young as well as in aged male Wistar rats a circadian rhythm was
found in hypothalamic and striatal norepinephrine (NE) content and in hypothalamic DA turno-
ver with acrophase (by 24 hr. cosinor) during the second half of the activity span or the first half
of the rest span (under an LD12:12 lighting regimen) [170]. However, the old rats had a lower
NE content in the anterior and medial hypothalamus, a smaller circadian amplitude in posterior
hypothalamic NE content, a lower DA turnover in the medial and posterior hypothalamus, an
increased adeno-hypophysial DA but a decreased NE and DA content in the pituitary neuroin-
termediate lobe [170]. Immunization of the animals with Freund’s adjuvant 18 days before
study led to circadian rhythm alterations with a difference between aged and young animals.
Circadian rhythms in the number of alpha- and beta-receptors were found in the rat forebrain
and hypothalamus, which differ in their wave form and timing (acrophase) of their peak. These
rhythms persist in the absence of external time cues indicating their endogenous nature but do
change in curve form and timing during different seasons of the year suggesting in addition to
the circadian, a circannual rhythm [171].

There is a circadian rhythm in norepinephrine (NE) content of the pineal gland in young and
in old animals. The old rats had a lower amplitude and lower mean values of their circadian
variations in pineal NE content which was only partially restored by melatonin treatment [172].
Circadian variations in cerebrospinal fluid noradrenalin concentrations were found in monkeys
and with a 3-point spot check in human subjects [173]. In peripheral tissues of rodents, there is
an age-dependent decrease of tissue catecholamine levels [174—175]. Differences in NE metabo-
lism in aged rats were found in the heart [176] and in peripheral tissues [177]. Bruzzone et al
[178] found an age-related decrease in sympathetic nerve fibers in rat heart and coronary arteries
together with a marked decrease in norepinephrine levels in tissue homogenates of rat heart and
coronary vessels. The response of human lymphocyte-adenylate-cyclase to isoproterenol, a beta-
adrenergic catecholamine, is decreased in the elderly [179]. The widely demonstrated reduced
catecholamine responsiveness in the elderly is thought to be due to a defect in the peripheral
beta-receptor linked adenyl-cyclase complex [180].

Brusco et al, [181] studied the effect of age on the circadian rhythms in autonomic nervous
system activity by measuring tryosine hydroxylase activity and *H-choline conversion into *H-
acetylcholine in 50 day and 18 month old male Sprague-Dawley rats. Circadian rhythms were
found in both variables in autonomic ganglia, adrenal medulla and heart muscle in the young
animals with peak of tyrosine hydroxylase activity during the daily activity span of the animals
except in contrast to cardiac acetylcholine synthesis, which peaked in the second half of the rest
(light) span. In acetylcholine activity in the hypogastric ganglion, there were two maxima in the
young animals (suggesting a 12 hour rhythm) while there was only one peak in the aged. The
old rats exhibited a significant decrease of rhythm amplitude and elevation of the circadian mean
in tyrosine hydroxylase activity in autonomic ganglia and adrenal medulla and abolition of the
tyrosine hydroxylase activity in the heart. Circadian rhythms in acetylcholine synthesis were
impaired or abolished in aged rats. Melatonin in low and high doses given before onset of the
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daily light span re-established or augmented the amplitude of the rhythms in the aged rats and
in high doses also increased the amplitude in the young rats. The timing (acrophase) of these
rhythms of biochemical indicators of norepinephrine and acetylcholine synthesis are relatively
unmodified by the ageing process.

In the course of sympathetic activation NE is produced at the nerve endings. Although most of
it is taken up again locally, some is released into circulation where it represents an indicator of
sympathetic activity. Using isotope dilution methods to study catecholamine release to plasma in
humans, Esler et al, [182] found with ageing sympathetic activation in the heart, the gut and the
liver at rest. Sympathetic nervous responses to stress were augmented in the elderly. Conversely,
adrenal medullary release of epinephrine was subnormal at rest and during stress. Circadian
variations in human lymphocyte adrenoceptor density were reported, with peak values around
noon and a trough around midnight [183]. Ageing leads to an impairment of beta-adrenoceptor
density and/or activity [180].

The adrenomedullary and sympathetic system is assumed to reach maturity around the 5"
year of life [184]. A progressive increase in catecholamine excretion was reported in children
from 1 month to 16 years of age [185], which seems to be proportional to the body surface area
[186,187]. Diurnally active clinically healthy human subjects of both sexes only moderately
restricted in their activity by the sampling procedures show a circadian rhythm both of plasma
epinephrine (E) and of plasma NE with a peak in the late morning and low levels during sleep
[188]. This circadian variation consists of a low amplitude circadian rhythm with superimposed
episodic fluctuations. With a 20 minute sampling interval 8 to 9 pulses per 24 hour span can be
detected. The magnitude of the pulses is greater during the day and larger for epinephrine than
for norepinephrine [189]. Further superimposed upon this low amplitude circadian rhythm at
rest are the reactive changes due to the subjects’ diurnal activity pattern [190,191].

Sleep reversal studies indicate a predominant dependence of the circadian variation of nore-
pinephrine upon sleep-wakefulness and posture [192,193]. In contrast, the circadian rhythm in
epinephrine persists for at least 75 hours in sleep deprived subjects kept under as far as feasible
constant conditions [192]. No relation of plasma catecholamine concentrations to sleep stages
was found [188].

Also the circulating sulfo-conjugated catecholamines show a circadian variation, which
shows a marked phase difference from that of the free compounds [191]. Norepinephrine plasma
concentrations were greater in elderly as compared with young subjects [194] by 28% during the
day (11:00 hr) and by 75% during the night (22:00 — 09:00 hrs) [ 188].

The changes in catecholamine secretion and metabolism during the ageing process are com-
plex and seem to involve their secretion [195], blood levels [196,197], receptors [198-201], the
peripheral tissue content [177], metabolism [202], and possibly clearance [195,203]. The uri-
nary excretion of NE increases from 1 to 59 years of age [204], and then decreases during the 7%
to 10" decades of life. Descovich et al, [205] found in elderly subjects (66-99 years of age) no
difference in the timing of circadian rhythms in catecholamine excretion and no decrease in the
MESOR and amplitude of NE and E. Nicolau et al [206] compared the circadian rhythm and the
urinary excretion of free epinephrine, norepinephrine and dopamine between elderly men and
women (77 + 8 years of age) and boys and girls (11 + 1.5 years of age). The circadian MESOR
and the amplitude in E and DA, and to a lesser degree in NE, were higher in the children than in
the elderly subjects. The acrophase of catecholamine excretion remained unchanged in spite of a
4 1/2 hour phase shift of the acrophase of the urine excretion in the same elderly subjects into the
late night hours [98,207]. The excretion of DA follows in its timing more closely that of the urine
volume. In contrast, Lehmann and Keul [208] found in healthy adults norepinephrine excretion
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to correlate positively with age. The lower excretion of norepinephrine in the elderly found by
Nicolau et al. [206] contrasts with reports on higher concentrations of plasma norepinephrine
concentrations in the aged [196,209]. An alteration in plasma norepinephrine concentrations
during ageing could be the result of changes at several sites. There is evidence of increased
norepinephrine production and release in the aged [210] both in supine and standing positions
[211] and an age related increased plasma catecholamine rise during exercise [212]. The rate of
clearance was found to be the same in young adults and elderly subjects [195]. In contrast, Esler
et al [203] suggested a decrease in norepinephrine clearance with ageing and Itskovitz and Wynn
[213] reported a large reduction in the excretion of free catecholamines and total dopamine as
renal function decreased in the elderly.

The circadian variation in blood pressure parallels that of plasma norepinephrine concentra-
tions. The nocturnal fall in blood pressure was found to be related to a decrease in plasma NE
concentrations [214]. This decrease could be abolished in hypertensive patients taking bro-
mocriptine suggesting there is a dopaminergic mechanisms involved in its control [215]. The
relation of plasma norepinephrine concentrations to essential hypertension are controversial.
Most investigators found no major difference between the age adjusted plasma norepinephrine
concentrations in normotensive and hypertensive subjects [216-218]. The urinary excretion of
catecholamines in hypertensive individuals was found to be slightly higher during the first half
and significantly higher during the second half of life expectancy [208].

Of interest for the circadian periodicity of catecholamines in regards to blood pressure regu-
lation and ageing is the interaction with melatonin. Melatonin blunts noradrenergic activation
[219] and decreases catecholamine concentrations and blood pressure [220]. Endogenous mela-
tonin concentrations decrease with ageing, which may contribute to the decrease in extent and
percentage of elderly subjects showing nocturnal dipping of their blood pressure.

Children showed a circannual rhythm in systolic and diastolic blood pressure and in nore-
pinephrine excretion with peaks during winter [206]. In elderly subjects, a circannual rhythm in
urinary norepinephrine excretion was statistically significant only in women, also with a peak
during winter, but was out of phase with the circannual rhythm in blood pressure [221-223].
Absence of a circannual rhythm as a group phenomenon does not necessarily imply absence of
such a rhythm in the individual but may be the consequence of a desynchronization within the
group. Circannual variations in human lymphocyte adrenoceptor density were found with high
values in spring and summer and low values during winter [183,224].

The ubiquitous role of the sympathetic nervous system and its messenger substances in the
human body determines the importance and the great variety of physiologic functions shaped
or modulated by the multi-frequency rhythms encountered at all levels of the system. The basic
rhythmic variations are mostly endogenous in nature but in some variables are greatly modified
(masked) by environmental factors and by rhythms of response at the level of the target organs.
Ageing changes are found at all levels of the system and are mainly expressed in changes of
mean and amplitude rather than the timing of the rhythms concerned.

7. CONCLUSION

Age related changes in the human endocrine time structure occur in different frequency ranges
including pulsatile secretions [225], ultradian, circadian and circannual rhythms [7,98,226-227].
Some of these changes are part of the physiologic ageing process, but in some instances may
lead to functional impairment, and if exaggerated to senility. A decline in neuroendocrine func-
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tion has been implicated in the development of several age related diseases.

In clinically healthy, diurnally active human subjects, circadian rhythmicity in many variables
may be well maintained into very old age. However, such observations found in transversally
studied groups of subjects of different ages are not necessarily representative for the dynamic
process of ageing. Longitudinal studies, which are difficult in human subjects, could more cor-
rectly represent this process. In comparing subjects transversally of different ages, the upper age
groups are biased groups of survivors and do not represent those with genetically determined
and/or environmentally induced earlier occurring defects who having experienced an acceler-
ated ageing process have succumbed to a variety of diseases for which advancing age represents
arisk factor.

In the circadian range, the most prominent change found in the course of ageing is the reduc-
tion in the circadian amplitude, which was found in most variables discussed in this presentation.
It may play an important part in the ageing process and related changes. A decrease in amplitude
of a physiological variable may be an expression of a functional decline. This may be the case,
e.g., in the decrease in the nightly surge in melatonin leading to a decrease in time information
provided to peripheral oscillating structures with an ensuring tendency for external and internal
desynchronization.

In the circannual range, the disappearance of circannual rhythms or seasonal variations as
group phenomenon in elderly subjects may represent a lack of adaptation to the season-depend-
ent environmental stimuli or lack of synchronization of circannual rhythms by these stimuli,
both of which may represent adaptive defects which may, e.g., contribute to the high mortality
observed among the aged during the winter months.

Alterations in biologic rhythms with internal and external desynchronization and loss of the
capability of the organism to maintain under the conditions of daily life a time structure con-
ducive to optimal function may contribute to the dysfunction of the elderly organism and the
development of senility. Although the ageing process as such may not be based upon changes in
the neuroendocrine system, correction of some of these changes with maintenance or re-estab-
lishment of the neuroendocrine time structure may have beneficial effects upon the function of
the ageing organism and may contribute to the quality of life during healthy ageing and help to
prevent premature senility and other disorders seen in the aged.
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ABSTRACT

The circadian timing system (CTS) allows organisms on earth to synchronize internal rhythms
to the environmental 24-hour light-dark cycle and anticipate the body on the forthcoming period
of either activity or rest. The central pacemaker of the CTS is the hypothalamic suprachiasmatic
nucleus (SCN) regulating most, if not all, circadian rhythms in the body. The plasticity of this
system at old age is the subject of this review, with special regard to its major internal stimulus,
the pineal hormone melatonin.

The circadian rhythm in melatonin production is regulated by the SCN and results in low
daytime circulating levels of melatonin and an increase of circulating melatonin after darkness
onset. This rhythm, like other circadian rhythms, is attenuated in elderly subjects. The relation
between the age-related change in melatonin levels and sleep is discussed in this paper.

Based on the hypothesis that there is a relationship between the increased prevalence of sleep-
disturbances and decreased melatonin levels in elderly, several studies have been performed to
investigate the effect of exogenous melatonin supplementation on sleep in elderly and demented
subjects. An overview of these findings is presented and the various results are discussed.

1. INTRODUCTION

All living organisms on earth are exposed to the daily environmental 24-hour light-dark cycle.
The circadian timing system (CTS) is able to synchronize an organism’s internal rhythm to
that of the environment, to allow the body to anticipate the coming period and to function with
maximum efficiency in the given environmental situation. In humans this means that the body is
prepared to waken before the light period, and to exhibit optimum physical and mental perform-
ance during the day. In the evening the body gets ready for the resting period.

The central coordinating pacemaker of the CTS in mammals is located in the suprachiasmatic
nucleus (SCN), situated bilaterally in the anterior hypothalamus, on top of the optic chiasm.
The SCN regulates circadian rhythms in body temperature, hormone levels and rest-activity
cycle. By receiving environmental stimuli, the so-called Zeitgebers, the SCN synchronizes these
rhythms to the 24-hour environmental light-dark cycle. In the absence of Zeitgebers the rhythms
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generated by the SCN will deviate from the exact 24-hour cycle. The CTS is a flexible system
that can adapt to a new light-dark regimen after crossing several time zones.

The functional plasticity of the CTS at old age is the subject of this review. We will focus on
a major internal stimulus for the CTS, the pineal hormone melatonin, which is endogenously
present as a circadian modulator, but may be supplemented exogenously as well. Other effective
stimuli, like bright light, temperature, physical activity and transcutaneous nerve stimulation
(TENS) have been reviewed previously [1-6].

In the framework of the question to what extent the CTS and its plasticity are maintained at
high age, especially in humans, the following points are subsequently discussed (1) the organi-
zation of the CTS, including the pineal gland, (2) age-related changes of the CTS, especially
in relation to melatonin synthesis in the pineal gland (3) functional implications of weak or
disturbed circadian rhythms, (4) interactions of the pineal melatonin synthesis with drugs fre-
quently used by elderly people and (5) the supplementation of melatonin and its consequences
for the CTS.

2. THE CIRCADIAN TIMING SYSTEM
2.1.  Structure of the suprachiasmatic nucleus

The suprachiasmatic nucleus (SCN) is a bilateral structure that is the central pacemaker of the
circadian timing system (CTS) and regulates most, if not all, circadian rhythms in the body.
Within the SCN several types of peptidergic neurons are found, such as vasopressin (AVP),
vasoactive intestinal polypeptide (VIP), neuropeptide Y (NPY) and neurotensin (NT), that each
have a specific distribution. The vasopressinergic subnucleus has a volume of 0.25 mm?® per side.
The synthesis of vasopressin in the SCN shows both a circadian and seasonal rhythm [7].

2.2.  Input to the suprachiasmatic nucleus

From the inputs the SCN receives, environmental light is the most effective one and is of direct
and indirect importance for the melatonin production and rhythm (see further in this paper).
The SCN receives information about the environmental light-dark cycle by a direct projection
through the retinohypothalamic tract (RHT) [8], for which glutamate and pituitary adenylate
cyclase-activating polypeptide (PACAP) are at present the most likely transmitters [9]. Photope-
riodic information from the environment is mediated by melanopsin-containing retinal ganglion
cells projecting via the RHT to the SCN [10] (see Figure 1).

In addition to the retinohypothalamic input, the SCN also receives inputs from other hypotha-
lamic nuclei, the raphe nuclei, locus coeruleus, limbic forebrain, and from the hormonal milieu

[11].
2.3. Output of the suprachiasmatic nucleus innervating the pineal gland

Both the acute suppression of melatonin by environmental light and the circadian modulation
of the melatonin level are mediated by the SCN. The SCN-Pineal pathway has been elegantly
confirmed by the use of the transneural pseudorabies viral tracer (PRV) [12]. PRV was injected
into the pineal gland and labeling was subsequently found in the superior cervical ganglion
(SCG), the intermediolateral column of the upper thoracic cord (IML), the autonomic divi-
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Sleep-wake Pineal

Figure 1. Schematic drawing of that part of the circadian timing system involved in the circadian regulation of mela-
tonin.

Abbreviations: RHT=retinohypothalamic tract, Glu=glutamate, PACAP= pituitary adenylate

cyclase-activating polypeptide, SCN=suprachiasmatic nucleus, GABA=gamma-aminobutyric

acid, PYN=paraventricular nucleus, SCG=superior cervical ganglion, NA=noradrenalin,

NPY=neuropeptide Y

sion of the paraventricular nucleus (PVN), and the SCN. The majority of labeled neurons was
found in the dorsomedial position of the SCN. Confocal laser scanning microscopy showed
SCN neurons to be double-labeled for PRV and AVP and PRV and VIP. Removal of the SCG
resulted in complete absence of the tracer in the SCN — pineal pathway, but not in the pineal
gland. Control of the circadian variation of sympathetic input to the pineal is mediated by two
signals from the SCN to the PVN, most likely a continuous stimulatory glutaminergic input
and a rhythmic inhibitory GABA-ergic input. Without SCN input, a basic stimulatory effect on
the pineal gland is maintained by the PVN, which is normally suppressed by the SCN during
the light period and enhanced by the SCN during the dark period [13]. The neurotransmitters
involved in the pathway from the PVN to the IML, and further from the IML to the SCG, are
still unknown [14]. The direct inhibiting effect of nocturnal ocular light on melatonin levels is a
result of the inhibition of N-acetyltransferase (NAT) activity (see following section) in the pineal
gland [15,16]. In rats, this light-induced inhibition of nocturnal melatonin release is completely
prevented by the administration of a GABA-antagonist to the hypothalamic projection areas
of the SCN [14]. Within one hour, nocturnal light exposure results in a decrease of melatonin
levels. The rate of decline corresponds to the half-life time of melatonin [16], which means that
there is a direct effect of light on the production of melatonin. Figure 1 shows schematically
the connections between environmental light, the SCN and the pineal gland. For further details
about the output pathways of the mammalian suprachiasmatic nucleus we refer to the review of
Kalsbeek and Buijs [17]. In humans, the light-induced inhibition of nocturnal melatonin release
is fully dependent on light that falls on the eyes, and supposedly mediated by the consequent
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Figure 2. Subsequent steps of melatonin production in the pinealocyte.

retinal signal that reaches the SCN. Since the publication of Campbell et al. in 1998 [18], in
which it was stated that extra-ocular light, administered behind the knees, could phase-shift the
melatonin rhythm, several researchers have tried to replicate this finding, but without success.
Neither did anyone find a suppression of melatonin by extra-ocular light [19,20].

2.4,  The pineal gland and its main hormone melatonin

This neuro-endocrine gland is present in many different species, among which all mammals.
In humans the pineal gland is localized in the midline of the brain at the posterior level of the
third ventricle. The hormone melatonin is the primary product of the pineal gland. Melatonin is
synthesized of tryptophan (TRP) [cf. 15]. The subsequent steps are as follows. First, tryptophan
hydroxylase (TH) catalyzes the conversion from TRP into 5-hydroxytryptophan (5-HTP). The
subsequent oxidation of 5-HTP into 5-HT (serotonin) is catalyzed by 5-HTP-decarboxylase. 5-
HT is then N-acetylated by NAT into N-actylserotonin (NAS). NAT is considered the rate-limit-
ing enzyme. Finally hydroxyindol-O-methyltransferase (HIOMT) catalyzes the O-methylation
of NAS to form melatonin (N-acetyl-5-methoxytryptamine). These steps are summarized in
Figure 2.

The pineal gland is innervated by several neural pathways, as recently reviewed by Moller
and Baeres [cf. 21], among which the sympathetic fibres are the most important ones for the
circadian regulation of melatonin production. These fibres contain noradrenalin and NPY [cf.
21]. Noradrenalin, by stimulation of B-adrenergic receptors, leads to an increase in NAT [cf.
22]. In addition to the sympathetic innervation via the superior cervical ganglion, by which the
SCN regulates its circadian rhythm, the pineal gland is innervated by fibres of parasympathetic
nerves, nerves from the trigeminal ganglion, and nerves originating from the brain, entering the
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pineal gland via the pineal stalk, also called the central innervation [21].

In both nocturnal and diurnal animals, the production of melatonin shows a circadian pattern
with high levels after the onset of darkness, and low levels during the light period of the day
[23]. The circadian pattern in melatonin levels can be monitored directly, either in serum or
saliva, or indirectly, by measuring its main metabolite 6-sulfatoxy melatonin in urine. Especially
measurements in saliva are of interest for studies in elderly subjects and demented patients, and
in field studies. Saliva sampling is relatively easy and non-invasive, and the correlation with
plasma melatonin levels is strong [24]. The dim-light melatonin onset (DLMO) determines the
time point at which melatonin starts to rise and rises above a certain threshold. This threshold
can be defined in different ways. The DLMO for serum melatonin levels can be defined as the
interpolated crossing of the 10 pg/ml threshold during its rise [25]. Other definitions use the
time point at which the curve crosses 25% of the peak level [26,27], or the time when the curve
exceeds a level calculated from the mean plus two standard deviations of samples at 19:00, 19:
30 and 20:00 h [28].

Its high lipophilicity allows melatonin to diffuse from the pineal into the surrounding tissue
with ease and to enter into the bloodstream or the cerebrospinal fluid (CSF). For a long time it
has been presumed that melatonin enters the CSF via the bloodstream. Recent studies in sheep,
however, indicate that melatonin may also enter the CSF directly from the pineal gland [29].

2.5.  Melatonin function and sites of action

Melatonin conveys photoperiodic information and thus informs the circadian timing system
about the time of day and season [cf. 15,23].

Three pharmacologically distinct melatonin binding sites have been described, the MT-1,
MT-2 and MT-3 receptors [cf. 30], of which the MT-1 [31] and MT-2 are G-protein coupled
receptors [32], and the MT-3 receptor [33] belongs to the family of quinone reductases. There is
an abundant expression of melatonin receptors in the SCN [34]. In rat, the expression of MT-1
mRNA in the SCN exhibits a circadian variation [35], with the highest levels in the early day-
and early nighttime periods. The specific binding of melatonin in the SCN of rat is significantly
lower during the dark period compared to the light period. This difference disappears in constant
darkness [35]. Melatonin decreases the frequency of the spontaneous electrical activity in cul-
tured rat SCN explants [cf. 36]

3. AGE-RELATED CHANGES IN THE CIRCADIAN TIMING SYSTEM
3.1.  Age-related changes in the suprachiasmatic nucleus

In post-mortem studies of the ageing human SCN, the circadian rhythm that was found in young
adults in the number of AVP-expressing neurons according to clock-time of death disappeared
after the age of 50 years. Also the seasonal fluctuation in AVP-expressing neurons disappeared
in the group of elderly subjects. Furthermore, a decline in the number of arginine vasopressin
(AVP) expressing neurons was found in subjects over the age of 80 years and even more so, and
at a younger age, in Alzheimer patients [cf. 7]. There was also a decrease in the amount of AVP-
mRNA in the SCN of Alzheimer patients [37]. The number of VIP-expressing neurons declined
only in male subjects and not in female subjects [38].
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Table 1 Changes of melatonin with age.
Research group phase peak level mean overall daytime inter-individual
production melatonin level variability

Iguichi et al. 1982 [42] decrease decrease  decrease decrease

Sack et al. 1986 [47] decrease

Nair et al. 1986 [43] delay decrease decrease

Sharma et al. 1989 [48] delay decrease decrease

Touitou et al. 1984 [58] advance decrease decrease  decrease low

Ferrari et al. 1993 [44] decrease decrease  decrease

Mishima et al. 1994 [45]  no change decrease decrease  decrease no change

Zhdanova et al. 1998 [50] advance decrease higher

Waldhauser et al. 1988 [52] decrease

Rodenbeck et al. 1998 [46] advance decrease higher
(according to
the st. dev.)

Zeitzer et al. 1999 [53] no change no change

Kennaway et al. 1999 [51] decrease (until

the age of 30)

3.2.  Age-related changes in melatonin levels, amplitude and rhythmicity

Age-related changes have been demonstrated throughout the melatonin system, i.e. at the
structural level in the pineal gland itself, in the total production level and in the rhythmicity of
melatonin levels. Kunz et al. [39] described an increase of the calcified portion of the pineal and
suggested the consequent decrease in uncalcified pineal tissue to be responsible for a decrease
in aMT6s excretion levels. A post-mortem study showed that, by comparing the pineal glands
of subjects that died young (age range 18-54 years) with those of subjects that died at old age
(age range 55-92 years), the daily variation in melatonin levels disappears with ageing [40]. The
number of beta-adrenergic receptors in the pinealocyte membrane, important for the sympa-
thetic innervation that regulates the circadian rhythmicity of the melatonin production, decreases
with age, as does the responsiveness to norepinephrine [41].

A general finding in elderly people is that the nocturnal peak level is attenuated [42-50],
resulting in a decrease in the amplitude of the melatonin rhythm (see Table I for an overview of
different studies on this topic). This decrease may occur very early in the process of develop-
ment and ageing. Kennaway [51] found the age-related decrease in urinary excretion of aMT6S,
the main metabolite of melatonin, to occur already before the age of 30 years. Waldhauser et
al. [52] also found the strongest decline of serum melatonin levels before the age of 20 years.
No further decline was found between 20 and 70 years; only after the age of 70 years night-
time levels were lower compared to the younger adult groups. Zeitzer et al. [53] did not find an
age-related decline in plasma melatonin levels. One reason for this could be that they included
only extremely healthy people in their study. Another reason, suggested by Touitou [54], is
the fact that Zeitzer et al. used a constant routine protocol, whereas in other studies subjects
remained in their usual living environment. The importance of the illumination levels in the
habitual environment has been demonstrated by Mishima et al. [55], who compared groups
of young adults, elderly insomniacs and elderly people without sleep-complaints. They found
significantly smaller amplitude of the melatonin rhythm in both groups of elderly subjects. An
interesting finding then was that the supplementation of midday bright light (2500 lux) in the
elderly insomniacs resulted in an increase of the melatonin amplitude to levels comparable with
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those in young adults [55]. Unfortunately this effect was not tested for the elderly subjects
without sleep complaints. The importance of sufficient daytime bright light for the melatonin
rhythm was also shown by Baskett et al. [56], who compared a group of hospitalized elderly
with a community-based group of elderly. They found an attenuated daytime suppression of
melatonin levels in the hospitalized group, together with more variable nighttime melatonin
levels. Indeed, such an age-related increase of daytime melatonin level has often been reported
in addition to the decrease in nocturnal level, as reviewed in Van Someren et al. [5]. In a study of
Ohashi et al. [57], both demented and non-demented hospitalized psychiatric patients showed an
increase of daytime melatonin levels compared to a group of non-hospitalized elderly subjects.
Two hours of morning bright light (3000 lux) decreased daytime melatonin only in psychiatric
non-demented elderly, but did not affect daytime melatonin in the demented group. In relation to
this, the season might be an important variable to be taken into account when studying circadian
rhythms. Whereas the decrease in amplitude is the most consistent finding on the melatonin
rhythm in elderly, some studies have reported a change in the circadian phase of the melatonin
rhythm. On this point the findings are less consistent: some studies reported a phase advance
[46,50,58] while others found a phase delay [43,48].

4. FUNCTIONAL IMPLICATIONS OF WEAK OR DISTURBED CIRCADIAN
RHYTHMS

An extensive review on the implications of weak or disturbed circadian rhythms was recently
given by Van Someren [5]. Disturbed circadian rhythms appear to have negative effects on the
impact of cardiovascular diseases, mood and cognition. In the present paper we will focus on the
effect of changes in melatonin levels.

