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Article history: It is widely accepted that the brain and the immune system continuously interact during normal as well
Recef"e‘j 2 Dec?mber 2016 as pathological functioning. Human aging is commonly accompanied by low-grade inflammation in both
Received in revised form 24 January 2017 the immune and central nervous systems, thought to contribute to many age-related diseases. This review
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of the current literature focuses first on the normal neuroimmune interactions occurring in the brain,
which promote learning, memory and neuroplasticity. Further, we discuss the protective and dynamic
role of barriers to neuroimmune interactions, which have become clearer with the recent discovery of
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Zgl‘;vgords" the meningeal lymphatic system. Next, we consider age-related changes of the immune system and
Brain possible deleterious influences of immunosenescence and low-grade inflammation (inflammaging) on
Immunosenescence neurodegenerative processes in the normally aging brain. We survey the major immunomodulators and
Inflammaging neuroregulators in the aging brain and their highly tuned dynamic and reciprocal interactions. Finally,
Neuroplasticity we consider our current understanding of how physical activity, as well as a combination of physical and
Neuroinflammation cognitive interventions, may mediate anti-inflammatory effects and thus positively impact brain aging.
Cytokines © 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

For many years the brain was considered as an immune-
privileged space, functioning fully autonomically in isolation from
the immune system, separated by a relatively impenetrable blood-
brain barrier. However, recent findings are resulting in a radical
shift in this view. First, it used to be believed that the brain has no
lymphatic system, reflecting lack of entry of lymphocytes into this
sensitive area. The appearance of immune cells in the brain was
considered an exceptionally harmful pathological incident leading
to neurodegeneration. Second, for many years, neurogenesis was
thought to be restricted to embryonic and developmental stages,
but this view is now also being revised following the discovery of
adult neurogenesis. It is now well-accepted that the brain is plastic
and actually capable of change throughout the lifespan, adapting
its function to different external and internal demands by alter-
ing its structure (Lovdén et al., 2013). The term “neuroplasticity”
encompasses the potential for a number of functional and structural
mechanisms, regulated by diverse extrinsic and intrinsic cues, all of
which allow neuronal remodeling, formation of novel synapses and
birth of new neurons (Calabrese et al., 2014). The immune system
actively participates in this process, and immune cells and their
secreted mediators can modulate adult neurogenesis under both
homeostatic conditions and in phases of remodeling (Aimone et al.,
2014; Kempermann et al., 2002; Leiter et al., 2016; Singhal et al.,
2014; Villeda et al., 2011; Yau et al,, 2015; Yirmiya and Goshen,
2011; Ziv et al., 2006).

The central nervous system (CNS) is no longer considered as
being restricted to limited interactions with the peripheral immune
system. We now know that these two major physiological sys-
tems communicate with each other constantly and extensively
through multiple pathways (Ellwardt et al., 2016; Quan and Banks,
2007). Recent technological advances allow us to address this
crosstalk using such techniques as brain imaging, cell-specific tar-
geting and sequencing. Animal models have additionally helped to
shed light on the complex mechanisms of neuroimmune regula-
tion (Berry et al., 2010; Capoccia et al., 2013; Veiga-Fernandes and
Mucida, 2016).Scientificinterest in these interactions has markedly
increased since the discovery of a meningeal lymphatic system
capable of carrying fluid, immune cells, and macromolecules from
the CNS to the draining lymph nodes (Louveau et al., 2015; Raper
etal., 2016).

It could be postulated that the immune system and CNS repre-
sent the two major adaptive systems of the body. In this context,
chronic inflammation can be regarded as a result of the malad-
justment of these two major adaptive systems to resolve acute
inflammation, which in turn may affect the course of the aging pro-
cess (Elenkov et al., 2005). The interplay between aging, genetic
predisposition, and environmental exposures initiates systemic
and local metabolic changes as well as inflammatory reactions that
predispose an individual to neuropsychiatric and neurodegenera-
tive diseases (Deleidi et al., 2015). Even conditions of the prenatal
environment (such as maternal chronic stress) may have long-
term consequences influencing postnatal development (Berry et al.,
2015). Maternal obesity may already prove detrimental by pro-
viding an intrauterine environment with elevated glucocorticoids,
insulin resistance and increased inflammation that influences fetal
developmental pathways associated with unhealthy aging in later
life (Hanson and Gluckman, 2014; Holvoet, 2012; lozzo et al., 2014).

The focus of the present review is on neuroimmune interactions
in “normal” aging, which have received relatively little atten-
tion, rather than neurodegenerative pathologies, which have been
extensively reviewed recently (Da Mesquita et al., 2016; Feigenson
et al., 2014; Goldeck et al., 2016; Hansel et al., 2010; Leza et al.,
2015; Litteljohn et al., 2014; Na et al., 2014; Norden et al., 2015;
Nunes et al., 2013; Swardfager et al., 2016; Tansey, 2010; Tansey

and Goldberg, 2010; von Bernhardi et al., 2010). Thus, we summa-
rize representative studies and reviews concerning the multitude of
reciprocal and dynamic communications between the nervous and
immune systems during normal aging, the systemic consequences
of age-related dysfunction of these communications, and possible
interventions to mitigate this process. First, we will introduce the
neuroimmunomodulatory mechanisms involved in the process of
learning and memory under normal conditions, and then discuss
their dysregulation in aging.