The relation between melatonin levels and sleep disturbances is not entirely clear. The knowl-
edge that melatonin levels are decreased in elderly subjects, and that the prevalence of sleep
disturbances is increased in this group [59], has led to the expectation that there would be a
relation between melatonin levels and sleep. Although Haimov et al. [60] found a difference in
melatonin levels between elderly insomniacs and elderly without sleep problems, others were
unable to confirm this observation, either for melatonin levels, or for its metabolite aMT6S, and
sleep parameters [61-64]. Although there is thus not a clear cut relationship between decreased
melatonin levels and sleep, there might be a relation between sleep disturbances and the cir-
cadian period of the melatonin rhythm. Kripke et al. [61] reported that elderly volunteers with
more deviant acrophases of aMT6S slept fewer hours and had more wake time within the sleep
period.

5. INTERACTIONS WITH DRUGS FREQUENTLY USED BY ELDERLY

Several studies have addressed the influence of sympathetic agonists and antagonists on mela-
tonin production. Hurlbut et al. [65], for example, investigated the influence of B-agonists and
o~ and PB-antagonists on NAT and melatonin levels in Richardson’s ground squirrels. They
found that isoproterenol, a B-receptor agonist, stimulated both pineal NAT activity and pineal
melatonin content; phentolamine, an o-blocker, partially blocked the rise of NAT. Propranolol,
a B-blocker, totally blocked this rise. Melatonin synthesis was not influenced by phentolamine,
but administration of propranolol prevented the rise of melatonin during the night. This means
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that NAT activity is under the influence of both ¢ and B innervation, while melatonin production
is under the influence of B-innervation only.

The study of Stoschitzky et al. [66] is interesting in this context, because they investigated
the influence of the beta-blocking (S)-enantiomers, and also the non-blocking (R)-enantiomers
of propranolol and atenolol in humans. Enantiomers are two related molecules with a different
conformation, so that one of them (the S-enantiomer) can bind to a receptor and thus act as an
agonist, while the other (R-enantiomer) one cannot bind to the receptor because of its different
conformation, and can thus act as a placebo. They found that the (S)-enantiomers decreased the
nocturnal excretion of aMT6s, whereas the (R)-enantiomers had no effect. The use of enantiom-
ers makes sure that the B-blocking effect is responsible for the decreased excretion of aMT6s,
and thus melatonin production, rather than an unspecific effect of 3-blockers.

The role of GABA is an important one. Especially since sleep disturbances are often treated
with benzodiazepines, which bind to the GABA receptor. In the pineal, the release of GABA is
triggered by noradrenalin, through o 1-adrenergic receptors. The effects of GABA are generally
inhibitory to the noradrenalin-induced NAT activity, and thus to melatonin production. There
is also feedback from GABA to the sympathetic fibres. Pre-synaptically, GABA acts on type A
and B receptors, which appear to have opposite functions, respectively facilitating and inhibiting
noradrenalin release. The inhibitory function dominates. This circuit offers resistance to the pas-
sage of information to the pineal, leading to more balanced responses [cf. 67].

GABA receptors have a number of binding sites for clinically important drugs. Benzodi-
azepines bind to the GABA-receptor complex and enhance its sensitivity for GABA. In the
pineal, the acute and chronic administration of the benzodiazepine diazepam inhibits NAT activ-
ity in the rat pineal gland [68], and decreases the content of NAS and melatonin [69]. Chronic
administration of diazepam resulted also in decreased nocturnal plasma levels of melatonin.
Benzodiazepines may not only directly affect the melatonin rhythm by acting on the pineal
innervation, but also by altering the level of activity and consequently the phase and period of the
central pacemaker in the suprachiasmatic nucleus [70,71] which is responsible for the melatonin
rhythm.

6. MELATONIN SUPPLEMENTATION AND CONSEQUENCES FOR THE
CIRCADIAN TIMING SYSTEM

6.1.  Pharmacokinetics

Melatonin is quickly absorbed and quickly excreted. Metabolisation takes place in the liver,
where 70% is converted in 6-sulphatoxy melatonin (aMT6S). All metabolites are excreted by the
kidneys. The half-life time of melatonin varies between 10 and 40 minutes [cf. 15].

Fourtillan et al. [72] described the biological availability of D, melatonin (melatonin with
seven hydrogen atoms replaced by seven deuterium atoms) administered intravenously (i.v.) or
orally to twelve young healthy volunteers. Following i.v. administration of 23 pg D, melatonin,
a large difference in peak levels was seen for males and females (mean peak level was 124.8
+ 32.8 pg/ml for males and 169.0 £ 29.6 pg/ml for females). After oral administration of 250
Lg melatonin, melatonin was rapidly absorbed with a mean maximum absorption time of 23
minutes for both males and females. Here, the mean peak levels were almost three times higher
for females than males (243.7 £ 124.6 pg/ml for males and 623.107 £ 575.1 pg/ml for females).
The fraction of melatonin systemically absorbed ranged from 1 to 37% (mean values were 8.6 &
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3.6% for males versus 16.8 = 12.7% for females). A low bioavailability can either be due to poor
oral absorption, a large first pass effect, or a combination of the two.

In addition to the individual and sex-related differences in pharmacokinetics, Zhdanova [50]
further reported an increased variance in serum melatonin levels in elderly subjects as compared
to young adults after the ingestion of 0.3 mg melatonin.

6.2.  Clinical studies on the effects of exogenous melatonin on sleep in the elderly

In Table II an overview is presented of randomized placebo-controlled studies on the effect of
melatonin on sleep, performed in elderly.

The two most recent studies, by Serfaty et al. [73] and Baskett et al. [64], did not show a thera-
peutic effect on actigraphically derived parameters of sleep quality, with the only exception that
Baskett found a significant decrease in awakenings in a group of normal sleepers. Serfaty et al.
investigated the effect of melatonin on sleep in demented elderly patients without further speci-
fication of a clinical diagnosis. Since dementia can be caused by various underlying diseases,
this might be a very heterogeneous group of subjects, and a possible effect in a specific disease
group might therefore have been missed. Another factor that could play a role in the negative
results in the study of Serfaty et al. is the choice of the outcome measures. The actigraphical
parameters tested in the study of Serfaty are the median total time asleep, median number of
awakenings, and sleep efficiency. Van Someren [74] reported on the improved sensitivity to the
effect of bright light therapy on rest-activity rhythms in Alzheimer patients, and demonstrated
that the light-induced improvement in coupling of the rest-activity rhythm to the environmental
Zeitgeber of bright light is better detected using nonparametric procedures. Worthwhile to men-
tion in this respect is also the finding by Serfaty and co-workers [73] that the carers’ reports of
sleep problems in demented elderly were not consistent with the objective evidence as obtained
by actigrapy. This means that data collected through logs kept by carers should be interpreted
with caution.

Baskett et al. [64] looked at elderly insomniacs and normal sleeping elderly, as was also done
by Haimov et al. [60] and Zhdanova et al. [63]. Beside differences in dosage, Baskett et al.
studied a period of 4 weeks of active treatment, whereas both other studies looked for the effect
of only 1 week of active treatment. To measure sleep quality, Haimov and Baskett both made
use of actigraphy to measure sleep quality. Haimov found an improvement of sleep efficiency
and activity level after 1 week of daily ingestion of 2 mg sustained release melatonin, and a
shorter sleep latency after 1 week of daily ingestion of 2 mg fast release melatonin. Baskett
found neither an improvement in sleep efficiency, nor in sleep latency after 4 weeks of daily
administration of 5 mg melatonin. Zhdanova did show an improvement of sleep efficiency,
using polysomnography to measure sleep quality. However, Hughes [27], also using PSG as the
outcome measure, found no change in sleep-efficiency. Three studies reported an improvement
in sleep latency [27,75,76] without improvement of total sleep time, except for Garfinkel [77],
who studied elderly insomniacs using benzodiazepines. In a later study they reported on the
ability of melatonin to facilitate discontinuation of benzodiazepine use. Andrade [78] found that
melatonin in medically ill hospitalized patients improved their self-rated sleep quality. Objective
parameters were not tested in this study.

In general, this overview shows that the various publications show distinct results on the effect
of melatonin on sleep in elderly subjects. It is therefore hard to draw any definite conclusions at
this moment.



Table II

Randomized placebo-controlled studies on the effect of exogenous melatonin on circadian disturbances in the elderly.

Research group  Number of Subject specification Duration of Dosage Time of Main outcome Side effects
subjects active treatment suppletion
Garfinkel etal. 12 Elderly insomniacs Three weeks 2 mg controlled Two hours before AG measured improvement ~ Self limiting
1995 [79] release desired bedtime  of sleep efficiency and pruritus in one
wake-after sleep onset subject in both
period, trend to shorter sleep placebo and
latency, no effect on total melatonin treated
sleep time group
Haimov et al. 51 Normal sleeping elderly ~ One week (each 2 mg sustained- Two hours before AG measured improvement  No side effects
1995 [60] (n=25) and elderly type of tablet) release (S-ryor 2 desired bedtime  of sleep efficiency and reported
insomniacs (n=26)* mg fast-release (F- activity level (S-r) or shorter
r) sleep latency (F-r)
Garfinkel etal. 21 Benzodiazepine treated ~ Three weeks 2 mg controlled Two hours before AG measured improvement  No side effects
1997 [75] elderly insomniacs release desired bedtime  of sleep latency, wake-after reported
sleep onset period, total
sleep time, fragmental index
and number of awakenings
Hughes et al. 16 Elderly insomniacs Two weeks 0.5 mg immediate Thirty minutes PSG measured decrease of  No side effects
1998 [27] release or 0.5 mg  before fixed sleep-latency, no effecton  reported
controlled-release  bedtime and/or 4 PSG measured sleep
hours after efficiency or total sleep time
bedtime and actigraphically measured
parameters or subjective
ratings of sleep quality
Jean Louis etal. 10 Elderly insomniacs with ~ Ten days 6 mg Two hours before AG measured improvement  No side effects

1998 [76]

MCI

bedtime

of sleep latency, circadian
amplitude, transition from
sleep to wakefulness, no
effect on total sleep time and
wake time after sleep onset,
improvement of mood and
delayed recall

reported

0T



Research group

Number of
subjects

Subject specification

active treatment

Time of
suppletion

Main outcome

Side effects

Garfinkel et al.
1999 [77]

Andrade et al.
2001 [78]

Zhdanova et al.
2001 [63]

Serfaty et al.
2002 [73]

Baskett et al.
2003 [64]

34

33

44

40

Benzodiazepine treated

elderly insomniacs

Medically ill subjects

Both normal sleeping
elderly (n=15) and elderly

insomniacs (n=15)

Demented elderly

Normal sleeping elderly

(n=20) and elderly
insomniacs (n=20)

2 mg controlled

One week (each 0.1 mg, 0.3 mg or

6 mg slow-release

Two hours before
bedtime

At night

Half an hour
before fixed
bedtime

Usual bedtime

At bedtime

Facilitation of
discontinuation of
benzodiazepine use

Improvement of self rated
time to fall asleep, sleep
quality, sleep depth,
freshness on awakening

PSG measured increase of
sleep-efficiency, with the
best effect after ingestion of
0.3 mg in the insomniac
group, no effect in normal
sleepers

No therapeutic effect on
either AG derived sleep-
parameters nor subjective
measures of sleep quality

Lower number of
awakenings in normal
sleepers, further no
therapeutic effect on AG
measured parameters of
sleep-quality

Headache in two
subjects treated
with melatonin
and one treated
with placebo

No side effects
reported

3 mg dose lowered
significantly core
body temperature

No side effects
reported

Excessive
drowsiness in one
person only in
melatonin
condition, in
another person
both in melatonin
and placebo
condition

Abbreviations: PSG=polysomnographically, AG=actigraphically, MCI=mild cognitive impairment

* Of the insomniacs 8 where living independently and 18 where institutionalized elderly.
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6.3.  Adverse effects and dosage

The studies mentioned in Table II did not report any serious side-effects of melatonin. Only self-
limiting pruritus [79], headache and excessive drowsiness [64] were reported.

Various dosages have been studied (see Table IT). Zhdanova et al. [63], who studied 0.1 mg,
0.3 mg and 3 mg melatonin found an effect of all three dosages on sleep efficiency in elderly
insomniacs, but the best effect was observed after the ingestion of 0.3 mg. This dosage resulted
in physiological plasma levels of melatonin, whereas the ingestion of 3 mg melatonin not only
resulted in pharmacological plasma melatonin levels but also in a significant decrease in core
body temperature.

7. CONCLUSIVE REMARKS

In spite of the effort that has been made in studying the efficacy of melatonin on sleep distur-
bances in the elderly, still no clear conclusions can be drawn.

Since multiple factors influence circadian rhythmicity, conditions that resulted in clear effects
in a laboratory setting might be less effective in a natural setting, where the effect of melatonin
is counteracted by other factors influencing the circadian timing system. It seems possible — and
may be preferable - to stimulate the endogenous production of melatonin rather than to increase
melatonin levels by the supplementation of exogenous melatonin. The studies of Mishima et al.,
Ohashi et al. and Baskett et al. [S5-57] suggest that sufficient daytime bright light will increase
night-time melatonin levels and attenuate day-time melatonin levels, and thus improve the cir-
cadian rhythmicity of circulating endogenous melatonin. This also means that the season is an
important variable in studies regarding melatonin rhythmicity.

It is clear that changes in the circadian system occur with ageing, both at the side of input from
the environment as in the endogenous parameters that inform us about the functioning of the
SCN. It is also clear that this system is still susceptible to an increased input of the appropriate
stimuli and shows flexibility to changes according to the level of input of these stimuli.

Only Zeitzer et al. [53] did not show changes in the peak level of melatonin of a group of very
healthy elderly. It would be interesting to know wether the few older subjects that still show a
clear circadian rhythm in melatonin levels belong to the subgroup of successful ageing, and if
so, what the exact role of melatonin might be in the process of ageing. In that case melatonin
supplementation might also be considered as one of the strategies to influence the process of
ageing e.g. by acting as an anti-oxidant or immune stimulant [cf. 80].

As concluded by Olde Rikkert in 2001[81], there is the need for larger studies before wide-
spread use of melatonin in sleep disorders can be advocated. These studies should have the
power to distinguish patient characteristics as co-variates in the analysis of a therapeutic effect of
melatonin, in order to see which subgroup of patients can be expected to show a positive effect of
melatonin and which cannot. We hope to answer a number of these questions in the near future,
when our 3.5-year follow-up study on the effect of bright light, melatonin or a combination of
the two on sleep, mood, behavior, and cognition in demented elderly will be finished.
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ABSTRACT

Ageing is accompanied by significant modifications of the cardiovascular system both, structural
and functional. Various components of the ANS may be differentially and selectively affected.
Considering the ANS control of the heart there is a decrease of cardiovagal modulation with
increasing age indicated by a decrease of cardiovagally mediated indices of heart rate variability
(HRV) during rest and also during various provocative maneuvers. Sympathetic outflow to the
heart is elevated, however, it is not well transformed into a correspondingly enhanced end-organ
response of the heart because of a decrease of o-and B-adrenergic receptor potency. Orthostatic
dysregulation is common in the elderly due to several reasons; one major point is that the barore-
flexes are impaired with increasing age.

1. INFLUENCE OF AGE ON AUTONOMIC NERVOUS SYSTEM (ANS) FUNCTION:
METHODOLOGICAL ASPECTS AND LIMITATIONS

Although general consensus exists that the ANS is universally affected by age, controversial
findings have appeared regarding the effects of the ageing process on defined, individual aspects
of ANS function. This is due in part to considerable differences between the cohorts studied: not
only do genetic, cultural and psychosocial factors significantly influence ANS function, but also
other lifestyle factors such as smoking, alcohol consumption and body weight have an effect.
To name one example, an increase in blood pressure with ageing occurs in Western societies
but less often or not at all in developing societies [1]. Another major problem in the approach
to the biology of ANS ageing is differentiating truly age-dependent alterations from those aris-
ing from disease conditions (e.g. latent atherosclerosis, coronary heart disease, cerebrovascular
disease, metabolic disease) and / or medication. For example, it is known from autopsy studies
that over 60% of patients dying at the age of 60 or older have at least one coronary artery with
greater occlusion, and that the majority of older people with significant coronary artery disease
are asymptomatic [2]. Ultimately, misleading interpretations frequently arise with the evaluation
of age effects on the ANS when extrapolations are made on the basis of individual findings. The
age effects on the ANS, however, are in fact of an extremely complex nature that depend on the
autonomic feedback system under consideration, the level of the autonomic neuroaxis, and the
end-organ tissue, each of which may be differentially and selectively affected. For example,
there is convincing evidence that plasma norepinephrine (NE) levels increase with ageing [3-6].
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Plasma NE arises from sympathetic postganglionic nerve terminals and is affected by the rate of
NE secretion and clearance [7]. Some investigators have concluded that sympathetic function in
general increases with ageing [8] without taking into consideration the age-related changes in
preganglionic neurons, baroreceptor reflexes and effector organ function. Such an oversimpli-
fication may lead to misinterpretations as the following examples illustrate: with preganglionic
sympathetic innervation, a progressive reduction in the number of preganglionic sympathetic
neurons of the intermediolateral cell column occurs that starts in adult life [9-11]. Concerning
postganglionic sympathetic activity, ageing was found to be associated with an elevated car-
diac NE spillover rate, a higher muscle sympathetic nerve activity (MSNA), and a reduction in
overall heart rate variability, especially regarding the spectral low frequency (LF) power [12].
The microneurographically measured MSNA is the most direct measure of peripheral, postgan-
glionic sympathetic nerve activity. Cardiac NE spillover is related to both sympathetic nerve
firing and electrochemical coupling of the neural signal to the heart. The LF, -power reflects
the sympathetic and parasympathetic modulation of heart rate [13]. Even though ageing was
associated with an elevation of sympathetic outflow to the heart, such an increase in sympathetic
nerve activity was obviously not transformed into an enhanced functional end-organ response,
since the LF, -power did not reveal the expected increase, but instead a significant reduction
with increasing age [12]. This pattern of findings can be understood if one considers that with
increasing age a desensitization of beta-adrenoreceptors occurs as well as an impairment of post-
receptor signal transduction [14,15]. The example presented emphasizes that various parameters
of sympathetic nerve activity such as HRV indices (LF-power, low to high frequency ratio),
MSNA or plasma NE describe different aspects of efferent sympathetic nerve activity. In other
words: the MSNA recorded by microneurographic measurements of postganglionic efferents that
innervate the skeletal muscle with nerve fibers does not necessarily correspond with the firing
rate of cardiac sympathetic nerve fibers [16]. Also, the LF-power reflects the sum of all the
physiological effects that determine the sympathetic nerve activity at the heart; accordingly, this
is modified not only by the firing rate of sympathetic neurons, but also by their electrochemical
signal transduction, the sensitivity of adrenergic receptors and the cardiovascular reflex pattern.
Thus, any study of only single isolated aspects of ANS function might in fact misrepresent the
true relationship between autonomic nerve activity and its functional end-organ response.

The presented chapter describes the effects of age on ANS function, focusing on ANS regula-
tion of the cardiovascular system. The influence of age on the results of autonomic functional
tests that are of special interest to clinicians evaluating patients with autonomic neuropathy shall
be addressed in particular.

2. INFLUENCE OF AGE ON THE HEART AND THE BLOOD VESSELS

Structural and functional differences concerning the heart muscle, the cardiac bioelectrical
system and blood vessels exist between younger and older adults. Structural changes in the heart
include slightly increased organ weight with a certain degree of left ventricular hypertrophy;
functionally, there is a slight decrease in the early left ventricular filling rate [17]. Cell death of
the sinoatrial pacemaker cells occurs which results in a reduction in resting heart rate and the risk
of an AV-block [2]. Age-conditioned, functional alterations in cardiac function become more
manifest during exercise: the effort tachycardia is diminished and the same applies to the vari-
ous indices of myocardial contractility [18]. With increasing age there is thickening above all
of the vascular intima and media; an overall loss in distensibility results from this, which is the
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Figure 1 shows the distribution of the resting heart rate (5-minute short term HRV recordings) separated by age and
gender. The upper and lower boundaries of the boxes represent the upper and lower quartiles. The box length is the
interquartile distance. The line inside the box identifies the group median. The lines emanating from each box extend to

the smallest and largest observations less than one interquartile range from the end of the box.

most relevant consequence of ageing in the arterial system. Several important humoral factors
involved in circulatory control are affected by ageing. Ageing is accompanied by a significant
increase in plasma NE and vasopressin levels and counteractively by an attenuated function of
the renin-angiotensin system [18]. Ageing is associated with an increased sympathetic nervous
system outflow to the heart, gut and skeletal muscle, but not to the kidney [19-22]. However,
the responsiveness to B-adrenergic stimuli is decreased [14,15] and this is in part compensated
by an increase in circulating catechol-amines. While on the one hand the heart rate variability is
reduced in older compared to younger adults (see also paragraph 4), the overall blood pressure
variability might be increased [18].

3. EFFECTS OF AGEING ON RESTING HEART RATE

It was rather consistently reported that the resting heart rate tends to decrease with increasing
age [23]; some studies found an inverse correlation between heart rate and age [24,25], although
most studies failed to confirm such a linear relationship [26-32]. The measured heart rate is the
sum of the intrinsic heart rate and its mutual influencing by sympathetic and parasympathetic
modulation, of which vagal influences on resting heart rate predominate in man. Since older
people show a reduced cardio-vagal modulation compared to younger adults (see paragraph
4), a higher heart rate in older people compared to younger people should in fact be expected
when considering the ANS control of heart rate. However, most studies including our own
investigations [26,32], failed to verify any increase in resting heart rate in older compared to
younger people. We believe that a reduction in intrinsic sinus node rate with ageing [24,25,33]
is responsible for this pattern of findings. Cardiac electrophysiologic studies have demonstrated
a progressive decline in sinoatrial conduction and sinus node recovery time with ageing [24].
Remarkably, a number of large studies [28,29,32,34-38] found that healthy, young and middle-
aged women had a higher heart rate compared to age-matched healthy men (Figure 1), whereby
the reason underlying this finding remains unclear. Hormonal factors were discussed as possible
causes for these sex differences in heart rate [32,39].
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Table 1 Summary of selected HRV-indices obtained from 5-minute HRV short term recordings.

HRYV parameter interpretation

time domain method

coefficient of variation (CV) reflects cardiovagal activity
root mean square of successive differences reflects cardiovagal activity
(RMSSD)

frequency domain method
very low frequency power; VLF (0.003-0.04Hz) physiological interpretation is less clear; thermoregulatory, vascular
and other effects are discussed

low frequency power; LF (0.04-0.15 Hz) depends on sympathetic and parasympathetic modulations

high frequency power; HF (0.15-0.4 Hz) mainly reflects cardiovagal modulation

normalized (relative) spectral power percentage of LF (HF)-power as a proportion of the total power;
LFnu; HFnu mainly reflects sympathetic (LFnu), respectively, vagal (HFnu)

modulations (Q)

4. EFFECTS OF AGEING ON CARDIOVAGAL HEART RATE TESTS

Preganglionic vagal motoneurons originate from the nucleus ambiguus and the dorsal vagal
nucleus. The afferent supply of these central areas originates from the nucleus of the solitary
tract (NTS), the raphe nucleus, the medullary reticular formation, the hypothalamus and the
amygdala. The activity of cardiovagal motoneurons is largely controlled by the excitatory effects
of afferent impulses from the baroreceptors that are mediated via the NTS, and the inhibitory
effects of breath activity [40] .

4.1.  Short-term resting heart rate variability (HRV)

The short-term recording of resting heart rate variability (HRV) represents a non-invasive, eco-
nomic and easily carried out technique of broad applicability and which allows a sufficient quan-
titative estimation of cardiovagal and (with some restrictions) cardiac sympathetic modulation.
Practical guidelines and recommendations for the evaluation and interpretation of findings have
recently been standardized by the European Society of Cardiology for the most part [13]. One
can distinguish time- (e.g. coefficient of variation, root mean square of successive differences)
and frequency-domain HRV indices (very-low frequency, low frequency and high frequency
power); selected HRV parameters and their physiological importance are summarized in Table L.
The spectral components can be expressed either as absolute or relative values (i.e. “normalized”
with respect to the total power). Normalizing is achieved by dividing each of the spectral com-
ponents by the total power or by the total power minus the VLF component, and by multiplying
this value by 100. The latter calculation is based on the fact that the duration of analysis of the
HRYV should be equivalent to 10 times the duration of the wavelength of the spectral frequency
to be measured (which for the VLF component would normally have to last 50 minutes). For
this reason interpretation of the VLF component is limited when short-term recordings of HRV
are applied [13].

There is general consensus that the high-frequency (HF) spectral components (Table I) mainly
reflect the centrally mediated, efferent vagal modulation [13,41,42]. The low-frequency (LF)
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spectra probably reflect both sympathetic and parasympathetic modulation [13,41,42]. Atropine
reduces both the HF as well as LF components in lying probands. The following observations
suggest a predominant role of the sympathetic nervous system in affecting the LF- (and particu-
larly the normalized LF-) component; namely 1.) that an increase in the LF component results
during mental stress [43] or orthostatic loading [44]; 2.) that a reduction in the LF component
results following beta-adrenoreceptor blockade [45], after application of the central alpha-2-
receptor antagonist clonidine [46] or after bilateral severance of the stellatum ganglion in dogs
[45,47] and; 3.) that at least with sympathetic activation a correlation could be verified between
the LF component of heart rate and the LF component of the microneurographically registered
MSNA [48,49]. On the basis of these observations, the quotient of the LF and the HF power has
been taken by most [45,46,50,51], although not all research groups [52], as an expression of the
sympathovagal balance.

Age effects on the time- and frequency-dependent parameter HRV have been evaluated in
numerous recent studies [26-32,35-39,53,54]; some newer studies and their most important
findings are summarized in Table II. The time-dependent para-meters, particularly the coef-
ficient of variation and the RMSSD decrease with age. HRV short-term recordings appear to
be particularly appropriate for evaluating frequency-dependent HRV indices [13]. Most studies
revealed consistently that with increasing age the absolute power decreases for all frequency
components and therefore also for the total power. There are inconsistent findings regarding the
age dependence of the normalized power (see Table II).

We recently applied 5-min short-term HRV recording to a large sample of 309 healthy sub-
jects aged between 18 and 77 years [32]. Recordings were performed after lying for 10 minutes.
Measurements and evaluation of findings were based on previously published guidelines [13].
We found a negative correlation between age and the RMSSD (Figure 2) and the spectral total
power (Figure 3); the latter aspect concerned the absolute VLF-, LF- as well as HF power. This
correlation was found for both sexes; the best correlation with age was found for the absolute
HE-power (r = -0.53). The normalized HF (nu)-power revealed a negative correlation with age
(Figure 4a) for both sexes; in contrast, no significant association was found between the LF(nu)-
power (Figure 4b) and age for either sex. Considering that the relative HF-power is the most reli-
able indicator of parasympathetic modulation amongst the various HRV indices obtained from
short-term recordings, the pattern of findings in our study indicates a reduction of cardiovagal
modulation with increasing age. Since there is evidence that sympathetic nervous outflow to
the heart is elevated in older subjects, one might theoretically expect an increase in the LF(nu)-
power with age. However, other components contributing to the measured LE-power are also
impeded in function with the ageing process [12]. With increasing age, for example, a decrease
in the sensitivity of adrenergic receptors occurs so that the increased sympathetic outflow is not
transformed into an enhanced end-organ response. These counteractive processes — increase in
sympathetic outflow and reduction in the sensitivity of adrenergic receptors — might produce the
net effect that no significant association can be detected between LF(nu) power and age.

Prospective studies on gender effects including HRV short-term recordings have reported
inconsistent results regarding the frequency domain HRV indices. For women compared to
men, no differences [27] or a lower LF-power have been reported [37-39]. For HF-power, no
difference [37] or an increase was observed in women [27,38,39], while for the LF/HF ratio a
reduction was observed among women [37,38]. Inconsistencies among these studies may have
arisen due to differences between study populations or analytical methods. We recently found
that women showed a lower absolute and normalized LF-power and a lower LF/HF ratio com-
pared to men [32]. There were no significant gender differences for the absolute HF-power and



Table I Summary of larger studies on the age-effects on various time- and frequency domain HRV indices (for definitions see Table I).

author year  subjects (n) agerange  methods major findings

Ziegler et al. 1992 n=120 15-67 years 5-min supine resting time- and frequency domain HR V-indices linearly correlated with age (normalized
power not calculated); no gender differences; no age-effects on HR

Ryan et al. 1994 n=67 20-90 years 8-min supine resting total power, LFnu, HFnu and LF/HF lower in older compared to younger subjects;
women had higher HFnu and total power compared to men; no age-effects on HR

Liao et al. 1995 n=1984 45-64 years 2-min supine resting LF- and HF-powers inversely associated with age even after adjustment for race and
sex effects; lower LF-power in women compared to men

Jensen-Urstadet 1997 n =101 20-69 years 24-hour Holter recording time- and frequency domain HRV indices inversely correlated with age; LF and LF/HF

al. ratio lower in women compared to men; no age-effects on HR

Stein et al. 1997 n=60 2676 years 24-hour Holter analysis of 14 HRV-indices; time and frequency domain HRV indices were lower in
older compared to younger men; only shorter term indices were lower in older
compared to younger women; young women had a lower LF-power compared to
young men

Umetani et al. 1998  n =260 10-99 years 24-hour Holter recording analysis restricted to time domain HRYV indices; HRV decrease with age; HR declined
with age and was higher in younger females compared to males

Ramaekers etal. 1998 n =276 18-71 years 24-hour Holter recording time domain and frequency domain HRV indices inversely correlated with age (except:
normalized spectral powers and LF/HF ratio); LF, LFnu and LF/HF lower in women
compared to men; no age-effects on HR

Sinnreich et al. 1998 n=294 35-65 years 5-min supine resting VLF, LF, HF, total power and RMSSD declined with age; lower LF- and higher HF-
powers in women compared to men

Kuo et al. 1999 n=1070 40-79 years 5-min supine resting inverse correlation between age and absolute or normalized spectral powers except
HF(nu); men had higher LF(nu) and LF/HF compared to women;
slight decrease of HR with increasing age

Fagard et al. 1999 n=424 25-89 years 15-min supine resting absolute and normalized LF and HF declined with age LF(nu) in women and LF/HF in
men; young men had higher LF- and lower HF-power compared to young women; no
age-effects on HR

Fukusaki et al. 2000 n=373 1669 years 5-min supine resting harmonic (HF-, LF- power) and non-harmonic components of HRV decreased with
age; no age-effects on HR

Agelink et al. 2001 n=309 1877 years 5-min supine resting linear decline of time- and frequency domain HRV indices with age (except LF/HF

ratio and HR); middle- aged women have lower (higher) LFnu (HFnu)-power
compared to middle aged men

0T



Table I1I

Summary of larger studies on the age-effects on heart rate responses to deep breathing.

author year  subjects (n) age (range) methods major findings
Smith and Smith 1981 n=174 16-89 years 6 breaths / min; 1 min; body E-I difference declined linearly with age, no gender differences, no age-effects on HR
position ?
Wieling et al. 1982 n=133 10-65 years 6 breaths / min; 1 min; E-I difference declined with age
supine resting
Pfeifer et al. 1983 n=103 19-82 years 5 breaths / min; 5 min; E-I difference linearly correlated with age
supine resting
Oikawa et al. 1985 n=162 4--77 years 6 breaths / min; 2 min; HRYV log-linear reduction with age
supingc resting
Masaoka et al. 1985 n=143 20-80 years 6 breaths / min; 1 min; E-I difference linearly declined with age
supine resting
Vita et al. 1986 n=70 25-71 years 6 breaths /min; | min; sitting E-I difference lineraly declined with age
position
O’ Brien et al. 1986 n=310 18-85 years 1 cycle; 10 sec; HRYV decreased with age
body position ?
Gautschy et al. 1986 n=120 22-92 years 6 breaths / min; 1 min; HRYV decreased with age
sitting position
Low et al. 1990 n=122 10-83 years 8 breathing cycles; E-I difference linearly declined with age
1.3 min; supine resting
Ingall et al. 1990 n=72 5-85 years 6 breathing cycles; 1min; E-I difference declined with age
semisitting
Ziegler et al. 1992 n=120 15-67 years 6 breaths / min; 100 R-R E-I difference and E/I ratio declined linearly with age, no age-effects on HR
intervals; supine resting
Piha 1993 n=224 21-80 years 6 breaths / min; duration? E/1 ratio declined with age in both sexes;
supine resting no age-effects on HR; HR was higher in middle-aged women compared to men
Braune et al. 1996 n=137 18-85 years 6 breaths / min; duration? E-I difference declined linearly with age;
body position? no age-effects on HR
Agelink et al. 2001 n=309 18-77 years 6 breaths / min; 100 R-R E-I difference and E/I ratio declined linearly with age;

intervals; supine resting

no gender differences

1T¢
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Figure 2 illustrates the age-dependence of the RMSSD. HRYV recordings were performed during free breathing (5-minute
supine resting study) and also over 100 consecutive R-R intervals during metronomic, deep breathing cycles (inspiration
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Figure 3 shows the age dependency of the total spectra power defined as the sum of the LF, HF and VLF spectrum (see
also Table I).

the total power. When calculating normalized LF(nu)- and HF(nu)-powers, middle-aged women
showed a significantly higher relative HF-power and a significantly lower relative LF-power
compared to middle-aged men (Figure 5a,b). Our results are largely compatible with one of the
largest studies performed to date (n=1.984) by Liao et al. [37] who also showed a reduction in
LF-power in women compared to men and no difference in the absolute HE-power (Table II).

4.2, HRV during deep respiration

This test is probably the most suitable of all classical HRV tests for evaluating parasympathetic
activity, since both afferent and efferent parts of the reflex arch are mostly vagally determined
[40]. During a respiratory cycle the maximum R-R interval during expiration (E) and the mini-
mum interval during inspiration (I) are measured; the E-I difference (R-R __—~R-R_ ) or the E-1
quotient (R-R_ /R-R .} are calculated. The test results mainly depend on breath rate, breath
depth and body position [40].
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Figure 4 illustrates the relationship between age and the normalized spectral power of the HFnu (fig. 4a) and LFnu (fig.
4b) component. A significant decline with age was only found for the HF(nu) power. Since there were no gender differ-

ences in age-effects, values for both sexes were matched.

Numerous studies [26,34,55-65] have examined the influence of age on respiratory sinus
arrhythmia; selected large cohort studies are summarized in Table III. All studies involving large
cohorts of healthy subjects revealed a progressive reduction in respiratory sinus arrhythmia with
age (Table III); most studies demonstrated a linear association between age and the heart rate
responses to deep breathing given either in absolute or logarithmic values. We recently studied
the heart rate response to deep breathing in 309 healthy subjects aged between 18 and 77 years
and found no significant gender differences [32]. There was, however, a significant regression
with age for the E-I difference and the E-I ratio (Figure 6). In our study the E-I ratio, unlike the
E-I difference, was independent of the resting heart rate.

4.3.  Heart rate response to standing

Changing from lying to standing is followed by an accumulation of blood in the lower limbs,
a reduction in central venous pressure, the pressure in the right atrium, and the end-diastolic
pressure in the left ventricle; stroke volume and cardiac output decrease transiently. Arterial
mean pressure in the carotid artery decreases by around 15-20 mmHg, but aortal pressure shows
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Figure 5 shows the normalized HFnu (fig. 5a) and LFnu (fig. 5b) powers with respect to age and gender. The upper and
lower boundaries of the boxes represent the upper and lower quartiles. The box length is the interquartile distance. The
line inside the box identifies the group median. The lines emanating from each box extend to the smallest and largest
observations less than one interquartile range from the end of the box. Middle-aged women had a significantly lower
LFnu- (F=8.91; p=0.003) and higher HFnu-power (F=5.61, p=0.019) compared to age-matched men (see also 32).

only a small decrease. Upon activation of the baroreceptor reflex there is a counter-regulatory
decrease in parasympathetic and an increase in sympathetic modulation together with increases
in NE levels, peripheral resistance, venous tone and heart rate [66]. Since reflex tachycardia after
orthostatic loading is masked by atropine but not propranolol, this effect is most likely accom-
plished through a reduction in vagal activity [67]. The increase in heart rate often occurs with a
maximum around the 15th heartbeat, followed by a reflex (baroreceptor mediated), overcompen-
sating bradycardia with a maximum around the 30th heartbeat (30:15 ratio). Since the length of
the R-R interval varies within certain thresholds [26], it has proved useful to define the quotient
within these limits as the R-Rmax(21-45) divided by the R-Rmin(5-25). Although the 30:15
ratio is supposed mainly to assess the vagal regulation [67], it should be considered that the phys-
iological mechanisms underlying the orthostatic reaction are affected by a complicated interplay
between baroreceptors, sympathetic and parasympathetic efferents, whereby the reflex response
is probably also modulated by interactions with the vestibular and cerebellar systems [66].
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Figure 6 shows the age dependency of the E-I ratio defined as the maximal R-R interval length during exspiration
divided by the minimal interval length during inspiration.
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Figure 7. Correlation between age and the “so-called” 30:15 ratio (defined as the quotient of the maximal inter-

val length R-R divided by minimal interval length R-R
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A participation of the last-named structures can also be concluded from the observation that the
heart rate increases less when changing from a lying to a standing position than it does when
changing from a sitting to an upright position [68].

The 30:15 ratio shows a significant age dependence [26,34,56,60-62]. In our own study of
309 healthy subjects [32], no sex differences were observed for the 30:15 ratio, although a sig-
nificant (p < 0.001) correlation with age was seen (Figure 7). The 30:15 ratio did not depend on
resting heart rate.

4.4. Valsalva-test

The circulatory responses to the Valsalva maneuver can be subdivided into four phases [66]: after
an initial increase of blood pressure (phase 1; probably mechanically mediated) blood pressure
declines with continuing pressing due to a reduced blood return to the heart. This was followed
by an increase in heart rate (phase 2) mediated by vagal inhibition and probably also sympathetic
activation. Immediately upon termination of pressing (phase 3; sympathetically mediated) a



226

short-term fall in blood pressure occurs in combination with a further increase in heart rate. In
phase 4 the sympathetically-mediated increase of blood pressure results in a baroreceptor-medi-
ated, transient reduction in heart rate due to an increase in vagal modulation. Although the reflex
bradycardia during phase 4 can largely be masked by application of atropine, and therefore the
Valsalva test is regarded as a test of cardiovagal modulation, this test in fact involves complex
interplays between several populations of afferent autonomic receptors, and between efferents
from both, the sympathetic and parasympathetic branch of the ANS [66]. Thus, the valsalva ratio
depends on the functional integrity between both sides of the ANS, and does not primarily reflect
cardiovagal modulation alone.

Age may affect these various components of the Valsalva maneuver in different ways. Most
large cohort studies [26,34,55,61,62,64,69,70], although not all [60,71], were able to verify a
reduction of the Valsalva ratio with increasing age. There are also contradictory findings regard-
ing any possible gender differences with the Valsalva ratio [26,34,63].

5. EFFECTS OF AGEING ON BAROREFLEXES AND BLOOD PRESSURE

The baroreflex is the essential control element of blood pressure regulation. When systemic
pulse pressure, or mean arterial pressure is reduced, baroreceptors in the carotid sinus and the
aortic arch are activated. Afferents of the baroreceptors influence the activity of cardiovagal
motoneurones via the NTS; the activation of the baroreceptors is followed by an increase in heart
rate (through vagal inhibition), vasocon-striction of the splanchnic and systemic vasculature,
and restoration of blood pressure. The human baroreflex can be tested by assessing heart rate
responses to changes in arterial pressure induced by infusions of vasoactive drugs (e.g. phenyle-
phrine, sodium nitroprusside) or to changes in transmural pressure in carotid baroreceptors elic-
ited by the neck chamber technique. Both methods have limitations, which have been discussed
elsewhere [72]. The arterial baroreflex is modulated by other reflexes and by respiration: barore-
flex stimuli are much more effective in producing vagally mediated heart rate responses when
delivered during expiration than during inspiration. There is a positive correlation between the
R-R interval and the sensitivity of the baroreflex [66]. Subjects with more sensitive baroreflexes
have lower heart rates and vice versa. In addition, the R-R intervals vary more in subjects with
increased baroreflex sensitivity. Baroreflexes may be depressed with increasing age [73-77].
We recently compared mean arterial blood pressure between two subgroups of healthy
subjects (each n=50) whose age ranged between 21 and of 76 years (cut point: 50 years) and
found no significant differences in mean arterial resting blood pressure [Agelink et al.; unpub-
lished data]. Our findings correspond well to the results from others [65]. However, orthostatic
hypotension may be a common finding in the elderly, although it may present as mild or even
asymptomatic in most cases [78-80]. The tendency towards orthostatic hypotension in older
people may have several reasons. First, starting in adulthood, there is a loss of intact, sympa-
thetic preganglionic neurons [9-11]. This becomes symptomatic when about 50% of the neurons
are lost [81]. Second, although sympathetic outflow and plasma NE levels become elevated
with increasing age, these modifications are probably not followed by a corresponding increase
in vascular resistance, since adrenergic o2- and probably also ol-receptors exhibit reduced
potency with ageing [82-85]. Third, with increasing age a desensitization of adrenergic B-recep-
tors also occurs, which is the reason why cardioacceleration and inotropic responses are reduced
in older subjects [14,15]. Fourth, ANS support of blood pressure is altered with age due to the
reduced cardiac vagal inhibition of heart rate and cardiac output [86]. Moreover, baroreflexes are
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impaired with increasing age [73-77].

In summary, ageing is accompanied by significant modifications of the cardio-vascular
system both, structural and functional. Various components of the ANS may be differentially
and selectively affected. Considering the ANS control of the heart there is a decrease of cardio-
vagal modulation with increasing age indicated by a decrease of cardiovagally mediated HRV
indices during rest and also during various provocative maneuvers. Sympathetic outflow to the
heart is elevated, however, it is not well transformed into a correspondingly enhanced end-organ
response because of a decrease of o- and B-adrenergic receptor potency. Orthostatic dysregula-
tion is common in the elderly due to several reasons; one major point is that the baroreflexes are
impaired with increasing age.
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ABSTRACT

Responses of the central nervous system to stressors have modulatory effects on the immune
system. Conversely, immune activation in response to antigens and pathogens alter neural activ-
ity. Progressive decline in brain and immune functions in the elderly leads to impaired cognition,
re-establishment of homeostasis at age-adjusted set points, and immune senescence. The goal
of this chapter is to review our understanding of how normal ageing affects cross talk between
the autonomic nervous system and the immune system. Age-related changes in the relationship
between sympathetic nerves and cells of the immune system have been observed, including dif-
ferences in the density and compartmentation of sympathetic nerves, norepinephrine turnover,
density and coupling of adrenergic receptors, and availability and functional capacity of target
lymphoid cells. Strain-dependent alterations in how sympathetic nerves in secondary lymphoid
tissues age have been reported, and appear to differentially affect nerve-to-immune signaling.
These findings suggest impaired sympathetic regulation of immune function in aged individuals,
which may contribute to greater susceptibility to infectious diseases, autoimmunity and cancer
in the elderly. It is expected that a better understanding of sympathetic regulation of immunity in
aged rodents will be useful in understanding experimental findings from clinical and basic sci-
ence research. These findings could then be used to develop more optimal strategies for treating
diseases, disease prevention and improving overall health in the elderly.

1. INTRODUCTION

Primary and secondary lymphoid organs are innervated by sympathetic nerves that use nore-
pinephrine (NE) as the main neurotransmitter [reviewed in 1]. Release of NE from sympathetic
nerves signals cells of the immune system via specific subsets of adrenergic receptors expressed
on their cell surface [reviewed in 2]. Interaction of NE with these receptors affects cell biochem-
istry, and gene expression, to bring about a change in the function of immune cells [reviewed in
3—4]. Whether primary and secondary lymphoid organs from young adult rodents receive para-
sympathetic innervation is controversial, although cells of the immune system express choliner-
gic receptors [reviewed in 2], and there is limited information on ageing and the parasympathetic
nervous system. Therefore this chapter will focus on ageing and sympathetic nervous system-
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immune system interactions, and will not consider parasympathetic innervation.

As individuals age, striking changes in the structure and cellularity of lymphoid organs
reflect a functional loss of immune competence. Concomitant with the age-associated change
in lymphoid microenvironment and immune senescence, remodeling of sympathetic innerva-
tion occurs in lymphoid organs, presumably an adaptive response to maintain appropriate con-
tacts with target cells [reviewed in 5]. Additionally, the ability of sympathetic nerves to signal
target cells in lymphoid tissue is altered with advancing age. Collectively, these ageing effects
change the capacity of the immune system to mount a response to antigen challenge, including
responses to pathogens and tumors. This chapter will summarize the evidence for age-related
changes in sympathetic noradrenergic (NA) innervation of lymphoid organs and the impact on
sympathetic modulation of the immune system.

2. BONE MARROW
2.1, Age-related changes in bone marrow

Normal ageing alters the morphology of the bone marrow, with increased fat content and
myeloid cells, accompanied by decreased lymphoid cells. This age-related change is initiated
at the onset of thymic involution (at puberty) [6]. Sustained T cell production in the thymus is
dependent on the migration of T cell precursors from the marrow to the thymus [7], and the fre-
quency of bone marrow thymocyte precursors in old mice is reduced by 40-fold. Additionally,
bone marrow cells display a reduced potential to colonize thymic organ cultures in vitro [8—11]
and the thymus in vivo [12].

2.2.  Sympathetic innervation of bone marrow

NA and peptidergic innervation of sinuses and tissue parenchyma has been demonstrated in
young adult rodents [13-16]. NA and neuropeptide Y-positive (NPY*) nerves course in small
nerve bundles that extend into the bone through the nutrient foramena, forming dense nerve
plexuses along the vasculature. From these vascular nerve plexuses, NA/NPY* nerve fibers
extend into the surrounding parenchyma among hematopoietic cells in the marrow [15,17—-18].

2.3.  Age-related changes in sympathetic innervation of bone marrow

Despite age-related changes in the myeloid and lymphoid components of the bone marrow,
NA innervation from 21-month-old Fischer 344 (F344) male rats appears to be maintained, as
assessed histologically [5]. It is not known whether changes in NE metabolism occurs in bone
marrow or whether there are age-associated changes in the ability of sympathetic neurotransmit-
ters to signal target cells.

2.4. Functional significance of NA innervation of bone marrow

The functional significance of sympathetic innervation in bone marrow is not entirely clear,
but presumed to play a modulatory role in cellular proliferation and differentiation of myeloid
and lymphoid cells. In young adult rodents, NE and dopamine concentrations in murine bone
marrow display diurnal rhythmicity, peaking at night [19]. This finding may be unique to bone
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marrow, since diurnal rhythms were not detected in levels of circulating catecholamines, or in
thymic or splenic NE [20]. In bone marrow, peak catecholamine concentrations positively corre-
late with the proportion of bone marrow cells in the G,/M and S phases of the cell cycle [19,21],
suggesting neural regulation of hematopoietic cell proliferation. Chemical sympathectomy with
6-hydroxydopamine (6-OHDA) or administration of the ¢ -adrenergic antagonist, prazosin,
enhanced myelopoiesis and inhibited lymphopoiesis in normal mice and in mice that received
syngeneic bone marrow cells [22-23]. NE and the o -adrenergic receptor agonist, methoxamine,
inhibited the growth of granulocyte/macrophage colony forming units (GM-CFU) in vitro, which
corresponded well with the finding that unfractionated bone marrow cells possess high affinity
o, -adrenergic receptors [22]. Chemical sympathectomy in adult mice reduced bone marrow cel-
lularity and increased progenitor cells in the peripheral blood, suggesting that cells were driven
out of the bone marrow after 6-OHDA treatment [13]. In sympathectomized mice, progenitor
cells and the number of GM-CFU increased, suggesting retention and enhanced proliferation of
bone marrow cells. Chemical sympathectomy transiently increased bone marrow cell prolifera-
tion in vivo [24], suggesting that an intact sympathetic nervous system inhibits spontaneous cell
proliferation in bone marrow.

In contrast to these studies, neither neonatal 6-OHDA treatment (which permanently removes
NA nerve fibers) nor unilateral surgical denervation of the sciatic nerve in mice had any effect on
the percentage of granulocytes or GM-CFU obtained from bone marrow, leading Benestad and
colleagues [25] to postulate that NA innervation does not significantly influence differentiation
of hematopoietic cells. Differences in the methods of denervation and the age of denervation
(neonatal versus adult) most likely account for this discrepancy. No studies to date have exam-
ined the age-related changes in sympathetic modulation of bone marrow functions. As we have
found that sympathetic modulation of immune function in the spleen is altered with age (see
below), studies in bone marrow from aged rodents may reveal the role of sympathetic NA nerves
in this immune compartment. Closer examination of the function of sympathetic nerves in bone
marrow may provide novel combination therapies to enhance migration of bone marrow precur-
sors into the thymus to increase output of mature naive T cells. It may also lead to novel thera-
pies that stimulate hematopoiesis after bone marrow transplantation and chemotherapy [26].

3. THYMUS
3.1.  Structure and function of the thymus

The thymus consists of incomplete lobules partially separated by septa derived from the con-
nective tissue capsule that envelops the organ. Each lobule consists of the cortex, a peripheral
zone of densely packed lymphocytes that surrounds the medulla, a lightly staining central
zone. Hassall’s corpuscles, several layers of flattened, concentrically arranged epithelial cells,
are present in the medulla. These are apparently degenerative bodies that increase in size and
number throughout life. The stroma of the thymus consists of dendritic cells, macrophages, and
epithelial reticular cells with thin cytoplasmic process that attach to each other by desmosomal
contacts.

The thymus is the primary site for differentiation of pre-T cells into mature T cells that recog-
nize and respond appropriately to foreign antigen. Stems cells from the bone marrow enter the
thymus in the subcapsular region, where they differentiate from a CD4-CD8 phenotype (double
negative, DN) to an intermediate CD3"*"CD4+CD8* (double positive, DP) phenotype [27]. In the
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thymic cortex, DP thymocytes undergo a selection process requiring T cell receptor interactions
with major histocompatibility complex (MHC) molecules on the surface of thymic stromal cells
[28]. Positively selected thymocytes up-regulate CD3 expression and down-regulate expression
of either CD4 or CD8 to become mature CD3" CD4+CD8- or CD3MCD4-CD8" (single positive,
SP) thymocytes. The majority of thymocytes are not selected and die in the thymus via apop-
tosis. Mature SP thymocytes reside in the medulla of the thymus, and subsequently leave the
thymus via blood vessels at the corticomedullary junction to seed secondary lymphoid organs.

3.2.  Age-related changes in the thymus

After puberty, the thymus begins to atrophy, but remains a site of T cell selection throughout
adulthood. With thymic atrophy, there is a gradual regression in size, weight and cellularity
[reviewed in 29]. Deposits of adipose tissue displace and disrupt the thymic stroma, particularly
the cortical epithelial network that supports early T cell differentiation and selection [30]. The
underlying mechanism(s) of age-related thymic involution is not known, although studies sug-
gest both a genetic basis [31-34] and a role for altered hormone levels [35-36].

Bone marrow-derived stem cell precursor development diminishes with age, but transplant-
ing young bone marrow into old recipients does not reverse decreased T cell regeneration in old
thymus, demonstrating that the aged thymic microenvironment itself has a diminished capacity
to support thymocyte differentiation [37]. With age, the frequency of CD4-CD8 DN imma-
ture thymocytes increases and CD4*CD8* DP cells decreases [38—40], indicative of a block
in T cell differentiation from the DN to DP phenotype, and leading to reduced naive T cell
output with age. Decreased T cell output contributes to the age-associated dysregulation of the
immune system, including reduced cell-mediated immunity, increased autoantibody production,
and increased susceptibility to infectious disease [41-42]. Age-related impairment in T cell
development in the thymus has been attributed to disruption in T cell receptor rearrangement
and B-selection efficiency [32], and in stromal cells defects. Several reports have demonstrated
reduced bone marrow precursor and thymocyte interaction with stromal cells [8,43—44]. Other
components, such as nerves, endothelial cells, fibroblasts and connective tissue may also be
contributory. Von Patay et al. [45-46] have demonstrated that NE stimulated the production of
interleukin (IL)-6 by cultured young thymic epithelial cells about 14-fold above baseline in the
presence of NE, supporting an indirect role of the sympathetic nervous system in maintaining
the internal milieu.

3.3.  Sympathetic innervation of the thymus

In the young adult thymus, NA sympathetic nerves from postganglionic neurons in the upper
paravertebral ganglia of the sympathetic chain (primarily the superior cervical and stellate gan-
glia) innervate the thymus [47-49]. NA sympathetic nerves enter the thymus with blood vessels
as moderately dense plexuses, and travel in the capsule and interlobular septa, or continue with
the vasculature into the subcapsular cortex, where stem cells arrive from the bone marrow. These
nerves course along blood vessels in the septa, where they often reside adjacent to mast cells
and macrophages. In the capsule and interlobular septa, NA nerves course adjacent to mast cells
[14,50], corticotropin-releasing hormone (CRH)-immunoreactive cells [51], and ED 1+ and ED3+
macrophages [1,14]. In the cortex, the highest density of fibers occurs near the corticomedullary
junction, where T cells undergo differentiation and maturation, and where mature T cells exit
the thymus. In the medulla, NA nerves primarily associate with the medullary sinuses, which are
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continuous with the system of blood vessels in the septa; some nerve fibers extend from these
plexuses into the surrounding parenchyma among mature thymocytes and thymic epithelial cells
[reviewed in 1].

Thymic nerves containing neurotransmitters other than NE have been demonstrated in young
adult rodents, including NPY, tachykinins (substance P, neurokinin A, and neurokinin B, collec-
tively), substance P, and calcitonin gene-related peptide (CGRP), CRH and vasoactive intestinal
polypeptide (VIP) [1]. The origin of these fibers is not entirely clear. All of these neurotransmit-
ter-specific nerves have to some extent overlapping distributions in the young adult rat thymus,
although this innervation is generally not as robust as seen with sympathetic NA nerves, with
the exception of NPY. Chemical sympathectomy with 6-OHDA destroys NPY™* nerves in the
rat thymus [52], indicating that NPY co-localizes with NE in sympathetic nerves. Nerve fibers
containing CGRP and substance P/neurokinins are presumed to be afferent sensory nerves based
on the presence of these neurotransmitters; however, Bulloch et al. [53] have suggested CGRP*
fibers derive from the vagus nerve. Treatment with capsaicin, a neurotoxin selective for small
non-myelinated afferent nerves, depletes substance P in the thymus [54] supports derivation
from sensory neurons. Based on the concentration of substance P and CGRP in the thymus, Gep-
petti et al. [55] have suggested that these neurotransmitters are not co-localized, but both CGRP
and substance P-containing thymic nerves appear to arise from cervical dorsal root ganglia based
on anterograde tracing studies [56]. Little information is available regarding age-related changes
in thymic peptidergic innervation. One laboratory reported a similar distribution, but reduced
density, of CGRP* nerves in the aged thymus [53].

3.4.  Sympathetic innervation in the ageing thymus

In a longitudinal study of sympathetic innervation of the F344 rat thymus, we demonstrated a
dramatic increase in the density of NA nerve fibers and NE concentration as the thymus invo-
lutes with age [57]. Total NE content in the thymus was relatively constant across age despite
thymic involution, suggesting that increased nerve density and NE concentration in the ageing
thymus likely results from the age-related loss in tissue volume. However, a quantitative study
by Zirbes and Novotny [58] demonstrated an increase in the density of sympathetic nerves in
the aged rat thymus that exceeded the reduction in thymic volume. If this is indeed the case, it
indicates sprouting of sympathetic nerve fibers in the aged rodent thymus. We found age-related
increases in thymic sympathetic innervation in other strains of rats and in several mouse strains;
the onset occurred with puberty and involution the thymus [5,59]. The thymocytes in the involut-
ing thymus reside among a higher density of NA nerve fibers, suggesting that they are exposed to
higher concentrations of NE as the animal ages. Formal substantiation of this hypothesis awaits
measurement of NE release and turnover.

3.5.  Functional studies and significance

Most of our knowledge of the role of sympathetic innervation in modulating thymic function
derives from studies in young adult rodents. Functional studies, radioligand-binding assays,
northern blot analysis and signal transduction studies in young adult rodents provide evidence
for heterogeneous expression of o~ and P-adrenergic receptors on thymocytes [52,60-64] and
thymic epithelial cells (B, and [3,) [45,65]. Unfractionated thymocytes express very low levels
(below the level of detection) of B-adrenergic receptors compared to mature T cells [3], and
mature corticosterone-resistant thymocytes express [-adrenergic receptors at levels equivalent
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to peripheral T cells [66-67]. Collectively, these studies suggest that immature T cells express
very low levels of B-adrenergic receptors and that B-adrenergic receptor expression is up-
regulated later in the differentiation process. These findings are consistent with findings that
B,-adrenergic receptors localize primarily to the medullary region of the rat thymus [62]. The
efficiency of receptor coupling to adenylate cyclase appears to be greater in unfractionated thy-
mocytes than in spleen or lymph node cells [68]. Likewise, unfractionated thymocytes generate
an isoproterenol-induced cAMP response that is equivalent to that of splenocytes, even though
spleen cells express a far greater number of B-adrenergic receptors [3]. These studies suggest
that thymocytes expressing B-adrenergic receptors are exquisitely sensitive to [-adrenergic
receptor signaling.

Mice that lack dopamine-$-hydroxylase (dbh-/-), an enzyme that converts dopamine to NE,
possess a similar number and frequency of thymic subpopulations (CD4+, CD8*, CD4-/CD8§,
CD4*/CD8*) compared with age- and sex-matched dbh+/— controls [69]. These findings suggest
that dbh—/— mice do not have intrinsic developmental defects. However, the thymuses of surviv-
ing dbh—/— mice housed in non-specific pathogen free conditions showed marked involution, and
a reduction in the immature CD4*/CD8* DP thymocytes. Under these conditions, dbh—/— mice
had higher mortality rates, and impaired resistance to primary and secondary infection. This
study supports a role for NA innervation in maintaining a normal microenvironment for T cell
development, differentiation and responsiveness to environmental antigens in secondary lym-
phoid organs.

In studies of young adult thymocytes, exposure of thymocytes in vitro to B—adrenergic recep-
tor agonists increased expression of thymocyte Thy-1 and TL antigens, alluding to enhance thy-
mocytes differentiation after f—adrenergic receptor stimulation [70]. Other studies suggest that
removal of B—adrenergic receptor signaling may enhance thymocyte proliferation. In one report,
more cells were obtained from thymic rudiments implanted into the anterior chamber of mice
that had undergone unilateral ablation of the superior cervical ganglia to remove sympathetic
innervation [71]. In another study, when NA innervation was removed by 6-OHDA treatment
an increase in the number of proliferating cells in the thymic cortex was detected by bromode-
oxyuridine uptake [52].

Chemical sympathectomy also increases apoptosis in the thymus, reduce thymic cellular-
ity, and decrease spontaneous thymocyte proliferation in vitro [72-73]. Pretreatment with
desipramine to inhibit 6-OHDA uptake and prevent NA nerve terminal destruction, blocked the
6-OHDA-induced increase in apoptosis, indicating that ablation of NA nerve fibers was neces-
sary for this effect [73]. However, studies of the thymus using 6-OHDA in vivo must be inter-
preted with caution, since cultured thymocytes incubated in the presence of 107 M 6-OHDA
also induced apoptosis, and co-incubation of 6-OHDA with desipramine prevented this effect
[73]. These findings suggest that thymocytes possess catecholamine uptake mechanisms, but
this awaits further investigation. Furthermore, sympathetic nerves in the thymus are more resist-
ant to the neurotoxic effects of 6-OHDA compared to the spleen [74; personal observations].
Finally, studies need to be performed to rule out the possibility that 6-OHDA-induced effects
on thymic apoptosis are due to elevated corticosterone levels secondary to denervation [72,75].
Collectively, these results suggest that NA innervation in the thymus of the young adult may
inhibit proliferation and reduce thymocyte apoptosis, but more detailed and direct studies of
catecholaminergic influences on specific T cell subsets are necessary.

Madden and Felten [76] assessed thymocyte development and proliferation in vivo after
chronic B-adrenoceptor blockade in aged mice. Two- and 18-month-old male BALB/c mice
were exposed for 4 weeks to the (-adrenergic receptor antagonist, nadolol, by subcutaneous



239

pellet implantation. Thymocyte differentiation and naive T cell output were examined by 3-color
flow cytometric analysis of T cell populations in the thymus and peripheral blood.

In old, but not young mice, thymocyte CD4/CD8 co-expression was altered by B-adrenergic
receptor blockade. Nadolol treatment of aged mice further increased the CD8* SP thymocytes
and reduced the CD4*CD8* population, in conjunction with an increase in the CD3-CD4-CD8~
population. Thus, nadolol treatment appears to further exacerbate the age-related changes in
thymocyte differentiation, suggesting that B-adrenoceptor stimulation counteracts the age-
related changes in thymocyte maturation. Because CD3" expression in the CD4*CD8* popula-
tion (the immediate precursors to the SP thymocytes [77]) was not altered by nadolol treatment,
increased CD4-CD8g" cells were probably not mediated by more CD4*CD8" cells undergoing
positive selection. Additionally, chronic [3-adrenergic receptor blockade did not alter ex vivo
thymocyte proliferation in either age group, suggesting that changes in thymocyte proliferation
did not contribute to the nadolol-induced effects. However, a more detailed analysis of additional
thymocytes differentiation markers in combination with such functional measures as prolifera-
tion and apoptosis will be needed to further characterize the nadolol-induced changes.

We also wanted to determine whether the nadolol-induced increase in CD8* T cells in the
thymus was due to an inability of these cells to emigrate from the thymus into the circulation.
The percentage of CD4* and CD8* T cells expressing high and low levels of the adhesion mol-
ecule CD44 [78-79] was examined in peripheral blood. In old mice, nadolol treatment increased
the percentage of peripheral blood CD4* and CD8* T cells expressing the naive (CD44") phe-
notype in the absence of changes in the percentages of total CD4* or CD8* T cells in peripheral
blood [76]. B-adrenergic receptor blockade could increase naive T cells in the blood by several
mechanisms, one of which includes increased emigration of mature T cells from the thymus.
Future studies will attempt to examine more directly whether mature thymocyte emigration is
increased by -adrenergic receptor blockade.

These results indicate that B-adrenergic receptor blockade can alter thymocyte differentia-
tion, and suggest that the age-associated increase in sympathetic NA innervation of the thymus
modulates thymocyte maturation. The finding that nadolol-induced effects were confined to old
animals suggests that the sympathetic nervous system may have a greater influence on thymo-
cyte maturation in aged animals. These results also suggest that the sympathetic nervous system
may exert a greater influence on immune function in aged individuals whose immune systems
are immunocompromised. Finally, findings that manipulation of sympathetic activity in the
aged thymus alters thymocyte differentiation suggests that pharmacological manipulation of
NA innervation may provide a novel way of increasing naive T cell output and improving T cell
reactivity to novel antigens with age.

4. SPLEEN
4.1.  Structure and function of the spleen

The young adult spleen is a site of antigen-dependent lymphocyte responses and defense against
blood-borne pathogens. The parenchyma of the spleen consists of white pulp and red pulp.
The red pulp is reticular tissue, with splenic cords of lymphoid cells (cords of Billroth) situ-
ated between the sinusoids. Besides reticular cells, the red pulp contains fixed and wandering
macrophages, monocytes, lymphocytes, plasma cells, platelets and granulocytes. The white
pulp contains lymphatic tissue arranged in sheaths around central arteries and lymphoid nod-
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ules appended to the sheaths. The lymphoid cells surrounding the central arteries are mainly
T lymphocytes, forming the periarteriolar lymphatic sheath (PALS), while lymphoid nodules
or follicles consist primarily of B lymphocytes. Antigen-presenting cells detect blood-borne
antigens and present them to PALS-derived T cells for sampling. Antigen-specific T and B cells
interact to initiate an immune response. Between the white pulp and red pulp lies a marginal
zone, consisting of sinuses and loose lymphoid tissue. In this zone there are few lymphocytes,
but many macrophages showing active phagocytosis. This zone harbors blood-borne antigens
and thus plays a major role in the immunologic activity of the spleen. The marginal zone also
is the site of entry for T and B cells into the spleen before becoming segregated in their specific
splenic location.

4.2.  Sympathetic innervation of the spleen

Innervation of the rodent spleen has been studied extensively [reviewed in 1]. NA sympathetic
nerves enter the spleen as a dense vascular plexus along with the splenic artery at the hilus.
These nerves continue to course along arterial and venous branches under the capsule and along
the trabeculae. From the trabecular plexuses, NA nerve plexuses continue with the central artery
that is surrounded by white pulp. In the white pulp NE-containing nerves extend from the cen-
tral arterial plexus into the PALS. Double-label immunocytochemistry reveals close association
between NA nerves and T lymphocytes in this compartment. NA nerve fibers also are present in
the marginal zone, coursing along blood vessels or as individual fibers adjacent to macrophages,
and T and B lymphocytes. With electron microscopy, direct contacts were observed between
Iymphocytes in the PALS and NA nerves with an intervening extracellular space of about 6 nm,
a smaller synapse than between sympathetic nerves and more traditional targets, such as smooth
muscle cells within the vasculature. In the B cell follicles of the white pulp, only an occasional
sympathetic nerve fiber is typically observed.

Nerves containing neurotransmitters other than NE have been demonstrated in the young
adult spleen. One of these, NPY, co-localizes with NE as indicated by the loss of NPY-contain-
ing nerves after treatment with the NA-selective neurotoxin, 6-OHDA [80]. Nerves containing
substance P, CGRP, met-enkephalin, VIP, cholecystokinin, neurotensin, IL-1, CRH and arginine-
vasopressin have been described in the rodent spleen [81; review in 1]. These neuropeptide-
containing nerves differ in density and distribution from that observed for splenic sympathetic
nerves, suggesting that they do not co-localize with these nerves, or perhaps represent a subset
of sympathetic nerves that are not NA.

4.3.  Sympathetic innervation in the ageing spleen

In contrast to the dramatic age-related increase in sympathetic NA innervation of the thymus,
NA innervation of the spleen is diminished markedly in old (>17-month-old) F344 rats [82-84].
This progressive loss in sympathetic innervation is manifested as a decline in the density of
nerve fibers in all compartments of the spleen (approximately 75% lower than in young adult
rats) and a 50% reduction in splenic NE content by 27 months of age [82,84]. The reduction in
splenic NA innervation is associated with degeneration of NA nerve fibers and ultimately, with
loss of the cell bodies in the superior mesenteric/celiac ganglionic complex [85, personal obser-
vations]. The apparent discrepancy in nerve density and splenic NE concentration results from
an increase in NE turnover in age-resistant nerves in the spleen [5]. These age-resistant nerves
reside near the hilus with a striking depletion of nerve fibers with increasing distance from the
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hilus. This pattern of nerve loss resembles a peripheral neuropathy, whereby the longest nerves
are most affected, and is suggestive of a metabolic insult. Heightened sympathetic activity in the
age-resistant nerves in spleens from aged F344 rats is consistent with evidence for an overall
elevation in sympathetic tone in humans with advancing age [86-89]. Conversely, uptake of
circulating NE from the circulation into sympathetic nerve terminals may help explain splenic
NE concentrations than might be expected from the extensive loss of sympathetic nerves fibers
that occur in the aged spleen.

Loss of sympathetic nerves may result from an inability of NA nerves to synthesize enough
NE or tyrosine hydroxylase to be visualized by histochemical or immunocytochemical stain-
ing, or from an actual loss of nerve fibers. To resolve this issue, alpha-methylnorepinephrine
(0MNE), a compound that is uptaken by high affinity carriers into NA nerve terminals and
persists because it cannot be catabolized by monoamine oxidase, was administered to aged rats
[5,90]. Treatment with oMNE did not reveal additional sympathetic nerve fibers in spleens from
old rats. This study supports the actual loss of sympathetic nerves in the age spleen, presuming
the high-affinity uptake system for NE in nerve terminals remains functional in aged rats. Stud-
ies examining NE uptake in spleen slices from 3- and 21-month-old rats indicate that the uptake
of [*H]-NE does remain functional in old animals, and in fact is enhanced [5,90].

We have discovered species and strain differences in how ageing affects sympathetic NA
innervation of the spleen [5,59,91]. In aged BALB/c and C57B1/6 mice, histochemical analysis
revealed an increase in the density of splenic NA nerves in the parenchyma of the white pulp,
especially near the hilus [5,59]. More distal to the hilus, NA innervation of the white pulp was
variable, with some white pulp regions containing a normal density of noradrenergic nerves, and
others depleted of NA nerves. Splenic NE concentration was not diminished in aged mice, but
in fact was slightly elevated. The variable density of NA nerves in white pulps distal to the hilus
suggest that there may be, at least to a limited extent, some loss of nerves in these sites. The
increased splenic NE concentration from old mice raises the possibility that NE metabolism is
enhanced in these aged mouse strains. Similarly, sympathetic innervation of spleens from aged
Brown Norway and Brown-Norway x F344 (F1) rats is equivalent in density to that of young
adults, while a striking age-related loss of sympathetic nerves in spleens from Lewis rats pro-
gressively occurs with advancing age [91]. These findings indicate that unlike the thymus, age-
related changes in splenic NA innervation may be dependent on undefined genetic influences.

We have begun to investigate the mechanisms underlying age-related diminution of splenic
NA innervation in F344 rats. In young adults, the integrity of sympathetic nerves critically
depends on trophic support provided by target and/or stromal cells in their local microenviron-
ment, and protection from oxidative stress by anti-oxidative enzyme systems. One possibility is
that loss of NA innervation in the spleen is related to long-term exposure to antigens. During a
primary immune response, several investigators have reported increased NE turnover, that may
result in the production of NE and oxidative metabolites that generate free radicals [66,92]. The
continuing generation of auto-oxidative catabolites following NE release over time may lead to
subsequent autodestruction of NA nerve terminals [reviewed in 93]. In support of this hypoth-
esis, a striking loss of NA nerves in spleens from young adult rodents was observed in rodents
chronically-treated with NE [94]. However, in a study where ageing F344 rats were repeatedly
immunized with lipopolysaccharide from 12 to 17 months of age, we did not find a significant
acceleration in the age-related decline in sympathetic innervation (unpublished data). Other
types of antigens that require T cell activation or repeated exposure to superantigens should be
examined. Reduced production of neurotrophic factor(s) and/or diminished capacity to handle
oxidative stress in the aged spleen also may contribute to diminished splenic NA innervation.
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To further test the hypothesis that the age-related reduction in splenic NA innervation is the
result of an antigen-driven response, we have begun looking at the possibility that cytokines
produced during an immune response can locally regulate sympathetic neurotransmission. We
have shown that ganglion cells in the superior mesenteric/celiac complex can synthesize IL-2
receptors [95]. David Snyder has shown that IL-2 can enhance release of NE from synaptosomes
(NA nerve terminals) from the spleen, suggesting that IL-2 receptors are present on NA nerve
terminals (personal communication). Thus, IL-2 produced locally during an immune response
may regulate release of NE from nerve terminals in the spleen. Age-associated changes in IL-2
production and IL-2 receptor expression in vivo and the effects of IL-2 on NE release and subse-
quent alterations in IL-2 signaling of NA nerves with age need to be explored more fully.

4.4.  Can age-related changes in NA innervation be reversed?

ThyagaRajan and colleagues [96] tested whether the loss of NA innervation in the aged F344 rat
spleen was reversible by chronic treatment with L-deprenyl, a selective irreversible monoamine
oxidase B (MAQO-B) inhibitor. L-deprenyl has been shown to: (1) slow the progression of Par-
kinson’s disease through enhancement of nigrostriatal dopaminergic neurotransmission [97-98];
(2) promote regrowth of transected axons of facial motoneurons at postnatal day 14 [99]; (3)
improve survival of rat ganglion cells after damage to optic nerves [100]; and (4) increase neu-
rotrophic factor production and increase activity of superoxide dismutase (SOD) and catalase
[99,101] (principal scavenging enzymes that protect neurons from damage caused by free radi-
cals). All these modes of action may serve to maintain NA innervation and promote NA nerve
growth in target organs.

Deprenyl partially restored NA innervation in the aged rat spleen in 21-month-old male F344
rats treated with L-deprenyl for 9 weeks [96]. Deprenyl-induced regrowth of NA innervation was
associated with increased splenic NE concentration (per mg wet weight) and NE content (per
whole spleen), although these levels did not achieve the concentration measured in the young
spleen [96]. Furthermore, the age-related decline in splenic natural killer cell activity and conca-
navalin A (Con A)-induced IL-2 production was partially reversed by deprenyl treatment of aged
rats [102]. These results demonstrate plasticity of splenic NA innervation in old animals and
indicate that the age-related reduction in NA innervation is not permanent and can be restored,
at least partially. Furthermore, they suggest that manipulation of NA innervation may be a novel
way to counteract some parameters of age-associated decline in immune function. Long-term
treatment with L-deprenyl reduced spontaneous mammary tumor growth in old rats [103]. While
L-deprenyl effects on tumor growth are probably mediated via multiple mechanisms, we specu-
late that at least one of these mechanisms is through drug-induced sympathetically-mediated
changes in tumor immunity. Confirmation of this hypothesis awaits further research.

With double-labeled immunocytochemistry, we observed a gradual decline in the density
of T lymphocytes in the PALS and ED3* macrophages in the marginal zone of the F344 rat
spleen, concomitant with the loss of NA nerve fibers [83]. Loss of cells in these compartments is
most striking with increasing distance from the hilus, similar to the loss of sympathetic nerves.
Whether NA nerve loss is causally related to the reduced cellularity of T lymphocytes and mac-
rophages in the spleen is not known. In the spleen, lymphocytes synthesize nerve growth factor
(NGF) mRNA and protein [104-105], but macrophages can sequester NGF (in the absence
of mRNA) [106]. NGF and other neurotrophins are critical for sympathetic nerve survival in
the young [107-108], but neurotrophin production and signaling capacity has not been exten-
sively investigated in aged rodents. Sympathetic nerve distribution in the spleen and thymus of
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severe combined immunodeficiency (SCID) mice, which are deficient in T and B lymphocytes,
is robust in young adults [109, S.Y. Stevens, unpublished data]. Lymphocyte depletion using
hydrocortisone or cyclophosphamide in young adult mice at least acutely, did not affect sym-
pathetic nerve integrity [110]. These results suggest that lymphocytes may not provide critical
for neurotrophic support to sympathetic nerves in these mice. With advancing age, sympathetic
nerves may become more vulnerable to changes in the percentages of lymphocytes subsets and
macrophages that populate the aged spleen and changes in their capacity to provide neurotrophic
support.

4.5.  Age-related changes in the spleen and immune function

Cell-mediated immunity is more impaired in the aged individual compared to humoral or
antibody responses [reviewed in 111]. As T cell reactivity towards foreign antigens decline,
responses to autoantigen increase with advancing age. Antigen and mitogen-induced pro-
liferation, cytotoxic effector function, natural killer cell activity, cytokine production, IL-2
receptor expression, and signal transduction are commonly reported to be impaired in old T
cells [reviewed in 112]. Ageing affects many points in the process of T cell maturation and
activation. IL-2 production is generally impaired in ageing, which hampers clonal expansion of
T lymphocytes [reviewed in 113]. [L-4 and interferon-y (IFN-y) production by T cells appear
to be dysregulated in ageing, although the direction of changes reported in aged animals and in
humans is variable [reviewed in 114—115]. These conflicting findings can be attributed to spe-
cies differences, nature of the stimulating agent used in vitro, variability in the in vitro culture
conditions used between laboratories and source of lymphocytes employed. 1L.-4 and TFN-vy are
important for regulating humoral- and cell-mediated immune responses, respectively, and are
crucial in antimicrobial as well as antineoplastic defenses of the elderly. An increase in IL-5
[114,116] and IL-10 production by T cells from old mice [117] and humans [118], cytokines that
promote Th2 immune responses, suggest a possible shift in ageing towards humoral-mediated
immune responses [reviewed in 114-115].

Ageing is also associated with a shift in the cell populations that reside in lymphoid compart-
ments. Since the CD4 and CDS populations contribute differently to the host immune defense,
any alteration in their ratio can influence a host’s immune response to a biological insult. With
advancing age, there is an increase in the CD4/CD8 ratios in human peripheral blood and in
murine spleen, and a decrease in CD4/CDS ratios in murine lymph nodes and peripheral blood
[reviewed in 119]. An increase in CD8*CD28- cells and a reduction in CD8*CD28* cells is
consistent with the age-associated decline in proliferative ability in aged humans, particularly
prominent in the CDS8 population [120] and hyporesponsiveness to co-stimulation by CD28 in
T cells from aged mice [121]. An increase in the ratio of T memory to naive T cells occurs in
lymphoid organs and peripheral blood in humans and in animals [122—124]. The shift towards T
memory lymphocytes also contributes to the reduced antigen-induced lymphocyte proliferation
and altered patterns of cytokine production with age [116-117].

4.6.  Functional studies and significance

In young adult rodents, the role of the sympathetic nervous system in immune regulation has
been examined by a variety of experimental approaches. Chemical sympathectomy or B-adren-
ergic receptor blockade before immunization reduced a Th2-driven antibody response and
decreased the delayed-type hypersensitivity reaction to a contact-sensitizing agent [125-126].
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Transgenic mice that lack dopamine-P-hydroxylase (necessary for NE and epinephrine synthe-
sis) had impaired immune reactivity to infectious agents and a protein antigen [69]. Dhabhar and
McEwen [127] demonstrated that in vive administration of epinephrine before antigen sensitiza-
tion augmented the delayed-type hypersensitivity response and increased cellularity in the drain-
ing lymph nodes. Collectively, these findings suggest an enhancing effect of the sympathetic
nervous system on immune reactivity. In contrast, stressors or agents that elevate sympathetic
activity reduced T cell responses, anti-viral immune reactivity, and natural killer cell activity,
effects that were prevented by pretreatment with 3-adrenergic receptor antagonists or ganglionic
blockade [128-131].

Chemical sympathectomy enhanced antigen-induced proliferation and Th1 and Th2 cytokine
production in vitro [75,132]. Sympathetic denervation before intraperitoneal immunization
with a protein antigen also increased serum antibody levels in rats and in C57Bl/6 mice, but
not BALB/c mice [75,133]. Differences in sympathetic-induced effects on immune reactivity
reported in the literature indicate the importance of a number of factors in determining the out-
come of sympathetic manipulation, including genetic background, site of immunization, and the
types of immune cells involved in the immune response (i.e., antigen-presenting cell type, type
of Th cell). In vitro studies with purified cell populations have begun to identify some of the
mechanisms underlying sympathetic immune modulation.

Stimulation of B-adrenergic receptors in unfractionated effector cells ir vitro enhanced allore-
active T lymphocyte cytotoxicity and antibody-secreting cells [134—135]. More recently, highly
purified lymphocyte populations have been used to dissect the responses of T and B cells to -
adrenergic receptor stimulation. In this culture system, antigen-specific B cells present antigen
and synthesize antibody in the presence of Th clones [136]. Addition of B-adrenergic agonists
to this culture system increased antibody production [136] by up-regulating B cell accessory
molecule expression and by increasing B cell responsiveness to IL-4 [137]. Conversely, when
Th1 clones were cultured in the presence of B-agonists before antigen-induced activation, the
number of antibody-forming cells declined concomitantly with lower IFN-y production [136],
suggesting that 3-adrenergic receptor stimulation inhibits Th1 responses. However, Th cells also
exhibited differential responsiveness to catecholamine stimulation depending on the activating
stimulus, and the type of Th cell cultured (Thl clone vs. naive CD4* cells grown in Thl-pro-
moting conditions) [138—139]. Thus, the type of immune cells involved and its activational or
maturational state contribute to the complexity of sympathetic interactions with the immune
system, and likely reflect the important role of the sympathetic nervous system in “fine-tuning”
a response to maintain homeostasis.

In old F344 rats, we wanted to determine if the reduced complement of NA nerve fibers in the
aged spleen could maintain functional links with the immune system. We also wanted to explore
the possibility that a causal link exists between the age-associated reduction in NA innervation in
the spleen and impaired T cell proliferation. Young (3-month-old) and old (17-month-old) F344
rats were chemically sympathectomized, and the functional impact on in vitro T cell responses
in naive animals and antigen-specific antibody responses in vivo was assessed [5,133,140].
Although young rats were remarkably resistant to sympathectomy-induced changes in T lym-
phocyte proliferation and cytokine production, splenic T cell activity in aged rats was reduced
when splenic NE was depleted, so that the age-related impairment in Con A-induced prolifera-
tion was potentiated in sympathectomized animals [140]. In immune animals, serum IgM and
IgG anti-keyhole limpet hemocyanin (KLH) antibody responses did not differ between 3- and
17-month-old untreated F344 rats. Sympathectomy increased anti-keyhole limpet hemocyanin
(KLH) IgG, IgG1, IgG2b, and I1gM antibody responses in young and old rats. Sympathectomy
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also enhanced KLH-specific proliferation by spleen cells from old, but not young animals
[5,133].

If splenocytes in the aged rat were no longer receiving signals from sympathetic nerve termi-
nals, then removal of these nerve fibers by sympathectomy would have no impact on immune
reactivity. These results indicate that the sympathetic nervous system can still modulate immune
reactivity in aged F344 rats despite the loss of NA nerves in the spleen. The sympathectomy-
induced reduction in Con A-induced T cell proliferation suggests that splenic NA innervation
in old animals, though diminished, can exert a positive regulatory influence on T lymphocyte
function, but it inhibits humoral immune responses in young and old F344 rats.

The differences in sympathectomy-induced alterations in immune function between young
and old rats demonstrate that old animals are more susceptible to complete loss of sympathetic
NA innervation, perhaps because compensatory mechanisms become limited, while young
rats rapidly evoke compensatory mechanism to maintain T lymphocyte activity following NE
depletion. Maintenance of sympathetic NA signaling of splenocytes when splenic NE levels
are reduced suggests up-regulation of compensatory mechanisms in intact aged rats. Evidence
for increased sensitivity to NE in the synapse include: increased spleen cell B-adrenergic recep-
tor density [5,141], augmented B-adrenergic receptor signaling (elevated intracellular cAMP)
(unpublished data), and elevated NE re-uptake and turnover in the age-resistant NA nerves in the
aged F344 rat spleen [5,141]. This evidence suggests that compensatory capacity is approaching
maximum in the intact old rat, and further compensation to sympathectomy may be limited. The
capacity of young animals to compensate more rapidly and efficiently for loss of sympathetic
nerves may negate or at least limit the impact of sympathetic nerve destruction on immune
reactivity.

Kruszewska et al. [132], reported similar 6-OHDA-induced enhancement of anti-KLH IgG,
and IgG, antibody production in the Thl-predominant mouse strain, C57BL/6. This group did
not observe significant sympathectomy-induced alterations in serum anti-KLH antibody response
in the Th2 predominant strain, BALB/c. Antigen-induced Th1 and Th2 cytokine production in
vitro was enhanced after sympathectomy in both murine strains, providing no evidence for Thl
versus Th2 dominant cytokine production [75,132]. In F344 rats, there was no evidence for
dominance of one Th response over the other based on IgG isotypes. Unfortunately, spleen cells
from rats immunized with KLH in the absence of adjuvant do not produce detectable cytokine
response to KLH in vitro, so we were unable to assess cytokine production in these animals
(unpublished observations). The increase in serum antibody levels in young and old animals is
directionally opposite to the reports of sympathectomy-induced decreases in cell-mediated and
antibody responses in young mice in other studies [126,142] and suppressed antibody responses
in mice with SCID reconstituted with an antigen-specific Th2 cell line and antigen-specific B
cells [125]. In the latter study, this effect was partially reversed by treatment with NE.

To investigate sympathetic-immune modulation in mice whose splenic NA innervation is
maintained relatively well in old age, young and old mice were chemically sympathectomized
and immunized with KLH [5]. In contrast to the F344 rat, the anti-KLH antibody response is
reduced in NA-intact old mice. Sympathectomy reduced serum anti-KLH antibody titers (IgM,
IgG, 1gG,, and 1gG,, ), KLH-induced proliferation, and increased IL-2, IL-4, and IFN-y produc-
tion by KLH-stimulated splenocytes in young, but not old, mice 6 days after immunization with
KLH, similar to the effects reported by Kruszewska et al. [132]. This effect was not consistent
with previous reports by Kruszewska and colleague [75,132] who reported enhanced KLH-
induced proliferation and increased anti-KLH responses in C57BL/6 mice. One major differ-
ence between the 2 studies was in housing conditions (single vs. group housed). The inability to



246

detect sympathectomy-induced changes in immune reactivity to KLLH in aged mice is consistent
with preliminary data from our laboratory demonstrating a striking attenuation of isoproterenol-
stimulated cAMP production in splenocytes from old mice. Other investigators have reported
impaired peripheral blood lymphocyte responsiveness to NE in elderly subjects [143-144],
resulting from a defect in B-adrenergic receptor coupling with adenylate cyclase or the catalytic
capacity of adenylate cyclase [145-147]. These findings suggest an age-related block in sym-
pathetic-to-immune signaling in these strains of aged mice. Whether this is an adaptive and/or
protective compensatory mechanism to counteract the age-related increase in sympathetic activ-
ity awaits further investigation.

Our results demonstrate two types of responses of the sympathetic nervous system to ageing.
In the aged F344 rats, splenic NA nerves are markedly diminished, and yet the capacity to
respond to sympathectomy is intact, and is associated with an intact 3-adrenergic receptor signal
capacity within immune cells. In two strains of aged mice, where splenic NA innervation is
largely intact [5,59], B-adrenergic receptor signaling capacity in lymphocytes from these mice
is impaired. Although the biological relevance of differences in the response of the sympathetic
nervous system to ageing between aged mice and F344 rats is not known, it is possible that such
differences may contribute to individual differences present in aged human populations. It is also
possible that individual differences in immune reactivity that occur with age in human popula-
tions, for example, in response to vaccination [148] may be related to differences in the sympa-
thetic nervous system response to ageing. The nature of age-related changes in sympathetic NA
innervation may also be an influential factor in determining susceptibility to infectious disease
and other pathologies of the immune system with age.

5. SUMMARY AND CLOSING REMARKS

NA sympathetic innervation is an important constituent of the microenvironment of lymphoid
organs; maintenance of these nerves relies on the secretion of neurotrophins and other neuropro-
tective mechanisms. The dramatic alterations in NA innervation of lymphoid organs with age
indicate a change in the internal milieu with advancing ageing. The role of the sympathetic nerv-
ous system in immune modulation is complex, affecting cellular migration, activation and clonal
expansion, cytokine production, effector functions and immune cell trafficking. NE signaling
of the immune system is neither simplistic nor unidirectional; as a modulatory neurotransmitter
it differentially influences multiple cell types at multiple stages during an immune response.
Determining the nature and timing of neural-immune interactions is one of the major challenges
in this area of study.

Our results suggest that the sympathetic nervous system in some strains of rodents may exert
a greater influence on immune responses when the host is immunocompromised, as in ageing,
perhaps because of dampened or ineffective feedback mechanisms and/or readjusted homeo-
static set points in ageing. Since, the sympathetic nervous system is essential for immune com-
petence, altered sympathetic activity in lymphoid organs with ageing may put the elderly at risk
for diseases associated with the immune system, including infectious diseases, autoimmunity,
and cancer. This may be particularly true under stressful life events where the elderly display
reduced ability to cope with their environment. Investigating the temporal relationship between
age-related changes in immune function and NA innervation of lymphoid organs may provide
some insight into this issue. Future research in this area may lead to the development of behav-
iorally based therapies that either reduce stress or improve coping strategies in order to prevent



247

disease or improve disease outcome.

A link between sympathetic dysfunction and immune senescence in ageing would suggest
that adrenergic agents may be useful for improving immune responsiveness to vaccines, or be
efficacious to the prevention or treatment of certain types of age-related illnesses. It may be pos-
sible to develop combination therapies that reduce the doses of cytokines required, when given
in combination with adrenergic agents or behavioral approaches, reducing side effects associ-
ated with cytokine treatments to which the elderly may be more sensitive. However, before these
strategies can be put in place further research is required to better understand the role of the
sympathetic nervous system in immune modulation in the elderly. It will be important in these
studies to examine strain and species differences, as these differences may lead to a predisposi-
tion of certain strains to particular types of illnesses that increase in frequency with advancing
age. Clearly, humans display wide variability in how they age, and how they age is likely to be a
significant factor in which diseases they become most susceptible to later in life.
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Ageing and the Neuroendocrine System of the Gut
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ABSTRACT

Gastrointestinal secretion and absorption of nutrients diminish with ageing, as does gastrointes-
tinal motility, whereas the incidence of gastrointestinal complaints such as reflux esophagitis,
earlier satiety, nausea and vomiting, and constipation increases. The gut neuroendocrine system
regulates the gastrointestinal functions, which are disturbed in the elderly, namely secretion,
absorption and motility. It is therefore conceivable that age-related changes take place, con-
tributing to the development of the gastrointestinal disorders seen in the elderly and to the
manifestation of the gastrointestinal symptoms. Age-related changes in the gut neuroendocrine
system are both numerous and complicated. It is difficult to distinguish between those that are
due to the inevitable process of ageing itself, and those that are secondary (adaptive) to them.
Ageing is accompanied by a general loss of neurons of the enteric nervous system and a change
in the density of gastrointestinal endocrine cells. These, together with structural and functional
changes in the gut and associated glands, may cause the adaptive changes in the enteric nervous
system and the gut endocrine cells that have been reported to have a great capacity of plasticity.
The accumulated data on the changes in gastrointestinal neuroendocrine system during ageing
could prove useful in clinical practice. Thus, a diet that regulates the release of a certain signal
substance of this regulatory system could be used to induce a desirable increase or a reduction
in this substance. Furthermore, an agonist or antagonist to the gut neuroendocrine system could
be utilized.

1. INTRODUCTION

Ageing is associated with several changes in gastrointestinal function such as gastrointestinal
secretion, and the intestinal absorption of fat, carbohydrates and probably proteins, which
diminish with age [1,2]. Furthermore, gastrointestinal dysmotility with slower gastric emptying
and prolonged large intestine transit, has been reported in the elderly [3,13]. Gastrointestinal
complaints such as reflux esophagitis, earlier satiety, nausea and vomiting, and constipation
have all been reported to increase with ageing [14]. Moreover, gastrointestinal malignancies rise
sharply with advancing age [15]. The gut neuroendocrine system is the local regulator of several
gastrointestinal functions, such as motility, secretion, absorption, local immune defense, micro-
circulation of the gut and cell proliferation [ 16-22]. As these gastrointestinal functions appear to
be affected by ageing, it is possible that age-related changes in this regulatory system contribute
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Figure 1. Schematic illustration of the anatomical structure of the gastrointestinal neuroendocrine system. (Supplied
kindly by Dr. Olof Sandstrdm, Department of Medicine, University Hospital, Umea, Sweden).

to the development of gastrointestinal disorders evident in the elderly, and to the manifestation
of their symptoms.

The purpose of this chapter is to present an updated review of age-related changes in the neu-
roendocrine system, to speculate upon the possible role of these changes in the development of
gastrointestinal dysfunction in the elderly, and to predict their possible clinical implications.

2. THE NEUROENDOCRINE SYSTEM OF THE GUT

This system consists of two parts: (i) endocrine cells dispersed among the epithelial cells of
the mucosa facing the gut lumen, (ii) the peptidergic and serotonergic as well as nitric oxide-
containing nerves of the enteric nerve system in the gut wall (Figure 1). This regulatory system
comprises a large number of bioactive messengers (Table I). These substances exert their effects
by wiring transmission and volume transmission [39]. Wiring transmission is one-to-one trans-
mission including classical synaptic signaling. Volume transmission to distant targets is accom-
plished by neurocrine/endocrine means (releasing into the circulating blood from synapses or
endocrine cells), or by paracrine mode (by releasing into interstitial fluid to nearby targets). The
different parts of this system interact and are integrated both with each other and with afferent
and efferent nerve fibers of the central nervous system, especially the autonomic nervous system.
The signal substances of the neuroendocrine system may be co-localized in the same cell, or
stored separately in mono-expressed cells. Examples of co-localized signal substances are PYY
and enteroglucagon in colonic L-cells, serotonin and substance P in enterochromaffin (EC) cells,
and VIP, which co-localizes nitric oxide, gastrin releasing peptide (GRP) and enkephalins.
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Table I Overview of the most important neuroendocrine peptides and other signal substances in the
neuroendocrine system of the gut.

Signal substance

Action

Endocrine Nerve

Reference

Enteroglucagon

Somatostatin

Pancreatic
polypeptide (PP)

Peptide YY (PYY)

Neuropeptide Y
(NPY)

Secretin

Vasoactive active
polypeptide (VIP)

Gastric inhibitory
peptide (GIP)

Gastrin

Cholecystokinin
(CCK)

Substance P

Motilin

Neurotensin

Gastrin-releasing
peptide (GRP)

Enkephalin

Galanin

Serotonin

Nitric oxide (NO)

Inhibits gastric acid secretion and pancreatic secretion

Inhibits intestinal contraction, inhibits gut exocrine and
neuroendocrine secretion

Inhibits pancreatic secretion; stimulates gastric acid
secretion; relaxes the gallbladder and stimulates motility
of the stomach and small intestine

Delays gastric emptying; inhibits gastric and pancreatic
secretion; ileal brake mediator; vasoconstrictor

Inhibits pancreatic and intestinal secretion; decreases
gastrointestinal motility; vasoconstrictor -

Simulates pancreatic bicarbonate and fluid secretion;
inhibits gastric emptying and inhibits contractile activity
of small and large intestines

Stimulates gastrointestinal and pancreatic secretion;
relaxes smooth muscles in the gut and causes vasodilation

Incretin; inhibits gastric acid secretion

Stimulates gastric acid secretion and histamine release;
trophic action on gastric mucosa; stimulates contractions
of lower oeosphageal sphincter (LES) and antrum

Inhibits gastric emptying; stimulates gallbladder
contraction and intestinal motility; stimulates pancreatic
exocrine secretion and growth; regulates food intake

Stimulates smooth muscle contraction, vasodilator;
inhibits gastric acid secretion

Induces phase [II MMC (migrating motor complex),
stimulates gastric emptying and stimulates contraction of
LES

Stimulates pancreatic secretion; inhibits gastric secretion;
delays gastric emptying and stimulates colon motility

Releases gastrin, somatostatin, and some other endocrine
peptides; stimulates pancreatic secretion and smooth
muscle contraction

Inhibits gastric and pancreatic secretion; delays gastric
emptying and intestinal transit

Inhibits gastric, pancreatic and intestinal secretion; delays
gastric emptying and intestinal transit; supresses
postprandial release of some neuroendocrine peptides

Stimulates gastric antrum and small intestinal and colonic
motility; accelerates gastric emptying and both small and
large intestinal transit

Smooth muscle relaxation

Walsh, 1994

Chiba and
Yamada, 1994

Mannon and
Taylor, 1994;
Walsh, 1994

Mannon and
Taylor, 1994;
Walsh, 1994

Mannon and
Taylor, 1994;
Walsh, 1994

Leiter et al.,
1994; Walsh,
1994

Dockray, 1994a
Pederson, 1994;
Walsh, 1994

Walsh, 1994

Liddle, 1994,
Walsh, 1994

Dockray, 1994b

Poitras, 1994

Shulkes, 1994

Bunnett, 1994

Dockray, 1994¢

Rokaeus, 1994

Lindberg,
1995;Tally, 1992;
Ohe et al., 1994

Whittle, 1994

* present = +; absent = -—
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3. AGE-RELATED CHANGES IN THE GUT NEUROENDOCRINE SYSTEM

The age-related abnormalities were mostly observed in studies conducted in animal models,
especially rodents. Only a few studies concerning gut endocrine cells were made in humans.
The enteric nervous system has been investigated in autopsy material with unknown post-mor-
tems effect. The age-related changes observed in the neuroendocrine system were revealed by
either morphological or biochemical methods. Morphological changes are mostly represented
by an alteration in the density of cells and/or nerve fibers. These changes signify a change in
the anatomical units producing the bioactive signal substances and require time to develop and
endure over a period of time. An increase in the density of a certain cell type could indicate an
increased amount of the signal substance produced by this particular cell type and vice versa.
The other types of change observed are expressed as an increase or decrease in the concentration
or in coding m-RNA of a signal substance in tissue extracts from gut segments. These changes
develop rapidly in response to changes in the physiological conditions but are short-lived. An
increase in the level of a particular signal substance implies an increase in its synthesis, which
might or might not be accompanied by an increased release. A decrease in a signal substance, on
the other hand, could imply either reduced synthesis, or a high rate of synthesis and release.

3.1. Endocrine cells

In the human stomach, the density of the total endocrine cell population as detected by chrom-
ogranin, a general marker of endocrine cells, has been found to decline with age [40]. Further-
more, the density of somatostatin cells was also reduced in the elderly in the same study. The
plasma gastrin concentration recorded in the same individuals was however higher in women
over 55 years of age. The effects of ageing on the endocrine cells of both small and large intes-
tine have been investigated in biopsy material obtained by endoscopy (Figure 2) [41,42]. The
endocrine cell population was smaller in the small intestine, as detected by chromogranin A.
Among the endocrine cell types that were reduced in number were somatostatin cells, and GIP
cells. The other endocrine cell types appeared not to be affected by ageing. In the large intestine,
the density of both serotonin and somatostatin cells decreased with age. Measurements made in
tissue extracts of human large intestine mucosa have revealed that the somatostatin concentra-
tion also decreases with age [43].

Age-related changes in the endocrine cells of mice (NMRI) have been investigated system-
atically in the various segments of the gastrointestinal tract (Figures 3,4) [44—47]. It seems that
ageing affects several endocrine cell types in various gut segments. Thus, in the stomach, the
density of both gastrin cells and the concentration of gastrin in tissue extracts decreased with
age. Whereas the density of somatostatin cells was found to increase in old mice, the concentra-
tion of somatostatin in tissue extracts decreased. In the small intestine, the number of serotonin
cells increased in old mice. Whereas the density of secretin cells and the secretin concentration
in tissue extracts increased with age, those of somatostatin decreased [45,47]. In the colon, the
cell density of serotonin (Figure 5), PYY (Figure 6) and enteroglucagon increased with age [46].
Measurements of PY'Y and somatostatin in colonic tissue extract have shown that the concentra-
tion of these two peptides also increases with age [47].

Endocrine cells have been investigated in stomach and small intestine of nude mice (BALB/
c-nu) [48]. In this mouse, the total number of endocrine cells, as detected with the Grimelius
argyrophilic reaction, increased with increasing age, in both stomach and small intestine. The
density of serotonin cells increased in both stomach and small intestine of old mice, whereas the



261

Antrum —&—Gastrin
— -l - -Somatostatin
— - —-Serotonin
¢ g 120000
=3
G = _ 100000
°eeq
T £ h 80000
¢ a4
5 o E 60000 -
[}
5 E g 40000
o ~—
E > 20000
=
z 3 0
Age (months)
——Secretin
Duodenum — OGP
— -A— -Gastrin/CCK
- ’LIT — -X—Somatostatin
g (-?4 60000 —O—Serotonin
E § 50000 4
TE 40000 A
% E 30000
53
-IEJ g 20000
28 10000 1
o
0
Age (months)
Colon — & - PYY
— - -Enteroglucagon
o 45000 —&— Serotonin
Ew 40000 4
EH 35000
28 30000
Y E 25000 {
% g 20000
5.2 15000
£2 10000 4
3% 5000
z3 0 ‘
1 3 12 24
Age (months)

Figure 2. Age-related changes in the densities of different endocrine cell types in the small and large intestine of humans.
GIP= gastric inhibitory peptide; CCK= cholecystokinin; PY Y= peptide YY; PP= pancreatic polypeptide. [Data from 41
and 42].

gastrin cell population was depleted in the stomach. The authors also found that apoptotic index
of epitheliocytes rose with advancing age in these mice. One should bear in mind, however, that
nude mice have no thymus and consequently lack cell-mediated immune defense.

It appears that the changes in the gastrointestinal endocrine cells observed in elderly humans
differ from those observed in old rodents. This could be due to species-related difference, to the
fact that the rodents examined were relatively older than the humans investigated or to a combi-
nation of these factors. It is of course important to be cautious when extrapolating data obtained
from animal models to humans.
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Figure 3. Changes in number of different endocrine cell types with ageing in various gastrointestinal segments of mice.
Abbreviations as in Figure 2. [Data from 44-46].

3.2.  The enteric nervous system

The number of nerve cells in the myenteric ganglia of the human esophagus, small and large
intestine, was found to decrease with ageing [49-51]. Similar results have been reported in the
small intestine of guinea pigs [52], in the different segments of the mouse gastrointestinal tract
[53], and in the small and large intestine of rat [54,55]. Despite the age-related depletion of neu-
rons in the myenteric plexus, the volume density of nerve fibers in different gut segments is not
affected in mice [53]. The number of neurons in the submucosal ganglia in different segments of
thee gastrointestinal tract of mice decreases with ageing (Figure 7) [S3]. However, the volume
density of the nerve fibers in the submucosa of the murine gastrointestinal tract is not affected by
ageing (Figure 7) [53]. In the wall of the small intestine of senile vis-d-vis young rats the number
of nerve fibers were depleted [56].

Whereas substance P, VIP, and somatostatin nerve fibers have been reported to decrease in
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Figure 4. Concentrations of different endocrine peptides in various parts of the gastrointestinal tract at different ages in

mice. Abbreviations as in Figure 2. [Data from 47].

small intestine of old rats [56], no age-related changes were found in rat small intestine nerve
fibers immunoreactive to substance P, VIP, somatostatin, NPY and enkephalin [55] in the same
animals. The number of nitric oxide synthase (NOS)-immunoreactive neurons and their synthe-
sis in the colonic myenteric plexus are reportedly reduced in aged rats [57]. Substance P, and VIP
calcitonin gene-related peptide (CGRP) innervations have been investigated in lower esophageal
pyloric and ileocecal sphincters of old rats [58]. In the lower esophageal sphincter, substance P
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Figure 5. Serotonin-immunoreactive cells in colon of a 3-month-old mouse (A) and of a 24-month-old mouse (B).

and CGRP innervations changed with ageing, whereas VIP-innervation did not. In the pyloric
sphincter, there was an increase in substance P- and CGRP- immunoreactive nerve fibers, but a
decrease in VIP-fibers. In the ileocecal sphincter, substance P- and VIP-immunoreactive nerve
fibers increased with ageing. Radioimmunoassays of tissue extracts of various gastrointestinal
segments of the mice have revealed that the neuroendocrine peptide concentrations tend to
decrease with ageing (Figure 8), excepting for colonic substance P, which increases in old mice
[47].

4. AGE-RELATED CHANGES AND GASTROINTESTINAL DISORDERS IN THE
ELDERLY

It was quite evident from the previous presentation that age-related changes in the gut neuroen-
docrine system do occur. These changes are both numerous and apparently complex. This is not
surprising, as the gut neuroendocrine signal substances interact and integrate both with each
other and with the endocrine system, as well as with the autonomic and central nervous systems.
It is difficult to distinguish between the changes, which are due to the inevitable process of
ageing itself, and alterations that are secondary (adaptive) to them.
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Figure 6. Colonic peptide YY (PYY)-immunoreactive cells in a 3-month-old mouse (A) and of a 24-month old mouse
(B).

The process of ageing is accompanied by a general loss of neurons of the enteric nervous
system and change in the density of gastrointestinal endocrine cells. Structural and functional
changes in the gut, pancreas and biliary pathways have been reported in the elderly human
[59]. These together may engender adaptive changes in the enteric nervous system and in the
gut endocrine cells, which have been reported to have a great capacity for plasticity [39]. What
supports this assumption is the fact that despite the decreased number of neurons in the enteric
ganglia with ageing, the density of the nerve fibers remains the same. As the neuroendocrine
signal substances of the gut have multi-actions and more than one target organ, adaptive changes
that intended to correct a process may provoke a disorder in another process. One example is
the increase in secretin, which believed to be secondary to the decline in pancreatic exocrine
dysfunction. This increase would inhibit gastric emptying as seen in the elderly. Although this
might appear to be highly speculative, it could nevertheless serve as a working hypothesis for
further studies.
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Figure 7. Protein gene-product (PGP) 9.5 -immunoreactive submucosal ganglion (arrow) in a 3-month-old mouse (A)
and in a 24-month-0ld mouse (B). Sumucosal PGP 9.5-immunoreactive nerve fibers (double arrow) in a 24-month-old
mouse (C). All are in the duodenum.

5. CLINICAL IMPLICATIONS

No doubt, the gastrointestinal disorders seen in the elderly are multifactorial. Manifestations of
diseases to which the elderly are particularly susceptible and side effects of the increased medi-
cation in the elderly are important factors. However, age-related alterations in the neuroendo-
crine system should be considered as one of these. Finding of such changes could be useful and
can lead to the use gastrointestinal neuroendocrine signal substances as tool for treatment. The
accumulated data concerning the changes in gastrointestinal neuroendocrine signal substances
in ageing should therefore be of advantage in clinical practice. Thus, in cases where a gut signal
substance increase (or decrease) is desirable, any diet that regulates the synthesis of this sub-
stance and its release can well be adapted, or a receptor agonist (or antagonist) can be utilized.
(Agonists and antagonists to most neuroendocrine signal substances are available.) Among these
substances are serotonin agonists and antagonists that are now undergoing clinical trials in other
gastrointestinal motility disorders.
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Figure 8. Concentrations of different neuroendocrine peptides in various parts of the gastrointestinal tract at different

ages in mice. Abbreviations as in Figure 2. [Data from 47].
6. CONCLUSION

Ageing is associated with alteration of the gut neuroendocrine system. These changes appear to
be caused by normal ageing processes and by an adaptive response to the age-related changes
in the gastrointestinal tract and associated glands. Changes in the neuroendocrine system with
ageing, both primary and secondary, could be one of the factors causing gastrointestinal dis-
orders encountered in the elderly. Data regarding changes in gastrointestinal neuroendocrine
signal substances in ageing could well be useful in clinical practice and lead to their application
for treatment.
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ABSTRACT

Experimental dietary restriction (DR), vitamin E-deficiency and chronic ethanol administration
were carried out on laboratory animals of different age to assess the role of nutrition on brain
ageing. In DR mice, we measured the ultrastructural features of hippocampal synapses. The
synaptic numeric density (Nv) was significantly increased, while the synaptic average size (S)
was significantly reduced in old DR mice vs. ad libitum fed controls. These balanced changes
resulted in a significant increase of the overall synaptic contact area/ium* of tissue, i.e. surface
density (Sv) in DR mice. Smaller contact zones were increased in old DR mice vs. ad libitum
fed controls. Nv, S and Sv reliably report on synaptic plastic rearrangements, thus DR appears to
be able to modulate positively synaptic structural dynamics in the ageing hippocampus. In adult-
vitamin E-deficient rats and normally fed controls, we measured the intranuclear ionic content
by means of X-ray microanalysis. K* content resulted significantly increased in vitamin E-defi-
cient rats, supporting the idea that the cellular membrane permeability of this ion is markedly
impaired. In the cerebellar cortex and hippocampus of vitamin E-deficient animals we found that
synaptic Nv and Sv were significantly decreased while S was increased: a pattern typical of the
old animals. Computer-assisted morphometry of Purkinje cell mitochondria positive to succinic
dehydrogenase (SDH) activity documented that in vitamin E-deficient animals the organelles’
volume fraction as well as their average volume were significantly reduced. Vitamin E is a well
known biological antioxidant able to quench the lipid peroxidation chain and to protect from
free radical attacks, thus our data support that an increased oxidative stress occurs in adult vita-
min E-deficient rats. Chronic alcohol intake in adult rats resulted in a significant increase of K*,
a decrease of Nat and no change in Cl". Chronic ethanol intake in old rats vs. controls of the
same age showed no change in K* content, whereas both Na* and CI- decreased significantly. In
adult ethanol-treated rats vs. their controls, synaptic Nv, S and Sv decreased significantly. In the
old ethanol fed animals vs. age-matched controls, synaptic Nv and Sv decreased, while S was
reduced at a not significant extent. These data confirm that neuronal membranes are markedly
deteriorated by ethanol and that the excessive dietary intake of this alcohol affects their permea-
bility and plasticity. Taken together, the findings of the three experimental dietary manipulations
studied by us support the critical role of nutrition on the occurrence of age-related alterations
in the brain. Namely, dietary components are significantly involved in various stages of the cel-
lular antioxidant defense mechanisms and this appears to be of critical importance for the health
status of the postmitotic nerve cells.
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1. INTRODUCTION

Physiological ageing may be defined as a progressive loss of the capacity of a given organism
or cell to maintain homeostasis. This appears to be particularly true for postmitotic cells, e.g.
neurons. Following neuronal maturation, changes occur with time which underlie an increasing
vulnerability to environmental challenges leading to impair the ability of this type of cells to
survive. Although several theories on the causes of ageing have been proposed on the basis of
reliable experimental data, at present what can be reasonably supported is that in most organisms
senescence occurs because the action of long-term, low intensity stressors are not fully coun-
teracted by protective and repair functions [1]. Oxidative damage due to aerobic metabolism, is
intrinsic to living processes and it is the most investigated cause of stress. Degradation or inacti-
vation of important biological molecules may result from defective control of oxygen reactions,
although prevention of such damage can be carried out by providing molecules that compete for
oxygen, or by lysing, removing, repairing damaged molecules. The antioxidant cell potential,
i.e. all the antioxidant protective mechanisms, involve the complex organisation of intracellular
components, thus the susceptibility to oxidative injury of a given cell or tissue is function of
the overall balance between the degree of oxidative stress and antioxidant defence capabilities.
Despite the important role of oxidative stress in ageing and in the aetiology of some pathologi-
cal conditions is well documented, much of the research has been focused on intense and acute
stress conditions, while few studies have been carried out on long-term, low intensity oxidative
damage which may occur continuously or frequently throughout the individual lifespan.

Nutrients are essential for all fundamental cellular processes, thus they may be supposed to
carry out a long lasting modulation on cellular oxidative damage as well as antioxidant defence
mechanisms. To assess the potential role of nutrition in brain ageing processes, we carried out
studies in adult and old rats undergone dietary restriction, vitamin E deficiency and chronic
alcohol administration.

2. NUTRITIONAL INTERVENTIONS AND METHODS
2.1.  Dietary restriction
2.1.1. Animals and diet

Twenty male CD-COBS rats were divided into four groups each consisting of 5 animals: 1)
14-month-old control rats fed ad libitum with the standard diet (14AL); 2) 27-month-old con-
trol rats fed ad libitum with the standard diet (27AL); 3) 14-month-old rats fed a hypocaloric
diet from weaning (14DR); 4) 27-month-old rats fed a hypocaloric diet from weaning (27DR).
Caloric regimen: at weaning, 50% of the lipids and 35% of carbohydrates of the standard pellet
were replaced by fibres.

2.1.2. Quantitative analysis of synaptic dynamic morphology

Anaesthetised rats were perfused through the left ventricle with saline followed by 2.5% phos-
phate buffered glutaraldehyde (pH 7.4). Tissue sections from the hippocampi were stained by
means of the ethanol phosphotungstic acid (E-PTA) preferential technique (Figure 1) accord-
ing to a procedure set up in our laboratory [2-4]. Considering the hippocampal dentate gyrus
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Figure 1. Electron microscopic picture of synaptic contact zones positive to the ethanol phosphotungstic acid (E-PTA)
preferential staining procedure: the junctional areas are sharply stained against a pale background (arrows). Bar = 0.5

um.

granular layer as a reference structure [5], sampling was performed in the neuropil just above
the cell bodies. A systematic random sampling was carried out by means of a Kontron KS300
computer-assisted image analysis system equipped with a TV camera directly connected with
the electron microscope image plate. The actual number of fields/group of animals was deter-
mined by the progressive means method: collection of data was terminated when the standard
error of the mean (SEM) for each parameter was less then 5%. On coded samples unknown to
the operator, the following parameters were semiautomatically measured by applying currently
used morphometric formulas [3,4,6,7]: the number of synapses/um? (synaptic numeric density:
Nv), the average synaptic area (S) and the total area of the synaptic contact zones//um? of tissue
(surface density: Sv).

2.2.  Vitamin E deficiency

2.2.1. Animals and diet

Young rats of 1 month of age were fed for 10 months with a vitamin E-deficient diet [8]. Control
littermates, as well as young (3 months) and old (30 months) animals were fed with the normal

laboratory chow. The vitamin E-deficient rats and age-matched controls were sacrificed at the
age of 11 months.
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Figure 2. Succinic dehydrogenase (SDH)-positive mitochondria in a Purkinje cell soma. The activity of the enzyme
(dark spots inside the organelles) has been evidenced by the copper ferrocyanide method as described in the text. N:
nucleus of the Purkinje cell. Bar = 0.5 pum.

2.2.2. Quantitative analysis of synaptic dynamic morphology

The ultrastructural features of the synaptic junctional areas in the dentate gyrus supragranular
layer were measured in rats of different ages (3, 11, 30-month-old animals) and in vitamin E-
deficient rats as described above for DR animals.

2.2.3. Quantitative cytochemistry of succinic dehydrogenase (SDH) activity in Purkinje cell
mitochondria

SDH, a key enzyme of the respiratory chain, is located at the inner mitochondrial membrane and
it is reported to be of critical functional importance when energy request is high [9,10]. Thus,
quantitative estimation of its activity may reliably report on the mitochondrial competence to
provide adequate amounts of adenosinetriphosphate (ATP). SDH-positive mitochondria were
studied in cerebellar Purkinje cell perykaria of 3, 11, 30 month-old animals as well as in 11
month-old vitamin E-deficient rats. Preferential cytochemistry of SDH activity was carried out
by the copper-ferrocyanide technique according to Kerpel-Fronius and Hajos [11] (Figure 2).
The number of SDH-positive mitochondria/um? of cytoplasm (Numeric density: Nvm), the aver-
age volume of the single mitochondrion (V) and the total mitochondrial volume/um?® of cyto-
plasm (Volume density: Vv) were the parameters measured in our study according to currently
used morphometric formulas [12].



277

Figure 3. Scanning electron image of a freeze-fractured, dried and carbon sputtered sample of rat hippocampal pyrami-
dal cell CAI prepared for X-ray microanalysis. The nucleus (N) and the nuclear membrane (arrows) are easily identifi-
able. Ax: axon Bar=2 um.

2.2.4. Intracellular ionic content

The brains of 1, 11 and 24 month-old rats were quickly exposed from the skull after decapitation.
The tissue samples were prepared according to a procedure set up in our laboratory [13]. Our
microanalysis technique enabled us to measure the content of light elements, i.e. Na*, CI-, K*, in
selected compartments (nucleus and cytoplasm) of dried cells [8]. Although fine ultrastructural
details of nerve cells can not be seen by using our procedure, we were able to recognize neuronal
nuclei (Figure 3) and to measure their ionic content. We calculated the peak to background ratio
for Nat, CI, K™ and referred these values as percent of biological dry mass. White counts were
taken from 4 to 6 Kev range where no characteristic peak is present [13,14].

2.3.  Chronic ethanol administration
2.3.1. Animals and diet

Adult (11 months of age) and old (24 months of age) animals were fed with laboratory chow
and 32% ethanol in 25% sucrose solution (w/v) in the drinking water according to Porta et al.
[15]. The alcohol-sucrose solution was administered ad libitum to individually housed animals
for 4 weeks. Control rats received a solution where ethanol was isocalorically substituted with
sucrose. Intake of the drinking water was measured daily and showed an average consumption
of 10-12 grams of ethanol/Kg body weight.

2.3.2. Quantitative analysis of synaptic dynamic morphology

As described above for DR animals, we carried out a computer-assisted morphometric study on
the ultrastructural features of the synaptic junctional areas in the dentate gyrus supragranular
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Figure 4. A: summary of the results obtained on synaptic morphometry in dietary restricted (DR) and ad libitum fed
(AL) rats of different ages (14 and 27 months of age). To compare all together the three parameters taken into account,
we have used arbitrary units (ordinate). * Statistically significant vs. the other groups investigated. e Statistically differ-
ent from DR 14 group.

B-E: percent distribution of synaptic size (S) in ad libitum fed rats and dietary restricted animals. An increased comple-
ment of smaller junctional areas can be clearly envisaged in dietary restricted animals.

layer from ethanol treated rats and isocalorically fed animals of the same age.
2.3.3. Intracellular ionic content
The right hippocampus was excised from each animal and prepared for X-ray microanalysis

as described above. This study was carried out in the nuclei of hippocampal CAl pyramidal
neurons.
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Figure 5. Summary of the results obtained on synaptic morphometry in young, adult and old rats and in adult, vitamin
E-deficient animals. * Statistically significant vs. the 11-month-old group. e Statistically significant vs. the other groups
investigated. Lower histogram: percent distribution of synaptic size (S) from young, adult and old rats and from adult,
vitamin E-deficient animals. Higher percentages of enlarged contact zones are present in vitamin E deficient animals vs.

age-matched controls.
3. RESULTS
3.1.  Dietary restriction

Figure 4A summarises the results we have obtained on synaptic ultrastructure in adult and old
dietary restricted rats. In AL27 rats Sv is significantly lower than in the other groups investi-
gated. No change was found comparing DR14, DR27 and AL 14 rats.

Nv decreased by about 18% in AL27 vs. AL14 animals, however this difference was not sig-
nificant. A significant increase of the synaptic numeric density is clearly evident both in DR14
and DR27 groups compared with AL age-matched controls. No significant difference was envis-
aged comparing DR14 and DR27 groups of rats. In AL27, Nv was significantly lower than in
DR14 animals. S significantly increases with age in AL27 vs. AL14 animals. DR14 and DR27
show a decrease of this parameter vs. their AL littermates, however only in DR 27 rats vs. the
AL27 ones the difference was significant. DR14 and DR27 animals showed the same value of
S. The percent distributions of S, reported by histograms B-E, show that in DR14 and DR27
rats the junctional areas smaller than 0.08 wm? are markedly increased and account for 72 and
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Figure 6. Summary of the results obtained on morphometric studies of SDH-positive mitochondria in Purkinje cell
perykarion. Vitamin E deficiency resulted in a marked reductions of the three parameters taken into account. * Statisti-

cally significant vs. the [1-month-old control group.

48%, respectively. Conversely, in AL14 and, at a higher extent in AL27, the percent of enlarged
contact zones (surface area > 0.12 um?) is consistently higher than in the respective age-matched
DR groups.

3.2.  Vitamin E deficiency

Figure 5 reports the results of our morphometric investigation on the synapses of the hippocam-
pal dentate gyrus from rats of different ages and vitamin E-deficient animals. Sv is unchanged
between 3 and 11 months of age, but significantly decreases in the old animals. Nv significantly
increases in the normally fed adult animals, in contrast with the other age groups analysed. S is
significantly smaller at 11 months of age and it is larger in the old rats than in the other groups
of age. Vitamin E-deficiency, unlike control condition, resulted in significant decreases of Nv
and Sv, while S was not significantly increased. In a comparison with 30-month-old animals,
the vitamin E-deficient group showed a significant decrease of Sv and S, while Nv was signifi-
cantly increased. The lower histogram reports the percent distribution of S: it is clearly evident
that, with advancing age, the percentage of larger contact areas markedly increases. Vitamin E-
deficient animals vs. control littermates as well as old rats showed higher percentages of larger
junctional areas.

The results obtained on SDH-positive mitochondria in Purkinje cell perykaria are shown
in Figure 6. Vv is constant between 3 and 11 months of age, but in old rats it is significantly
decreased. Nvm increases in adult vs. young animals, but in old rats it is significantly lower
than in the other groups of age. V is significantly decreased in adult than in young group and
further decreases in old animals. The vitamin E-deficient rats showed no change of Nvm and a
marked decrease of Vv in a comparison with all the age groups investigated. In the vitamin E-
deficient animals, V is significantly lower than in 3 and 11 month-old normally fed rats, but it is
unchanged when compared with the 30 month-old group.

Figure 7 shows the intracellular ionic content of brain cortical cells from rats of different ages
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Figure 7. Intracellular monovalent electrolyte content of brain cortex cells in young (1), adult (11) and old (24) rats and
in adult, vitamin E-deficient (11-E) animals. * Significantly different from the other groups of age investigated. e Statisti-
cally different from 11-month-old rats.

and in adult, vitamin E-deficient animals. The K* content increases, at a not significant extent, in
rats of 11 and 24 months of age. Na* content is unchanged between 11 and 24 months of age, but
it is significantly higher in the 11 month-old group than in the 1 month-old animals. The CI" con-
tent significantly decreases at 11 months of age and is significantly higher in old animals than in
the other groups investigated. In vitamin E-deficient rats vs. the other three groups investigated
we found an increase of the total intracellular ionic content due to a significant increase of intra-
cellular K* ions. In a comparison with the old group of animals, the adult vitamin E-deficient rats
showed a lower content of Cl-, while Na* content was unchanged.

3.3.  Chronic ethanol administration

The effect of alcohol administration on synaptic ultrastructural features are summarized in
Figure 8. In ageing, we found a significant decrease of synaptic Nv and Sv, while S was signifi-
cantly increased. In adult rats, chronic ethanol administration resulted in a significant decrease
of all the three parameters taken into account. Old alcohol treated animals showed a significant
decrease of Sv and Nv, whereas S decreased at a not significant extent. In Figure 8 the lower
histograms B and C show the percent distribution of the synaptic average size (S). It is clearly
evident that the complement of smaller contact zones is markedly increased by ethanol admin-
istration both in adult and old rats.

Figure 9 reports the results of intracellular ionic content in adult and old animals chronically
treated with ethanol. Alcohol administration to adult rats resulted in a significant reduction of
Na* and an increase in K+, while Cl- was almost the same. In old ethanol-treated animals, the
intracellular ionic content decreased as compared with age-matched controls and this appeared
to be almost due to a significant decrease in Na* content since K* and Cl™ were not significantly
decreased [16]
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Figure 8. A: summary of the results obtained on synaptic morphometry in adult and old rats chronically treated with
ethanol. Both in adult and old rats chronic ethanol administration resulted in significant reductions of number and total
area of the contacts. * Statistically significant vs. age-matched ethanol-treated group. B-C: percent distribution of syn-
aptic size (S) from adult and old rats and from ethanol treated animals of the same age. Both in adult and old treated

animals an increase in the percent of smaller junctional areas was clearly envisaged.
4. DISCUSSION

4.1.  Dietary restriction

4.1.1. Synaptic dynamic morphology

The main finding of our investigation on dietary restriction is that the reduced food intake
resulted in a positive and functional modulation of the synaptic structural dynamics both in adult
and old rats. In details, DR14 and DR27 animals vs. their AL controls showed higher Nv values
together with an increased complement of junctional areas of smaller size. In ageing, the final
outcome of dietary restriction is represented by an increased total area (Sv) in DR27 rats so that
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cant vs. age-matched control groups.

the age-related decrease of this parameter is no longer apparent.

The current literature on synaptic structural dynamics supports that number (Nv) and size (S)
of the synaptic contact zones are in an inverse relationship which aims at maintaining constant
the value of Sv [3,17,18]. Thus, while these three parameters are reporting on particular aspects
of synaptic morphology, when considered together per experimental group, they account for the
reciprocal rearrangements occurring in the physiological responsive adaptation to environmental
stimuli. On the basis of these concepts, it appears that dietary restriction is able to counteract
significantly the age-dependent decrease of Sv through a positive balance between Nv and S.
The biological significance of this balance is still debated, however higher synaptic densities
are associated with better performances of the central nervous system (CNS), while reductions
in synaptic number together with enlargement in size of the surviving contacts are reported to
occur in adverse and pathological conditions [3,4,17,19,20]. Conceivably, maintenance of a high
number of small junctional zones appears to represent a functional task not only for routine CNS
functions, such as learning and memory, but also for a proper response to environmental stimuli
[21-23].

To give tenable interpretations of the effects of dietary restriction on the synaptic adaptive
potential, some current concepts regarding synaptic functional rearrangements must be taken
into account. As a consequence of stimulation, synaptic contact zones are reported to: I) enlarge,
1) perforate and T11) split to yield an increased number of smaller contacts which, in turn, may
be reinforced or degraded [22,24]. By improving cell-to-cell communication, this cycle of events
is supported to strengthen the synaptic network within the discrete CNS areas undergone stimu-
lation. In this context, the increased complement of smaller synapses in DR animals (Figure 4)
suggests that: I) the smaller junctions are better preserved by the reduced caloric intake; II) the
cycle of steps purported to remodel the synaptic network is better accomplished in a dietary
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restricted regimen. These two assumptions do not exclude each other: both may be supposed to
act positively on the synaptic potential for plasticity by considering that the many determinants
(protein synthesis, energy metabolism, axonal transport etc.) able to modulate synaptic functions
may be up regulated by dietary restriction [25-28].

Although the mechanism(s) by which a reduced caloric intake retards many age-related
alterations is yet unknown, there is a wide consensus proposing that dietary restriction triggers
a multifactorial process responsible of a decreased cellular load of labile and damaged pro-
teins, lipids and DNA [29]. Several experimental data, support that caloric restriction positively
modulates free radical metabolism by reducing the generation of reactive oxygen species and
thus exerting its anti-ageing effect [30,31]. This action appears to be of very critical functional
significance for the postmitotic nerve cells, which are characterised by high lipid content and
high oxygen consumption [32]. These concepts support that the higher percent of smaller syn-
apses in DR animals may be the reasonable outcome of the splitting of larger contact zones or
of the improved preservation of the persisting junctions. In turn, the present findings document
that dietary restriction is capable of a positive modulation of the synaptic dynamic morphology,
which may be due to the many reported effects of a reduced caloric intake on free radical genera-
tion and/or control [26,30,31,33].

4.2.  Vitamin E deficiency
4.2.1. Synaptic dynamic morphology

Our results document that both in ageing and vitamin E-deficiency the number of synapses (Nv)
decreases and, despite a significant increase of the average size of the persisting junctional zones
(S), the final outcome is a significant reduction of the total synaptic area (Sv). The distribution of
S showed that, from adulthood to old age and in adult-vitamin-E-deficient animals, the percent
of enlarged contact zones increases. According to the concepts reported above, a significant
synaptic enlargement may be considered a well categorised step of the process(es) responsible
of the morphological modulation of the nerve cell terminal areas to environmental stimulations.
In this context, an increased oxidative stress, due to the absence from the diet of the biological
antioxidant alpha-tocopherol, may be supposed to result in an impaired synaptic resharpening
following reactive synaptogenetic processes.

Synaptic junctions are functionally differentiated areas of the neuronal membrane, they are
very abundant in unsaturated lipids as clearly demonstrated by the marked osmium tetroxide
staining. While the molecular composition of these peculiar sites of the nerve cell membrane
entails them a high degree of fluidity, which represents a necessary prerequisite for their proper
performances and dynamic plasticity, it also constitutes the structural feature determining their
high vulnerability to peroxidations, as it appears to be supported by our present findings.

4.2.2. SDH activity in Purkinje cell mitochondria

As shown by Figure 6, SDH activity in perykarial Purkinje cell mitochondria decreases in old
rats because of the reduction in number and size of the positive organelles. Also the vitamin
E-deficient group showed decreases of the three parameters analysed. SDH molecules are
completely synthesised by nuclear genes [34], then they are transported into the mitochondria
and metabolically activated by mitochondrial DNA intervention. Conceivably, quantitative esti-
mation of SDH activity, besides providing information on metabolically activated organelles,
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reports also on interactions between nuclear and mitochondrial genomes. A clear age-related
impairment in SDH activity can be envisaged by our findings, which report that a vitamin E-
deficient diet is responsible of similar changes in adult animals. SDH molecules are inserted
into the mitochondrial inner membrane and their activity is closely coupled with the structural
integrity of the surrounding molecular environment where it is located [35]. Thus, an increased
deterioration of the mitochondrial membrane may be hypothesised to explain the present find-
ings, although also a defective interaction between nuclear and mitochondrial genomes may
contribute to a significant extent.

4.2.3. Intracellular ionic content

Both in ageing and vitamin E-deficiency, we found an overall increase of the intracellular
ionic concentration. This appeared to be due to the very significant increase of K* ions. This
electrolyte has been reported to contribute at a large extent to the regulation of the intracellular
ionic strength, which in turn, may consistently modulate DNA functions. It is well proven that
histones neutralise the negative groups of DNA, however within the nucleosomes only 15 to
50% of the charges are neutralised and the result is that chromatin is negatively charged [36].
Neutralisation of chromatin negative groups is very important for DNA stabilisation and it is
accomplished also by maintaining, in a physiological range, the intracellular concentration of
positive ions [36-38]. On the basis of these concepts, we support that the reported increase of
K* ions may affect the physicochemical properties of chromatin through sterical hindrance of
enzymes, displacements of histones and abnormal DNA unfolding. In turn, altered nuclear func-
tions (e.g. template activity) may also impair the ongoing supply of spare parts to the nerve cell
terminal regions and contribute to the degeneration of the synaptic junctional areas. In addition
to these changes specifically relevant to DNA performances, an increased concentration of ions
in the cytoplasm is documented to alter the physicochemical properties of the cellular colloidal
system, which results in longer lifetime of the enzyme-substrate complexes [39]. The increased
intracellular K* content documented by the present studies may find a reasonable explanation in
the relevant changes of lipid composition of the cellular membranes reported both in ageing and
vitamin E-deficiency [40]. As a matter of fact, if the rigidity of the cellular membranes increases,
the K* passive flow to the extracellular space is markedly impaired. In addition, it has been docu-
mented that the proper functioning of the Na*/K* pump is tightly coupled with the surrounding
lipid environment and any decrease in membrane fluidity has been reported to stimulate its
activity [41], thus both in ageing and vitamin E-deficiency it may be supposed that K* ions are
pumped into the cells at a high rate, but they are slowly eliminated with the final result of an
increased intracellular K* content.

4.3.  Chronic ethanol administration
4.3.1. Synaptic dynamic morphology

Synaptic ultrastructure is markedly affected both in adulthood and ageing by alcohol admin-
istration, as clearly documented by the reduction in number of contacts (Nv) and of the total
junctional area (Sv) among nerve cells. The increased complement of smaller synapses observed
in the treated animals vs. controls (Figure 8 B and C) regardless of the age of the animals, sup-
ports the idea that the synaptic adaptive potential is significantly impaired by alcohol treatment.
Namely, considering the cycle of steps of synaptic remodelling mentioned above, the increased
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percentage of smaller contacts may be interpreted as an insufficient compensation unable to
counteract the damaging effects of ethanol.

Despite no clear-cut mechanism(s) of action of ethanol has been demonstrated so far, acute
or chronic intake of this alcohol appears to affect CNS membranes structure. Disordering, flu-
idising, rigidizing effects on plasma membranes have been demonstrated following treatment
of laboratory animals [42]. Namely, chronic ethanol intake appears to develop a sort of toler-
ance which is supposed to be due to modifications in the composition of the lipid moiety of
the plasma membrane structure, e.g. increase of the cholesterol/phospholipids mole ratio and
decrease of membrane fatty acid unsaturation [43,44]. In agreement with these biochemical
results, we interpret our present findings to represent age-related adaptive changes of the synap-
tic membranes to ethanol intake. As mentioned above, synaptic membranes are very fluid zones
of the neuronal membrane because of their very high content in polyunsaturated fatty acids [45],
thus it can be hypothesised that ethanol administration may impair synaptic plastic potential by
decreasing the unsaturation of nerve cell terminal zones. In physiological ageing, a condition
where the chemical composition of all types of cellular membranes is markedly altered [46],
alcohol intake may selectively affect high fluid and sensitive zones of postmitotic nerve cells,
e.g. synaptic junctional areas.

4.3.2. Intracellular ionic content

Our present findings support that the permeability of the cellular membrane is markedly affected
by ethanol administration in adult rats as documented by the increased intracellular ionic content
due to K* ions (Figure 9). In old animals, ethanol administration appeared to be less harmful in
affecting neuronal membrane permeability functions since only a significant decrease in Na*
was demonstrated in treated rats, whereas K* was unaltered. The rationale for such an interpre-
tation is supported by the fact that the membrane bound N*/K*-ATPase needs a defined range
of membrane fluidity. Conceivably, if the rigidity of the membrane structure is increased, e.g.
ageing, a higher number of N*/K*-ATPase molecules are activated. This assumption is supported
by the results of Sun and Sun [41] reporting an increased activity of this enzyme in neurons
froms of ethanol intoxicated as well as vitamin E-deficient laboratory animals.

5. CONCLUSIONS

Primary causes of the ageing process, defined as the time-related loss of the cellular capacity to
maintain homeostasis, have been claimed to be free radical attacks originating physiologically
from cellular oxidative phosphorylation [47]. Living cells, through repeated events in evolution,
have improved their defense mechanisms to inactivate free radicals and it has been suggested
that the life-span of a given species depends on the balance between free radical production rate
and the efficiency of cellular protecting mechanisms [48,49]. In agreement with this rationale,
any impairment in free radical control may result in a potential threat to longevity. This is par-
ticularly true for postmitotic cells, e.g. neurons, although current data document a lifespan reac-
tive plasticity of the fully differentiated CNS able to counteract time- and/or pathology-related
changes. Namely, brain ageing may be thought of as a particular condition in which specific
pathological changes are found without clinically evident manifestations: nerve cell alterations
are continuously counteracted by compensating reactions. As a consequence, deterioration of
function occurs when the number of neurons and of their connections decrease below a criti-
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cal reserve level and coping with environmental stimulations becomes difficult [50,51]. In this
context, our findings lend further support to the concept that the control of free radical rate plays
an important role in brain ageing processes. With specific reference to dietary interventions, it
appears that nutrients are able to modulate some changes occurring in the senile CNS. Namely,
dietary components are critically involved in various stages of the cellular antioxidant defense,
thus a proper nutrition may be of help in maintaining cellular homeostasis and in prolonging a
healthy lifespan.
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ABSTRACT

Production of nitric oxide (NO) in the cell is catalysed by NO synthase (NOS), which using
L-arginine and oxygen as substrates, synthesises NO. Normally cells express neuronal and/or
endothelial NOS (nNOS and eNOS, respectively) producing nanomolar NO. Under inflamma-
tory conditions cells express inducible NOS (iNOS), which, once expressed, produces micro-
molar NO. Since micromolar NO could elicit damage to cells, iNOS expression is time-spatially
finely regulated.

Recent evidence points out the possible interaction between n/eNOS and iNOS. Under inflam-
matory conditions interferon-y, tumour necrosis factor-o. and interleukin 1- rapidly trigger inhi-
bition of e/nNOS activity with successive drop in the amounts of NO. Since NO normally exerts
suppressive action on NF-kB activation, drop in NO may create a favourable conditions for
NF-«B activation and successive iNOS exptression.

Evidence in the literature indicates that during ageing nNOS activity gradually drops with
concomitant increase in iINOS expression in the brain. However, how nNOS activity may influ-
ence iINOS expression remains to be elucidated.

This review points out the possible functional link between age-dependent decrease in nNOS
activity and increase in iNOS expression in the brain. Evidence for the possible scenario that
often underestimated continuous infections to the brain, one of the hallmarks of ageing, may
trigger apparently spontaneous iNOS expression is presented. Future treatment of aged people
based on this scenario is also described.

1. INTRODUCTION

It was only two decades ago that a honour to be a part of biologically active molecule was des-
ignated to nitric oxide (NO), a small free radical molecule, which, until that time, was only con-
sidered to be one of the principal components of polluted air. Thereafter, however, an increasing
body of literature evidence has made NO as one of the most popular stars in the world of living
organisms. The first discovery that NO was either a new retrograde neurotransmitter or the
endothelium-derived relaxing factor (EDRF), the nature of which was remained for a long time
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a mystery, was per se of a tremendous impact. Successive evidence that NO was implicated in a
number of important physiopathological events, not only in animals but also in plants, points out
that the role played by this small molecule is so fundamental that it is believed that its shadow
may be visible in any biochemical pathway one studies.

One of the most critical aspect of the current health condition in the highly industrialised
nations is the presence of different pathologies connected strictly to elevated age. Since the brain
is one of the organs severely damaged during ageing, there have been numerous reports describ-
ing the possible implications of NO in the age-related disorders in the brain. However, either due
to the different experimental models examined (different animal species, different regions in the
same animals, and so on) or due to the complex biochemical pathways in which NO is involved,
a clear-cut role of NO in age-related disorders in the brain has not been so far elucidated.

Recently, we reported a new vision on the physiopathological action of NO, pointing out
the complicated network that involves NO molecule coming from different origins inside cells.
Accordingly, in the present review, we revisit a number of previous apparently controversial
results in order to try to draw a reconciling (re)view on the role of NO played in the course of
brain ageing.

2. NITRIC OXIDE

NO, a gas in the body, is principally generated by NO synthase [1]. It freely passes through cell
membranes, thus acting not only in the cell where it is synthesised but also in neighbouring
cells. Half-life of this free radical in the living cells is estimated to be less than few seconds,
due principally to its reaction with compounds such as superoxide, metal ions and heme- or free
sulfhydril-containing compounds. Its reactivity with these compounds, together with its time/
spatial-dependent concentrations, determine the physiopathological action of NO. At nanomolar
concentrations, one of the most important targets is the soluble guanylate cyclase (sGC). Activa-
tion of sGC rapidly induces the increase in the intracellular amounts of cGMP which, in virtue of
the site of its synthesis, mediates either vasodilation or neurotransmission. At micromolar con-
centrations, one of the main compounds reacting with NO is superoxide (O,"). Although, under
normal conditions, a small amounts of O, is always present, its amount increases drastically
under conditions in which NO is also massively synthesised. Peroxynitrites (ONOQO"), a product
of the reaction between NO and O, are believed to be responsible in almost all NO-elicited
deleterious events during inﬂammatbry processes.

3. NO SYNTHASE

NO synthase (NOS) catalyses the oxygen depending reaction during which L-arginine is con-
verted into L-citrulline and NO [1]. Molecular cloning and sequencing analyses revealed the
existence of at least three major types of NOS isoforms, which require FAD, NADPH, and
tetrahydrobiopterine as cofactors. Both neuronal NOS (nNOS or NOS-I) and endothelial NOS
(eNOS or NOS-III) are Ca?*/calmodulin-dependent enzymes and are costitutively expressed in
restricted cell types [2]. The third enzyme is an inducible Ca*-independent isoform (iNOS or
NOS-II), which is expressed in a variety of cell types in response to lipopolysaccarides (LPS),
interferon-y (IFN-y) and pro-inflammatory cytokines, such as tumour necrosis factor-o. (TNF-
o) and interleukin 1-B (IL1-B) [3]. Human brain expresses all three isoforms of NOS. NOS-I is
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widely expressed in the brain with highest levels present in the substantia innominata, cerebellar
cortex and nucleus accumbens [4], being generally present only in the distinct group of neurones
as well as in astrocytes. It seems to be involved in intracellular signal transduction, in the main-
tenance of cellular homeostasis and in particular events including regulation of cell metabolism,
growth and differentiation, modulation of the reactivity of cells to external noxious stimuli,
phasic activity-associated hormone release in neurones located in hypotalamus and regulation
of thermic adjustment of body, and finally, memory process in diencephalic neurones. NOS-III,
quantitatively compared to NOS-I, seems to be poorly represented in central nervous system,
especially in spinal cord, where a minimal vascularisation exists. It is mainly expressed in
endothelial cells as well as astrocytes and some neuronal cells. Under inflammatory processes,
microglia and astrocytes express NOS-II. Infiltrated macrophages and other inflammatory cells
such as neutrophils also express NOS-II in the brain.

4. HOMEOSTASIS OF NO SYSTEM

NO plays major roles in regulating vascular tone, neurotransmission, killing of microorgan-
isms and tumour cells [5). As already underlined, physiological low amounts of NO (subna-
nomolar concentrations) produced by NOS-I and NOS-III are mainly involved in the first two
events. Whereas, high concentrations of NO (micromolar concentrations) produced transiently
and locally by NOS-II exert its toxic action against invading cells (microbes, virus, parasites
and tumour cells). A lot of evidence also indicates that elevate NO levels play an important
role in the pathogenesis of several chronic disorders and inflammatory processes. High NO
levels can also be achieved by hyper-activation of NOS-I, being involved in disorders such as
ischemia/reperfusion injury and glutamatergic neurodegenerative processes in the central nerv-
ous system.

The body carefully controls the expression of NOS-II through a number of endogenous and
exogenous molecules in order to efficiently eliminate invading cells without or with minimal
damages to the host tissues. These compounds act either as inducers of the expression of NOS-II
mRNA (e.g., LPS, IFN-y, TNF-o and TL-1[3), or as suppressors like corticosteroids, estrogens,
transforming growth factor-p (TGFp), interleukin-4 (I1.-4), interleukin-8 (IL.-8), interleukin-10
(IL-10), calcium ionophores and glutamate. Due to the temporally and spatially co-ordinated
action among these molecules, the correct NOS-II expression is normally achieved during
inflammation [6].

That physiological NO may be a regulator of inducible NOS expression (Figure 1) has been
recently indicated also in in vivo models: NOS-II superinduction has been observed in the heart
of NOS-III-KO mice in an ischemia/reperfusion model [10] and a spontaneous activation of
NF-xB occurred in the heart of rats treated for a long time with L-NAME, a strong inhibitor of
NOS activity [11].

5. ROLE OF NO IN THE BRAIN

As elsewhere, the multiple role of NO in the brain depends on cell types and on the functional
district involved. The central nervous system can grossly be divided in a philogenetically new
part, the cortex and the basal ganglia and a philogenetically old part, the diencephalon and the
forebrain. All these parts are composed by the same cell types: neurones, glial cells (i.e. astro-
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Figure 1. Putative involvement of NO homeostasis in brain ageing.

(A) In the brain of young and adult persons, cNOS normally produces tonic amounts of NO, enough in keeping sup-
pressed an accidental activation of NF-xB and successive iNOS expression (6). Only when high amounts of LPS/
cytokines are circulating in the brain, especially at the early phase of inflammation, iNOS expression is temporarily
induced. Entire system of NO (6) is depicted by a sword, counteracting efficiently insults by microbe/ virus or other
stimuli.

(B) In the brain of aged persons, down-regulation of constitutive NOSs may take place, accounting for the gradual loss of
NO. This situation may favour triggering the apparently spontaneous iNOS expression, leading to massive NO produc-
tion. Toxic effect of NO may begin to prevail. Unsuccessful tentative to counteract microbe/virus insult is depicted by a
rudimental tool in the hand of aged person.

(C) Successive ageing may reconcile with avoiding or overcoming the potentially harmful situation. A hopeful fan in the
hand of a person with sucessful ageing depicts this situation.

Small obejcts flying around persons represent various type of insult.

This vision of the role played by NO homeostasis in the brain ageing leads to the hypothesis on the presence of putative
check point (indicated with X) at which down-regulation of constitutive NOSs might begin to take place. Any treatment
aimed to prevent it should be promising in counteracting continuous stimuli triggering iNOS expression, a hallmark of

ageing. Further elucidation is needed to elucidate the brain NO homeostasis in successful ageing.

cytes, oligodendrocytes and microglia) and endothelial cells. The different connections between
neurones represent the key element of the function of the different parts of central nervous
system. Neurones require high oxygen supply and, therefore, their function is dependent on
functional state of cerebral blood supply. The more functional activation is needed by a group of
neurones, the more oxygen is required by a massive and selective loco-regional vasodilatation.
NO produced by NOS-I in the distinct type of cells (e.g., glutamatergic neurones) may exert
concentration-dependent effect. Normally, it reacts with heme of soluble guanylate cyclase
present in both NO-producing neurones and neighbouring ones. Upon activation of this enzyme,
arapid and transient increase in the intracellular amounts of cGMP occurs. This triggers the for-
mation of potential action in the neurones due to cGMP-dependent depolarisation of the mem-
brane. Thus, NO, being a gas, may act as non-directional or retrograde neurotransmitter, making
NO an unique neurotransmitter different from all known neurotransmitters, the action of which
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is strictly directional (from post-synapsis to pre-synapsis). Neurotransmitters such as acetylcho-
line and glutamate, mediated by the rapid and transient increase in intracellular Ca* levels, may
exert their effect also acting as up-regulator of NO. The role played by NO produced by NOS-I
in astrocytes has poorly been elucidated. One of its putative role should be the regulation of the
transcriptional induction of NOS-II expression in these cells. At micromolar concentrations, it
may exert, as elsewhere, deleterious effect to the restricted regions of brain tissues. Neurotoxic
effects exerted by elevated concentrations of compounds such as glutamate and kainate are cur-
rently believed to be mainly mediated by massive amounts of NO, produced by Ca*-induced
hyper-activation of NOS-I.

Release of NO from cerebral vascular endothelial cells appears to play an important role in
controlling cerebral vascular tone and circulation in health and disease. [12]. Indeed, NOS-III-
derived NO diffuses towards the lumen of blood vessels, thus inhibiting platelet and leukocyte
adhesion to the endothelium, a process that may down-regulate pro-inflammatory events. In
humans, NO has been shown also to maintain blood fluidity and reduce blood viscosity, thus
improving flow [13]. Literature evidence indicates that NOS-III is responsible for the production
of a low, basal level of NO, which may exert functionally significant constraints on cell shape.
The result of this phenomenon is that NO keeps endothelia stationary and maintains their shape
and activation state in the microvasculature and that an absence of basal NO results in cell shape
distortions [13].

Inflammatory processes are generally characterised by transient and local production of
massive amounts of NO, following the expression of NOS-II at the early phase of inflamma-
tion. Here again, as in other tissues, principal goal of NO in the brain may be the elimination
of invaded cells, although less-coordinated or badly regulated expression of NOS-II may elicit
damages to the brain tissues.

6. AGEING-RELATED CHANGES IN THE NO PRODUCTION

The possible implications of NOS in the brain during ageing was first described in 1993 [14],
showing the decreased NO production in aged-rat brain. Thereafter, there have been contro-
versial observations regarding the ageing-related changes in the production of NO, making it
difficult to draw a clear vision on the role played by NO in the brain ageing. In this context,
difficulty of direct estimation of endogenous NO levels has been critical. Furthermore, meas-
urements either of the catalytic activity or expression level of NO synthases do not necessarily
reflect endogenous production of NO. Difference in animal models and in regions of the same
animal species studied by each group add further confusions to understanding the comprehen-
sive role played by NO. We attempt to resolve this problem below, focusing the attention to the
putative age-correlated change in the cross-talk between NOS-I/IIT and NOS-II, mediated by the
amounts of NO.

In spite of the technical difficulty in assessing the low amounts of NO in animals, there are
considerable reports indicating the change in the constitutive NO synthase-derived NO produc-
tion during brain ageing. Accordingly, independent of animal species, brain ageing seems to
be associated with the general decrease in the amounts of NO produced by constitutive NOS.
Indeed, not only the first description of the possible implication of NO in aged-brain [14], but
also many other works reported the data indicating the age-dependent decrease in the concentra-
tions of constitutive NOS-derived NO [15]. Evidence indicating the increase in NO production
was also reported both in the cerebrospinal fluid of aged individuals [16].
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Though apparently controversial, many data in the literature show also an ageing-dependent
enhancement in the production of NO in the brain mainly due to spontaneous expression of
NOS-II. Accordingly, brain ageing seems to be associated, on the one hand, to the decrease in
NO production by NOS-I/NOS-III and, on the other, to the increase in the amounts of NO due to
spontaneously induced NOS-II. In the following chapters, the possible role played by different
isoform of NO synthase in regulating age-dependent changes in the brain NO production will
be discussed.

7. ENDOTHELIAL NOS IN THE BRAIN DURING AGEING

Current view on the putative role played by NOS-III in brain ageing is that this enzyme may cru-
cially be involved in impaired endothelium-dependent vasodilation, which is strictly correlated
to ageing. Accordingly, down-regulation of the activity and/or expression of NOS-III seems to
play deleterious role during ageing.

A number of authors have associated, at least in part, the vascular disease with a decrease
in NOS-III-derived NO production. In this respect, vasculopathic evolution may manifest very
slowly, due either to a limited short-term presence of NO or to NO from NOS-I, which may
partly compensate the limited basal NO [13].

Thus, many measures providing protection from ischemic stroke such as arginine, estrogens
replacement, statin drugs, green tea, polyphenols may probably reflect increased activity and/or
expression of NOS-III [17]. Although only few notions are available on the role played by NOS-
Il in astrocytes, its involvement in regulating NOS-II expression seems to be highly reasonable.
Although molecular mechanism of age-dependent down-regulation of NOS-III needs further
elucidation, phosphorylation of the enzyme is believed to be profoundly involved in this proc-
ess.

8. NEURONAL NO SYNTHASE IN THE BRAIN DURING AGEING

Previous reports described both down- and up-regulation of this enzyme during the ageing proc-
ess in the brain. In human brain, decreased neuronal NO synthase was observed during ageing.
Consistently, a number of groups reported that in different regions of rat or mice brain, down-
regulation of either catalytic activity or expression of NOS-I occurred [18-25], although, in
some regions, the decline of NOS-I amounts was not always observed. A significant decline in
NADPH-diaphorase-positive neuronal density, size or activity observed in the striatum between
12 to 26 month, or in the axons and axon terminals in old rats, respectively, may be in line with
these notions [26, 27]. Furthermore, loss of neuronal NOS in neurones was observed in the aged
rat cerebral cortex [28]. All these notions lead to the assumption that the brain ageing may be
characterised by the decline in the amounts of NO produced by NOS-I. Astrocyte NOS-I is also
believed to be directly involved, at the early phase of inflammation, in the induction of NOS-II
gene [6].

However, some groups observed the opposite trend. A remarkable up-regulation of NOS-I
expression or activity was reported in the hippocampus, cortex, forebrain and other regions of
the brain of aged rats [29-31], respectively. In line with this, the kinetics of NOS-I activity was
supposed to be altered during maturation toward the increase in the capacity for NO synthesis
[32].
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In summary, although literature evidence seems to favour the general notion that NOS-I may
be down-regulated in the brain during ageing, further studies are needed to elucidate the timely
and regional change in the NOS-I-derived production of NO. The molecular mechanism of the
age-dependent modulation of NOS-I, including phosphorylation of the enzyme, awaits further
elucidation.

9. INDUCIBLE NO SYNTHASE IN THE BRAIN DURING AGEING

Findings indicate almost unanimously the increase in the expression of NOS-II mRNA in the
different regions of the brain of different animal species during the process of ageing. In human,
age-dependent increase in the production of NOS-II-derived NO was supposed by measuring
3-nitrotyrsine/tyrosine in the cerebrospinal fluid [33]. In other animal models, age-dependent
increase in NO production, activity and expression of the enzyme was largely observed in differ-
ent regions of the aged-brain [24,26,34-41].

Briefly, an increase of NOS-II expression has been demonstrated in diencephalum, in cerebral
cortex, and in the cerebellum hemispheres. In hypotalamus, pituitary gland and hyppocampus
(being parts of diencephalum) NOS-II hyper-expression would produce respectively an altera-
tion of physiological process regulating the thermic homeostatic adjustments, hormonal secre-
tion [42] and memory [21, 34]. In the cerebral and cerebellar cortex the above cited metabolic
changes would produce a progressive degeneration of neurones and a consequent reduction of
neural network responsible of superior neurological functions. Degenerative death would more
evident in NOS-I expressing neurones [28,43,44]. Interestingly, in all above-mentioned regions
NOS-II expression is inversely associated with NOS-I/IIT activity.

In clear contrast to the expression of NOS-II mRNA in the young and adult animals includ-
ing human, which exclusively occurs under acute inflammatory conditions, in aged animals and
human it seems to spontaneously be induced in the course of ageing. Since, infections may fre-
quently but silently attack aged individuals, the spontaneous expression of NOS-II could only be
circumstantial, since it could be triggered by continuously circulating immune cytokines, such
as IFN-y and TNF-a. In this scenario, frequently observed down-regulation of both NOS-I and
NOS-III (see chapter 4) may play, especially at the early phase of ageing, a pivotal role in the
induction of NOS-II gene. Since enzymatic activity of NOS-I/NOS-III could be down-regulated
by cytokines such as IFN-y, TNF-o and IL1-B, age-correlated gradual decline in these enzyme
could be sustained by gradually increasing amounts of these compounds. A drop in the amounts
of NO, at least partly, may create favourable conditions for the apparently spontaneous expres-
sion of NOS-IL in the brain. Increased synthesis of reactive nitrogen species due to mitochondrial
oxidative stress could widely be implicated in this process [45].

As already mentioned, NOS-II, once expressed, usually produces locally and temporally a
massive amounts of NO. Although NO, in this case, plays as a double-edged sword acting both
beneficially and detrimentally to the body, in the young and adult individuals mechanism to
minimise the damages usually prevails. This mainly is due to the intervention of compounds
acting as suppressors of inducible NO synthase expression (see chapter 4). However, in the brain
of aged-individuals, this mechanism may not work at all or work with less efficiency. Sponta-
neous production of NO in the brain, on the one hand, may be the tentative to defend against
infections but, on the other hand, may become deleterious to the tissue integrity. In this respect,
it is interesting to note that there are a number of observations indicating the possible effort of
these regions of aged individuals in counteracting the decline in the NO production by neuronal
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NOS-1[16,29,30,43].

10.

CONCLUDING REMARK

Current view on the role of NO in brain ageing is that age-correlated spontaneous production
of NO mainly synthesised by inducible NO synthase not only in the cortex and hippocampus
but also in all other regions of the brain plays a deleterious role (Figure [). Many experimental
evidences point out, furthermore, the possible, crucial importance of NOS-I/III especially during
the early phase of ageing process. Down-regulation of the spontaneous induction of inducible
NO synthase expression seems to be a promising intervention against NO-elicited aged-brain
damages. In this context, timely and spatially controlled up-modulation of NOS-I/III may pro-
vide a new strategy in counteracting the spontaneous production of massive amounts of NO.
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ABSTRACT

Chapter II to IV of this book demonstrated specific aspects of ageing within the different super-
systems, the immune system, the endocrine system, and the nervous system. In these preceding
chapters, experts demonstrated how a certain part of a supersystem is altered during ageing.
However the link between age-dependent changes of one supersystem and age-dependent
changes of another supersystem has not been demonstrated yet. In this respect, chapter V gives
four different examples as to how ageing of one supersystem affects ageing of another super-
system. I demonstrate how loss of the adrenal hormone dehydroepiandrosierone may affect the
age-related increase of the proinflammatory cytokine IL-6. E. Mocchegiani and colleagues dem-
onstrate how loss of zinc during the ageing process modulates function of important thymus—
protecting hormones such as melatonin, growth hormone, and thyroid hormones. K. Dinkel
and R.M. Sapolsky demonstrate how age-dependent increase of endogenous glucocorticoids
can affect brain function. M. Peterlik outlines how loss of growth hormone, sex steroids, and
Vitamin D influence osteogenesis, thus, contributing to age-related osteoporosis. Many more
examples of such interrelations between different supersystems exist, however, demonstration
of which would go beyond the scope of this book.

1. AGEING OF ONE PART OF A GLOBAL SYSTEM INVOLVES ANOTHER PART
OF ANOTHER GLOBAL SYSTEM

1.1.  DHEA and IL-6

Serum concentration of IL-6 significantly increases with age [1-6]. It may be that the decline
of testosterone [7], estrogens [8] and DHEA [5] will lead to an increase of serum IL-6 during
ageing. Indeed, there is some experimental and epidemiological evidence that the decline of
DHEA is directly associated with the increase of IL-6: A) Daynes et al. demonstrated in mice
that administration of DHEA sulfate, which is converted into the active DHEA by a sulfatase,
inhibits spontaneous IL-6 secretion in ageing mice [9]; B) In human subjects, IL-6 secretion
increases during ageing and serum levels of IL-6 are inversely correlated to serum levels of
DHEA [5]; C) DHEA inhibits IL-6 secretion from human and mouse mononuclear cells [5, 10].
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Whether this is a direct effect of DHEA due to activation of the peroxisome proliferator activator
receptor alpha and inhibition of NF-kappaB [11] or an indirect effect via downstream androgens
or estrogens [12] remains to be investigated.

In another investigation of healthy subjects [13], we found significantly lower serum levels
of cortisol in relation to plasma adrenocorticotropic hormone (ACTH) with age only in women
[13]. In a multiple linear regression analysis with this particular ratio as the dependent variable,
the independent variables 17-estradiol and IL-6 serum levels were the significant factors in the
model [13] Serum levels of TNF did not influence the model. This may indicate that increasing
serum levels of IL-6 together with decreasing serum concentrations of 17B-estradiol are respon-
sible for the decrease of serum cortisol in relation to plasma ACTH in women. Thus, a situation
may appear where aged women are more prone to inflammatory diseases. Since IL-6 plays an
important role in many age-related diseases, its increase is of outstanding importance for the
ageing body. This is an example for the interaction of two global systems during the ageing proc-
ess — the adrenal glands and the immune system.

1.2.  Zinc, hormones and thymic function

E. Mocchegiani demonstrates how age-dependent loss of zinc may well influence the function
of important hormones. He uses the examples of growth hormone and IGF-I, thyroxine and trii-
odothyronine, and melatonin which all have thymus — protecting effects. He presents evidence
that loss of zinc leads to deterioration of hormone function which finally leads to thymic changes
typical for aged subjects.

1.3.  Glucocorticoids and brain function

K. Dinkel and R.M. Sapolsky demonstrate that the relative increase of glucocorticoids in rela-
tion to other adrenal hormones leads to deterioration of brain function. Their specific focus is
on memory problems, changes of neurogenesis, and loss of hippocampal neurons. They provide
evidence that increasing glucocorticoid serum levels and exaggerated glucocorticoid responses
during stressful situations may well lead to an age-dependent increase of brain dysfunction.

1.4 Hormone loss and osteoporosis

In the final contribution within chapter V, M. Peterlik links the decrease of important hormones
to a typical age-related problem, osteoporosis. He demonstrates that an age-dependent increase
of central leptin and NPY may lead to an unfavourable influence on bone formation. In addition,
loss of growth hormone together with IGF-I and decrease of sex hormones are clearly linked to
increased risk of osteoporosis. This is accompanied by a loss of vitamin D in the serum which is
an additional unfavourable factor for osteoporosis.

2. CONCLUSIONS

All these examples demonstrate that age — dependent deterioration of one supersystem can affect
another supersystem far away from the primary site of age-related loss of function. Thus, under-
standing the many interactions between different neuroendocrine immune pathways will also
lead to a better understanding of the ageing process.
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ABSTRACT

Thymic re-growth and reactivation of thymic functions may be achieved in old animals by dif-
ferent endocrinological or nutritional manipulations such as, (a) treatment with melatonin, (b)
implantation of a growth hormone (GH) secreting tumour cell line (GH3 cells) or treatment
with exogenous GH, (c) castration or treatment with exogenous luteinizing hormone-releasing
hormone [LHRH], (d) treatment with exogenous thyroxin or triiodothyronine, and (e) nutritional
interventions such as arginine or zinc supplementation. These data strongly suggest that thymic
involution is a phenomenon secondary to age-related alterations in neuroendocrine-thymus
interactions and that it is the disruption of these interactions in old age that is responsible for
age-associated immune-neuroendocrine dysfunctions. The mechanisms involved in hormone-
induced thymic reconstitution may be direct or indirect involving hormone receptors, cytokines
and a trace element such as zinc, which is pivotal for the efficiency of neuroendocrine-immune
network during the life-span of an organism. The effect of GH, thyroid hormones, and LHRH
are due to specific hormone receptors on thymocytes and on thymic epithelial cells (TECs),
which synthesize thymic peptides. Melatonin may also act through specific receptors on T-cells.
In this context, the role of zinc, whose turnover is reduced in old age, is fundamental because
of its involvement in zinc finger proteins that regulate gene expression for hormone receptors.
However, the effects of zinc are multifaceted: it spans from the reactivation of zinc-dependent
enzymes, to cell proliferation and apoptosis, to cytokines expression and to the reactivation of
thymulin, which is a zinc-dependent thymic hormone required for intrathymic T-cell differen-
tiation and maturation as well as for the homing of stem cells into the thymus. Therefore, the
role of zinc is crucial in neuroendocrine-thymus interactions. According to current experimental
data in animals and humans, the endocrinological manipulations for the maintenance of thymus
function [e.g. by GH, thyroid hormones or melatonin] act via the zinc pool in restoring thymic
activity and improving adaptive immunocompetence in ageing.

1. INTRODUCTION

A large body of experimental evidence supports the existence of numerous interactions among
the nervous, endocrine, and immune systems. These systems use similar ligands and receptors
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to establish a physiologic intra- and intersystem communication circuitry that plays an important
role in homeostasis. The communications among these networks are mediated by hormones,
neurotransmitters, and immune-derived cytokines, which are to a large extent shared by different
homeostatic systems. Hormones and neurotransmitters, in addition to regulating various target
tissues in the body, also reach lymphoid organs and cells through the circulation or directly
through the autonomic nervous system (ANS) connections between the nervous tissue and the
organs of the lymphoid system itself [1]. The neuroendocrine-immune interactions supported
by circulating humoral mediators are mainly due to, and mediated by, the hypothalamus-pitui-
tary- (HP) axis, which influences the immune system either by releasing various hormones and
neuropeptides into the blood with direct modulator action on the immune effectors or by regulat-
ing the hormonal secretion of peripheral endocrine glands, which also exert immunomodulating
actions [2]. In addition, neuroendocrine-immune interactions are based upon direct neuroim-
mune connections [3]. Anatomical studies have shown that the nerve endings of the sympathetic
and the parasympathetic systems innervate various organs of the immune system such as thymus,
spleen, bone marrow, and lymph nodes. Furthermore, ANS-related neurosubstances such as sub-
stance P, substance Y, vasoactive-intestinal peptide (VIP)], somatostatin, neurotensin, oxytocin,
and vasopressin have been immunocytochemically identified in lymphoid organs [4].

The existence of signals generated within the immune system, capable of modulating various
nervous-neuroendocrine functions, has been originally suggested by the alterations that can be
induced in the neuroendocrine balance either by removal of relevant lymphoid organs, such as
the thymus [5] or by the functioning of the immune system itself, such as reactions to immuno-
genic or tolerogenic doses of antigen [6]. The discovery that the majority of such effects could
be mimicked by various immune-derived factors (e.g., thymic peptides and cytokines) has given
support to those findings [7].

It has been found that lymphoid and accessory cells may, in given circumstances, and par-
ticularly following antigenic stimulation, synthesize and secrete neurohormonal factors, such as
adrenocorticotropin (ACTH), growth hormone (GH), thyrotropin (TSH), prolactin (PRL), gona-
dotropins and beta-endorphin, which are likely to have an autocrine effect, as well as contribute
to the neuroendocrine balance. This discovery has expanded on the number of humoral signals
shared by the immune and the neuroendocrine systems [2,8].

Hormones, neurotransmitters, and cytokines may exert developmental actions related to the
structural and functional organization of target organs or cells and play roles in the actual per-
formance of mature cells, such as those required to counteract stressful conditions and antigenic
insults. The factors involved in neuroendocrine-immune interactions are also responsible for
developmental steps. We should, therefore, clearly distinguish them from central and peripheral
effects taking also into account the complex autocrine and paracrine influences among vari-
ous hormones, neurotransmitters and cytokines in the maintenance of neuroendocrine-immune
pathway (Figure 1). The stimuli required may obviously differ, both quantitatively and qualita-
tively, according to the functional demands placed on the organism. In any case, the response to
antigenic insults or stressful agents is closely dependent on the age of the organism, because the
complex neuroendocrine-immune pathway must be “plastic” for its efficiency. In other words,
the variations of the neuroendocrine-immune performances during the circadian cycle are piv-
otal in conferring the response to antigenic stimuli [9]. Such variations occur in young-adult
age, but not in old age. As such, old individuals are “low responders” to stressor agents with the
subsequent appearance of age-related degenerative diseases [9].

These considerations suggest two levels of neuroendocrine-immune interrelationships. The
first is at central level, based on interactions between the neuroendocrine system and the thymus
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Figure 1. Schematic representation of immune-neuroendocrine pathway.

The first level is the central level, which consists of the interactions of the neuroendocrine system and the thymus. The
second level of interaction is at the periphery via neuroendocrine signals, hormones and cytokines, which are secreted
by immune cells during specific reactions to various antigens. Cytokines assume the role of feedback towards the central
level (e.g. the thymus and the hypothalamus-pituitary axis). Zinc is involved both at central and peripheral levels of
immune-neuroendocrine interactions. Please see the text for more details.

(Figure 1), a gland that induces proliferation and differentiation of stem cells into mature T-lym-
phocytes. Such interactions should take into account the fact that the thymus synthesizes and
secretes various hormone-like peptides as well as cytokines, which regulate T cell growth and
differentiation in this organ [10]. The second level of interaction is at the periphery (Figure 1),
via the neuroendocrine signals, humoral products and cytokines, which are secreted by immune
cells during specific reactions to various antigens. These in turn, provide feedback signals
towards the central organs (e.g. the thymus and the HPA axis) (ThHP axis) (Figure 1) [2,6,8].

In any case, it is necessary to distinguish two sublevels both at central and peripheral levels
because the periphery is closely associated with the presence of antigens and the CNS is affected
by psychochemical stressful agents.
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IMMUNE-NEUROENDOCRINE PATHWAY IN PERMANENT STRESS
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Figure 2. Schematic representation of immune neuroendocring interactions in permanent stress-like conditions, such as
in ageing.

Abnormal production of pro-inflammatory cytokines (IL-1, IL-6 and TNF-alpha) leads to an altered hormonal cascade
from the hypothalamus to the peripheral glands. Concomitantly, permanent stress provokes low zinc ion bioavailability
for thymic and peripheral immune function This altered immune neuroendocrine interaction in permanent stress leads to

immunodeficiency and to the subsequent appearance of age-related diseases.

The rationale for discriminating these two sublevels is based on various parameters. The first
sublevel of interactions primarily involves maturation steps of both the immune and neuroendo-
crine systems, which occur in the absence of pathological events and independently of antigenic
stimulation (i.e., under germ-free-conditions). This sublevel of interaction can be considered as
“strategic” circuit. The second sublevel of interaction requires the presence of fully differenti-
ated immune cells and the occurrence of a specific antigenic or stress-mediated hormonal stimu-
lus. The main role played by these interactions appears to be a return to the normal, homeostatic
condition of the neuroendocrine and immune systems following a sudden alteration caused by a
stressful cognitive or non-cognitive event [8]. This is, a “tactical” or “emergency” circuit. This
latter occurs in the presence of transient stimuli, but it is peculiar to ageing where the stress-like
condition is permanent. Indeed, during ageing the “tactical” circuit is under continuous stimu-
lation by antigens or stressor agents leading to an imbalance at both levels of interaction with
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final results of altered or diminished functions of the immune-neuroendocrine pathway and sub-
sequent risk of the appearance of age-related pathological conditions (Figure 2) [9]. However,
the role of these two sublevels of interactions may be different and closely related to the target
and to the kinetics of immune and hormonal mediators. In other words, a “long wave” action
for the first level may be suggested due by long-acting fluctuations of neurohormonal or thymic
peptide turnover; while “short wave” action for the second level due to humoral mediators with
short-term effects. [1].

In this context, nutritional factors play a key role because they are involved in various
steps of neuroendocrine-immune interactions both at central and peripheral levels. They also
play a role in transient stress or in permanent stress like-conditions. One of the most relevant
nutritional factors is zinc, a trace element, i.e., which has an influence either directly or indirectly
via zinc-finger motifs on the biological activity to neurohormones, cytokines, thymic hormones
and on T-cell proliferation and maturation [11,12] (Figure 1).

The present article aims to summarize the data outlining the hormonal and nutritional
factors that modulate the strategic circuit of the adaptive immune system under physiological
conditions, during ontogeny and during ageing. In addition, we describe the role of low zinc
ion bioavailability during ageing and its influence on the neuroendocrine and immune systems.
(Figure 2).

2. NEUROENDOCRINE-THYMUS INTERACTIONS: THE STRATEGIC CIRCUIT IN
ONTOGENY

The strategic circuit of the neuroendocrine-immune interactions includes central lymphoid
organs, in which the thymus gland is prominent, and the production and release of various
cytokines produced by the thymus itself and peripheral mature T-cells with mechanisms of
feedback to the HP axis and to T-cells themselves. In turn, HP axis affects thymus function
through the production and release of hormones, releasing hormonal factors and neuropeptides.
This complex regulatory cycle between the neuroendocrine and immune systems appears (0 be
indispensable for many homeostatic mechanisms during ontogeny [2].

Such a cycle is multifaceted and includes various aspects: from intrathymic T-cell differentia-
tion and maturation, to cytokine production and, finally, the neuroendocrine influence on thymic
functions.

2.1, Intrathymic T-cell differentiation and maturation

In the thymus bone marrow-derived T cell precursors undergo a complex process of maturation,
eventually leading to migration of positively selected thymus-derived (T) lymphocyte depend-
ent areas of peripheral lymphoid organs like spleen, lymph nodes, Payer’s patches and tonsils
[13]. Therefore, the thymus is involved in the differentiation and maturation of T-cells with
effector (cytotoxic) and regulatory (helper/suppressor) activities. Amongst other effects, this dif-
ferentiation involves regulation of membrane protein expression. A key cell membrane protein
is the T cell antigen receptor (TCR) that is physiologically coupled with a membrane bound
molecular complex, termed CD3. Additional accessory molecules, including CD4 and CDS, as
well as CD25 and the proteoglycan, CDA44, all of which are pivotal to defining various stages
of intrathymic T cell differentiation and maturation. The TCR is a heterodimer formed by an
o/B- or a ¥/8- chains. y3* thymocytes appear in the early stage of differentiation. By contrast, in
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adult thymus, , 99% of TCR* thymocytes express TCRof and only 1% express TCRYST [14].
With regard to accessory molecules, in the first steps of differentiation immature thymocytes are
CD3-CD4CD8CD25CD44*, which become subsequently CD25*CD44*. During maturation,
the thymocytes lose CD25 and CD44 and become CD4*CD8*, the so-called double-positive
thymocytes. These cells comprise 80% of total thymocytes and express the rearranged TCRof,
which in turn reacts with peptides presented by MHC molecules on the surface of thymic antigen
presenting (APC) cells. This interaction is fundamental to positive and negative selection events
that are crucial for thymocytes differentiation and maturation. The positive selection leads to
mature CD4* or CD8* single positive thymocytes, which are long-lived. These represent about
15% of thymocytes, express TCR/CD3 complex and they leave the thymus for the periphery.
Negative selection involves the deletion of T cells that might potentially be autoreactive to self-
proteins and self-tolerance is established this way in the T-cell repertoire. Negatively selected
cells die by apoptosis [14,15].

The interaction between the TCR/CD3 complex and of class I or class I MHC products on
the membranes of thymic APC in the context of CD8 or CD4 accessory molecules respectively,
is fundamental for positive vs. negative selection. Thymocytes with high avidity are negatively
selected and are deleted by apoptosis. This leads to the death of a large number of potentially
harmful autoreactive T-cells. By contrast, a small percent of thymocytes with intermediate avid-
ity for recognition of MHC-self peptides are rescued from death and the are positively selected
[15].

Thymic epithelial cells (TECs) are responsible for intrathymic T-cell differentiation and matu-
ration and for the subsequent positive selection. The negative selection is executed primarily
by dendritic cells (DCs), which derive from the haematopoietic-system, but also by TECs [13].
TECs communicate with each other and with thymocytes by gap junctions (formed by proteins
of connexin family) [16] and by ECM ligands, such as fibrinectin and lamin, and their corre-
sponding integrin receptors VLA-4/VLA-5 and VLA-6 [10]. TECs provide the stimulus for the
migration of mature thymocytes within the thymus as well as into the circulation through the
production of adhesion molecules (LFA-1, ICAM-1, LFA-3, CD2) [17]. In addition, both TECs
and DCs produce cytokines that affect thymocyte differentiation and proliferation which also
serve as immunotransmitters towards the HP axis [18] (Figure 1) (see below). This fact leads to
the notion that several paracrine/endocrine circuits involving TEC-derived factors are likely to
have differentiating thymocytes and the HP axis as targets. In addition to cytokines production,
TECs synthesize and secrete defined thymic hormones, including thymosin alpha-1, thymulin,
and thymopoitein that also act upon the general process of thymocytes maturation [19]. Immu-
nohistochemical studies using polyclonal and monoclonal antibodies have demonstrated the
presence of thymulin, thymosin alpha-1 and thymopoietin both in murine and human thymic
epithelial cells [2]. The role of the thymic peptides on intrathymic or extrathymic maturation of
T-cells is well defined as well as on the chemotactic attraction (homing) of stem cells from the
bone marrow into the thymus [20].

2.2.  Paracrine cycle of cytokines on thymic microenviromental cells

As cited above, thymic micro-environmental cells can influence thymocytes differentiation and
proliferation through soluble polypeptides (e.g. cytokines and chemokines). Both TECs and
DCs produce IL-1, which stimulates thymocyte proliferation. Actually, various cytokines are
produced by thymic epithelium, including IL-2, IL-3, IL-6, IL-7, IL-8, GM-CSF, TGF-beta, leu-
kaemia inhibitory factor (LIF), stem cell factor (SCF, also termed as c-kit ligand) and TNF-alpha
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[21]. The production and the release of all these cytokines into the thymic microenvironment
are of strong relevance because the task of some cytokines (e,g 1L-1, IL-2, IL-6) is to induce
proliferation, while others provoke inhibition (TFG-beta) or apoptosis (TNF-alpha) or homing
(GM-CSF). Therefore, the large number of cytokines produced by the thymus maintains a bal-
ance between thymocyte proliferation and inhibition. As such, the number of thymocytes does
not expand during ontogeny and thus assure a correct functionality of the thymus in T-cell dif-
ferentiation, maturation and proliferation. Such an assumption is supported, for instance, by the
fact that an over-expression of some cytokines (IL-6) with respect to others (TGF-beta) in young
IL-6 transgenic mice leads to abnormal thymic enlargement and thymic dysfunction [21].

IL-7 plays a peculiar role for thymocytes differentiation. IL-7 promotes the rearrangement of
TCR genes by enhancing both the production and activity of recombinases [22]. In conjunction,
IL-7-/-as well as IL-7 receptor-deficient mice display a severe reduction in lymphoid develop-
ment, whereas IL-7 transgene incorporation in nude mice induces T-cell development [23]. A
relevant discovery is the influence of 1L-7 in growth and differentiation of thymic y8T cells, as
shown in IL-77/" mice. This fact is peculiar during ontogeny when Y3T cells are abundant in the
thymus because of their requirement in TCR rearrangement and, subsequently, in thymocyte
positive selection [24].

In addition to classical cytokines, chemokines are also present in the thymic microenviron-
ment and are important in thymus physiology. Chemokines correspond to a family of small
polypeptide molecules that control directional migration of leukocytes [25]. In this context, one
chemokine should be noted, stromal cell-derived factor (SDF),which is produced by thymic
stromal cells that attract preferentially immature CD4-CD8- and CD4*CDS§* thymocytes.
Conversely, another chemokine, MIP3beta, exerts chemoattraction for mature single positive
thymocytes [25]. This is in keeping with the different expression of corresponding chemokine
receptors in distinct CD4/CD8-defined stages of thymocyte differentiation.

All these findings clearly demonstrate the existence of paracrine cycles among cytokines and
chemokines that are produced by TECs and thymocytes. In this context, a relevant question
arises: do autocrine cycles also exist? In other words, do cytokines produced by TECs affect
TECs? Cytokines receptors do not seem to exist on TECs, except for IL-7 and IL-2 (CD25) [26].
However, an intriguing point in this respect is TEC-thymocytes connection by connexin 43 (gap
junction), which might substitute for autocrine regulation [10]. Therefore, cytokines may affect
TEC proliferation and efficiency through gap junctions, which amounts to the presence of auto-
crine cycles. These points remain to be clarified by further investigations.

2.3.  Cytokines as immunotransmitters towards the HP axis

The most likely messengers from the immune system to the nervous system are the cytokines,
which, in addition to affecting intrathymic T-cell development and peripheral immune function,
serve also as feedback regulators of the HP axis [18]. Therefore, the cytokines produced within
the thymus may affect the central and peripheral nervous systems [10]. In this case, cytokines
produced by TECs are called immunotransmitters.

A large number of cytokines has been identified. Those currently known to have the most
relevance for the nervous system are IL-1, IL-2, IL-6, TNF-o and IFN-y with different role of
stimulus or inhibition on hormones and neuropeptides derived from HP axis (Table I). IL-1 acts
at hypothalamic, pituitary and adrenal levels, and affect, respectively, corticotropin-releasing
factor (CRF), adrenocorticotropin (ACTH) and cortisol production [6]. At the pituitary level, the
old literature reports no effects of IL-1 on pituitary hormones releases [27]. There is however
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Table 1 The effect of cytokines upon hypothalamus-pituitary hormones.

Cytokines of TECs ACTH GH PRL MEL FSH LH LHRH TSH CRH
11-1 + + - + + + + + +
IL-2 + - + - - - - + +
IL-6 + + + + + + NE ND +
TNF-o0 + + + + ND ND NE + +
Cytokines of peripheral T-cells

[FN-y - - - + ND ND ND ND ND
+ = increase

— =decrease

NE = No Effect: ND = Not Done.

a general consensus that IL-1 stimulates GH, MEL, LH, LHRH, FSH, and TSH secretion and
inhibits PRL release [28,29].

IL-1 also increases ACTH secretion, as shown in AtT20 cells [30] and human corticotrophic
pituitary adenomas (Table I). Other inflammatory cytokines, such as IL-6 and TNF-a, share
the effects of IL-1. They act in stimulating CRH production by the hypothalamus [31]. At
pituitary level, IL-6 and TNF-a stimulate the release of ACTH, PRL, GH as well as LH, FSH,
TSH release, respectively [see reviews 2,10]. (Table I). Such stimulating effects can be exerted
through a direct action on pituitary cells via specific hormone receptors or mediated by hypota-
lamic factors (e.g. CRF, LHRH or GHRH) [2]. For example, this latter case occurs for the release
of pituitary hormones by TNF-« [32]. With regard to melatonin, IL-6 and TNF-o are able to
stimulate directly MEL production because specific receptors for both cytokines are present into
the pineal gland [33].

IL-2 also acts on the HP axis. When administered to human cancer patients, 1L-2 increased
beta-endorphin, ACTH, and cortisol levels [34]. In rats, IL-2 enhanced ACTH secretion and
corticosterone production through a direct action on rat adrenocortical cells or via CRH release
from hypothalamic neurons [35]. Interesting investigations have shown that IL-2 stimulated
PRL and TSH secretion and inhibited LH, FSH and GH release, thus mimicking the alterations
of pituitary hormone pattern in response to stress [36]. IL-2 enhanced ACTH release in AtT20
cells and PRL secretion in GH3 cells [37]. Conversely, IL-2 and IL-12 injections in cancer
patients inhibited melatonin release as a response to inflammation [33].

Although TFN-y does not seem to be produced by TECs in the thymus, IFN-y produced by
peripheral T-cells, and it also affects the HP axis with an inhibition on GH, PRL and ACTH
release, and with a possible involvement of the nitric oxide in this inhibition [38]. By contrast,
IEN-y enhanced melatonin production in the pineal gland in response to stressor stimuli, i.e.
isoproterenol [39]. All these findings clearly demonstrate that the cytokines produced either
within the thymus or at the periphery are fundamental to maintaining the complex neuroendo-
crine-immune network. The role of this network is crucial in host response to stressor agents
where the level of cytokines increase. As a consequence, counterbalancing must occur from
other cytokines. Otherwise, the organism may become a “low responder” to stress. Thus, the
appearance of degenerative diseases (e.g. cancer, infections, dementia, autoimmune phenomena)
may eventually correlate with dysfunctions of the neuroendocrine immune network.



315

2.4, Neuroendocrine influence on thymic functions and vice versa
2.4.1. Neuroendocrine influence on thymic functions

Initial evidence for the existence of thymus-neuroendocrine interactions was based on the
discovery that congenital mutations affecting pituitary dwarf mice caused concomitant under-
development of the thymus and of the thymus dependent systems. These findings have been
confirmed in a strain of dwarf dogs (Weimaraner dogs), which display retarded growth, small
thymus, absence of the thymus cortex, and deficiency in the lymphocyte mitogenic response. All
these immunological defects can be corrected by growth hormone treatment (see review 1).

A number of experimental protocols have further supported these observations. The major-
ity of them have been based on the removal of endocrine glands and on the observation of the
consequent modification of thymic function, as measured by thymic size, histological evaluation
or, indirectly, by the peripheral efficiency of the thymus-dependent lymphoid system [5]. Some
thymic factors are secreted into the blood stream and the circulating level of at least one of them,
the facteur thymique serique (FTS), now called thymulin in its zinc-bound form [40], strictly
reflects the functional activity of the thymus. This has offered a new technical approach to
evaluate neuroendocrine-thymus interactions both in animals and in humans. Furthermore, the
detection of hormone and neuropeptide receptors both on thymocytes and on thymic epithelial
cells has added support to the existence of neuroendocrine-thymus interactions. From all these
studies, summarized in various reviews [2,10], the outline of Figure 1 may be presented.

In general, hormones/neurotransmitters, such as melatonin, LHRH, GH, thyroid hormones,
beta-adrenergic agonists, and endorphins/enkephalins act positively on thymic function, whereas
others, such as corticosteroids and sex hormones, have a negative effect. The role of PRL is still
controversial. The effect of hormones/neurotransmitters on thymic cell maturation may be medi-
ated by a direct action on thymocytes or through the action exerted on thymic epithelial cells.
Evidence supports the presence of receptors for hormones, such as GH, estrogens, testosterone
and adrenergic agonists, on thymocytes. In addition, it has been proposed that other pituitary/
CNS products may regulate the differentiation of mature T-cells [1].

With regard to the endocrine component of the thymus, it is now apparent that many hor-
mones and neuropeptides are capable of modulating thymulin secretion by TECs. Among
neuropeptides, Leu-enkephalin and beta-endorphin are able to increase thymulin production
by TECs, whereas Met-enkephalin, alpha-endorphin, and gamma-endorphin are inactive [10].
Hormones like GH, PRL, adrenal and sex steroids, and thyroid hormones can modulate thymu-
lin production in vitro. This in vitro effect clearly supports the idea that TEC possesses specific
receptors for these hormones and neuropeptides. At present, experimental demonstration of
receptors on TEC has been reached for glucocorticoids, progesterone, GH, PRL, and T, [2]. In
addition, apoptosis of lymphoid cells may be influenced by various agents (e.g. glucocorticoids).
Glucocorticoids are potent apoptosis-inducing agents at pharmacological doses on immature
thymocytes, natural killer (NK) cells, and on cytotoxic T-lymphocytes [41]. Glucocorticoids
also induce apoptosis at physiological concentrations in vitro [42] or after in vivo activation of
the pituitary-adrenal axis [43]. Both in vive and in vitro data support the notion that thymic func-
tion is regulated by the complex neuroendocrine network, which may exert both stimulatory and
inhibitory actions (Figure 1).
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2.4.2. Thymic influence on the neuroendocine sytem

As shown in Figure 1, thymic hormones also modulate the production of hypothalamus pituitary
hormones and neuropeptides. Initial experiments revealed that neonatal thymectomy promotes
a decrease in the number of secretory granules in acidophic cells of the adenopituitary [44]. In
the same vein, athymic nude mice display low levels of various pituitary hormones, such as
PRL, GH, LH and FSH [45]. With regard to thymic peptides, thymosin beta-4, when perfused
intraventricularly, stimulates LH and LHRH secretion [46]. Similar results were obtained with
another thymic peptide, thymulin, in perfused or fragmented pituitary preparations [47]. The
administration of thymopoietin (another chemically-defined thymic hormone) in children with
Hodgkin’s disease increased GH and cortisol serum levels [48]. Moreover, thymopentin (the
synthetic biologically active peptide of thymopoietin) enhances in vitro the production of ACTH
and beta-endorphin [49]. In addition, thymulin exhibits an in vitro stimulatory effect on perfused
rat pituitaries, enhancing PRL, GH, TSH and LH release [50]. Using short-term cultures of pitui-
tary fragments, an increase in ACTH secretion occurs after in vifro thymulin addition, with no
changes in GH levels and significant reductions in PRL release [47]. A further thymosin peptide
was recently isolated with the task in stimulating IL-6 release from rat glioma cells [51]. By
contrast, thymosin alpha-1 is apparently able to down regulate TSH, ACTH and PRL secretion
in vivo with no modifications on GH levels [52]. These inhibitory effects seem to occur through
hypothalamic pathways. Indeed, the production of the corresponding releasing hormones by
hypothalamic neurones decreased after in vitro addition of thymosin alpha-1 in medial basal
hypothalamic fragments [52].

Altogether, these findings point to the complexity of the hypothalamus-pituitary axis as
it affects thymic efficiency and vice versa, and reinforce the existence of close relationships
between the thymus and the neuroendocrine system [1].

3. THE ROLE OF ZINC

Zinc is an important nutritional factor affecting thymic physiology (Figure 1). Zinc is required
as a catalytic component for more than 200 enzymes and it is a structural constituent of many
proteins, hormones, neuropeptides, and hormone receptors. Its role in cell division and differen-
tiation, apoptosis, gene transcription, biomembrane function, and many enzymatic activities has
led to the consideration that zinc is a crucial element that ensures the correct functioning of body
homeostatic mechanisms throughout ontogeny. The role played by zinc in the neuroendocrine-
thymus interactions has been elucidated [11,12].

Studies performed in zinc-deprived animals indicated that at neuroendocrine level zinc influ-
ences the blood level of various hormones and neurotransmitters. In dietary zinc-deprived ani-
mals, insulin, GH, TSH, thyroid hormones, gonadotropins, testosterone, and VIP, are reduced,
whereas PRL, cortisol, corticosterone, and catecholamines increase [53,54]. In young-adult
humans affected by more or less severe zinc deficiency (e.g. in alcoholism, anorexia nervosa,
acrodermatitis enteropathica, HIV, burns, cystic fibrosis, mental depression and dwarfism),
testosterone and estrogens are reduced, whereas cortisol and PRL serum levels increase [55].
According to findings obtained in Down’s syndrome subjects, zinc is also involved in the pitui-
tary-thyroid axis. Zinc deficiency increased TSH production and reduced reverse triiodothyro-
nine (I'T3) plasma levels [55].

With regard to immunocompetence, the data obtained in experimental animals support a cru-
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cial role played of zinc. Depending on the severity and duration, zinc deficiency produces hypo-
plasia of the thymus, spleen, lymph nodes, and Payer’s patches. Alterations in lymphocyte popu-
lations, including a decreased number of total T-lymphocytes with increased B-lymphocytes,
impaired T-helper and T suppressor function and reduced NK cell activity, are common aspects
in zinc deficiency [see review 11]. An imbalance of the Th1/Th2/Th3 paradigm also occurs in
zinc deficiency with major production and release of Th2 cytokines (e.g. IL-6) and subsequent
low resistance to infections [12,56]. A peculiar role of zinc is also exerted on thymic functions.
Zinc in an equimolar ratio is required to confer biological activity to a thymic peptide, thymulin
[40]. The zinc-bound thymulin is active, whereas the zinc-free form is inactive and prevents the
active form in exerting its action [57]. Zinc also influences apoptosis of T-cells induced by high
levels of glucocorticoids [58] . The thymic atrophy observed in some pathological conditions
is characterized by severe zinc deficiency (e.g. in AIDS patients and in young mice affected by
cancer) and is the result of excessive thymocyte apoptosis [59]. Indeed, the chelation of intracel-
lular zinc triggers apoptosis in mature thymocytes [60]. In vitro findings have shown that phar-
macological zinc concentrations cause an inhibition of the apoptosis induced by dexamethasone,
whereas physiological zinc concentrations may induce thymocytes apoptosis. However, this
latter point has been well established to be closely dependent on the length of culture (16 hrs),
as physiological doses of zinc prevents thymocyte apoptosis at 6h of culture [61]. On the other
hand, thymocytes cultivated for a long-time are destined to die due to faulty rearrangement of
T-cell receptor genes and due to the induction of apoptosis by endogenous glucocorticoids [61].
The abrogation of murine thymocyte apoptosis in deferiprone (a chelator of iron) treated mice
after physiological zinc supplementation [62] strongly supports a role of physiological zinc in
preventing apoptosis, via endonuclease enzyme activation [11,63].

Alteration of the zinc pool may occur as a consequence of modifications in intake, absorption,
or loss by urine and faeces, as observable in many human diseases [55]. In addition, neurohor-
monal factors and immune-derived cytokines may influence zinc turnover. Stress-like condi-
tions alter zinc metabolism. Hypozincemia, along with hyperzincuria, is associated with trauma,
stress, inflammation, tumours, and burn injury. The hormonal basis of these changes is not yet
well defined. It has been shown that high circulating levels of glucocorticoids, epinephrine, and
glucagon occur during inflammation coupled with high IL-1, and it is well known that IL-1
provokes consistent zinc loss by urine and faeces [56]. This zinc deficiency may be largely due
to abnormal increments at intestinal level of a protein that binds zinc with high affinity. This
protein is the cystein-rich intestinal protein (CRIP), which increases in the presence of high Th2
cytokines expression (IL-1, IL-6). As a consequence, a loss of zinc-bound CRIP occurs from
the body [64].

Other hormones can modulate zinc turnover. In particular, GH, IGF-I, melatonin and thyroid
hormones affect zinc pool with a better redistribution in circulating zinc [11,12]. The mecha-
nisms of action of these hormones may be various. The presence in the intestinal epithelium of
hormone specific receptors that require zinc-finger motifs and the influence of some hormones
in the induction of zinc-bound metallothioneins, which sequester, dispense and transport zinc
ions within the cells (see review 10), may be the mechanisms of a better redistribution of zinc
by hormones. In any cases, zinc plays a peculiar role in neuroendocrine-immune interactions,
because it is involved as “zinc fingers” proteins that regulate gene expression of hormones, neu-
rotransmitters, and transcriptional factors. Moreover, zinc is involved directly or indirectly via
metallothionein turnover in the proliferation and maturation of cells of the immune system [11].
Such arole is crucial in ageing because the low zinc ion bioavailability is a common event during
ageing as is the impairment of the neuroendocrine-immune interactions [1].
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4. NEUROENDOCRINE-THYMUS INTERACTIONS DURING AGEING

The existence of extremely complex micro-environmental factors modulating thymic func-
tions has raised the question, whether age-related thymic involution is the cause or the result
of immune ageing [1]. In aged humans and animals, the thymus gland undergoes progressive
involution with accompanying loss of function. The thymus attains its maximum size at puberty,
after which it involutes, which is characterized by a decrease in weight ([loss of lymphocytes)
and infiltration with fat. There is a decrease in the number of thymocytes and of those that
remain many are pyknotic. As ageing progresses, epithelial cells decrease in number, and show
cystic changes and reduced intracellular granules [65]. The circulating level of thymic factors
(i.e., plasma levels of thymulin) declines progressively from birth to old age and is virtually
undetectable over 60 years of age in humans [11,46,57].

There are two lines of evidence suggesting that the age-related thymic alterations may not
be considered as intrinsic and irreversible phenomena. First of all, according to a more precise
determination of thymulin bioassay, which assessed the interference due to the marginal zinc
deficiency present with advancing age [57], the age-related decline of thymulin was less pro-
nounced than that previously reported, showing a still significant production in old age both in
mice and men [57,66]. Therefore, thymulin molecules are still produced in old age, but they are
under the control of zinc ion bioavailability for their biological activity. The in vitro addition
of zinc to plasma samples from old donors unmasks all thymulin molecules produced, and it is
consistently at normal levels [66]. Therefore biologically active thymulin is Produced. Indeed,
when thymic explants from old mice are cultured in vitro in a zinc-enriched medium, thymulin
secretion in the supernatant is similar to that observed in the supernatant of thymic explants from
young-adult mice. This phenomenon is associated with increased numbers of TECs and thymo-
cyte subsets [67]. Thus, although the thymus is involuted in old age, these findings suggest that
the thymic endocrine activity is not completely lost in ageing, but it is in a quiescent phase or in
a possible dormant condition due to low zinc ion bio-availability within the old thymus [11].

The second line of evidence is that the thymus re-growth can be induced in old age by vari-
ous endocrinological and nutritional manipulations. In particular, the partial reacquisition of the
thymic functions can be induced by some procedures shown in Table II. These are: (a) intrath-
ymic transplantation of pineal glands or treatment with melatonin [69-70], (b) implantation
of growth hormone secreting tumour cell lines (GH3 cells) [71] or treatment with exogenous
growth hormone [72,73] or with IGF-I [74], (¢) castration [75], (d) treatment with exogenous
LH-RH [76], (e) treatment with exogenous thyroxin or triiodothyronine [77], (f) nutritional
interventions with arginine [78], and (g) zinc supplementation [54,66,79].

In old animals, treatments with GH [80], arginine [78,81], and zinc [66,79] are effective in
enhancing thymulin plasma concentrations and the number of TECs. Recently, it has been also
shown that IL-7 is able to reconstitute the output of the thymus in old animals with a direct
mechanism through the activation of the receptor CCR9 (a receptor of the chemokine CCL25)
highly expressed in thymic tissue [R. Aspinall, personal communication].

The potential capacity of thyroid hormones in restoring thymic functions in old age is sup-
ported by experiments in young propyl-thiouracil (PTU) treated mice (experimental hypothy-
roidism), which display thymic atrophy, reduced thymulin and decreased number of TECs and
thymocyte subsets [82]. Thyroid hormone treatment restores thymic functions [77]. Indirect
evidences in the elderly show that hyperthyroidism is associated with thymic enlargement [83]
and high circulating levels of thymulin as compared to young normal individuals [84]. These
findings suggest an influence of endocrine and nutritional factors on thymic functions. However,
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Table 11 The reversibility of age-related thymus involution by endocrinological or nutritional interventions.
Treatment Species Thymus weight Thymic hormone® References
Melatonin mice 70% 75% 68, 70

TRH mice 40% - 69

TSH mice 32% - 69

Thyroxine mice 65% 72% 71

Growth horm. rat 50% - 72

Growth horm. dog 50% 52% 73

Growth horm. mice 72% 75% 80

IGF-1 mice 50% 50% Mocchegiani et al’
Arginine mice 79% 70% 78

Arginine man - 50% 94

Castration mice 70% 5% 75

Anal. LHRH  rat 62% - 76

Zinc salts mice 75% 82% 66

Zinc salts mice 50% 50% 79

Zinc salts man - 45% 87

‘Percent of recovery when compared with “young” adult values.
"Manuscript in preparation.

it is possible that the thymic re-growth, obtained through various manipulations, might not rep-
resent a complete reacquisition of the function that normally occurs during ontogeny. In order to
answer to this question, zinc, GH and melatonin models have been investigated.

5. THYMIC REJUVENATION BY NUTRITIONAL APPROACH: THE EXAMPLE OF
ZINC

Zinc plays a relevant role during the ageing process. With advancing age, marginal zinc defi-
ciencies are frequently encountered in humans [54-56]. Altered intake or metabolism is among
the most common causes. Deficiencies in the zinc pool are also observed in aged laboratory
animals in spite of unmodified zinc inta