2. Immune modulation of neuroplasticity

The immune system communicates constantly with the CNS
and is involved in modulating behavior and in many other criti-
cal neurological functions throughout the lifespan (Wilson et al.,
2002). Normal learning and memory processes are dependent on
hippocampal neurogenesis and deficits in such processes may lead
to impairments in both spatial and non-spatial learning tasks (Yau
et al., 2015). It has been well established that hippocampal neu-
rogenesis in the adult brain is regulated by various intrinsic and
extrinsic mechanisms (Kempermann et al., 2002). One of the mech-
anisms for optimal hippocampal neurogenesis is dependent on
the immune system, an unexpected finding first demonstrated
in mice with severe combined immune deficiency (SCID mice)
and in mice lacking certain immune cell populations (Brynskikh
et al., 2008; Kipnis et al., 2004; Wolf et al., 2009; Ziv et al., 2006).
The role of systemic immune cells in supporting brain function
and plasticity has been demonstrated for hippocampus-dependent
functions such as spatial memory and sensorimotor gating (Kipnis
et al., 2004; Ron-Harel et al., 2011; Wolf et al., 2009). Remark-
ably, it was found that systemic depletion of CD4* T lymphocytes
led to significantly reduced hippocampal neurogenesis, impaired
reversal learning in the Morris water maze, and decreased brain-
derived neurotrophic factor (BDNF) expression in the brain (Wolf
et al., 2009). Repopulation with CD4* T cells restored the deficits
observed in immune-deficient mice, highlighting the role of this
T-cell population as being pro-neurogenic under physiological con-
ditions (Leiter et al., 2016). Apparently, hippocampus-dependent
cognitive ability is supported by CNS-specific T cells, which accu-
mulate within the brain meningeal spaces and produce interleukin
(IL)-4, inducing BDNF production (Fig. 1) during the performance
of cognitive tasks (Derecki et al., 2010). CD4* T cells were shown
to promote and maintain neurogenesis by positively influencing
microglia and regulating insulin-growth factor (IGF)-1 transport
into the brain, thereby also regulating BDNF levels (Wekerle,
2006; Ziv et al., 2006). CNS-specific CD4* T cells are thought
to be stimulated by macrophages, which circulate through the
brain parenchyma, phagocytizing and processing CNS-derived self-
antigens, such as myelin and/or neural debris. They are able to
present these processed antigens and to stimulate naive T cells in
the periphery, resulting in the development of CNS-specific mem-
ory T cells (Fig. 1, bottom left), which later appear in the meningeal
cerebrospinal fluid (CSF). Here they can be re-stimulated by brain-
surveying macrophages (Fig. 1, top left) to produce neuroprotective
cytokines and neurotrophic factors, supporting normal cognitive
performance, learning and memory (Ron-Harel et al., 2011). T cells
found in the CSF are mostly of central memory phenotype, express-
ing CCR7, CD27 and the activation marker CD69 (Ellwardt et al.,
2016), in contrast to those within the choroid plexus (CP), which
appear to be of effector-memory type (Baruch and Schwartz, 2013).
Cytokines secreted by T cells, such as IL-4 and transforming growth
factor 3 (TGF-3), have a protective effect on neurons and neu-
ral precursor cells (Fig. 1, central). Additionally, IL-4 stimulates
microglia to produce BDNF, IGF-1, TGF-f3, which all influence neu-
ronal functioning (Burch, 2014; Ellwardt et al., 2016). IL-4 also
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Fig. 1. Immune maintenance of brain homeostasis.

Adult hippocampal neurogenesis occurs in a homeostatic microenvironment that is partially dependent on T-cell surveillance of the CNS. Tregs can induce shift from
Th1- to Th2-cells, which are neuroprotective. CNS-specific CD4-positive T cells (stimulated by myelin and/or neural debris-derived self antigens) support normal cognitive
performance, learning and memory by production of IL-4 and BDNF. IL-4 has a direct neuroprotective function on neurons and on neural precursor cells. Furthermore, IL-4
stimulates microglia to produce BDNF, IGF-1 and TGF-3, which influence neuronal functioning. Hippocampal microglia also secrete TNF that regulates synaptic scaling,
increases synaptic strength and supports LTP. IL-1f3 released at low concentration activates astrocytes to produce BDNF and TNF, as well as additional glutamate and lactate,
all of which are important for long-term memory consolidation. Endothelial cells of the cerebrovasculature can also be stimulated (by low concentrations of IL-13) to produce
the neurotrophic factors IGF-1 and VEGF. All these molecular and cellular interactions (here depicted in a highly simplified scheme) allow supportive immunomodulation of

brain function, neurogenesis and plasticity.

Abbreviations: CNS: central nervous system; Tregs: regulatory T cells; Th: T-helper cells; CD: cluster of differentiation; IL: interleukin; LTP: long-term memory potentiation;
MHC: major histocompatibility complex; BDNF: brain-derived neurotrophic factor; IGF: insulin-like growth factor; TGF: transforming growth factor; TNF: tumor necrosis

factor; VEGF: vascular endothelial growth factor.

promotes astrocyte expression of BDNF that is crucial for learn-
ing and cognition (Ron-Harel et al., 2011). Infiltrating macrophages
also play an important role in maintaining homeostatic conditions
in the brain (Fig. 1, central). Together with glial cells they regulate
the physiological milieu of the brain by removing dead cells and cell
debris, buffering toxic compounds and producing growth factors
needed for cell survival and renewal, and also by down-regulating
pro-inflammatory factors such as IL-13 and tumor necrosis fac-
2009). Microglial expression of major
histocompatibility complex (MHC) class II molecules and of IL-
1B (at low levels) can induce T cells to communicate with glia
and meningeal myeloid cells via production of IL-
cells of the cerebrovasculature can also be stimulated by low con-
centrations of IL-13 to produce neurotrophic factors IGF-1 and
vascular endothelial growth factor (VEGF) (Goshen and Yirmiya,
2009; Wohleb and Delpech, 2016; Yirmiya and Goshen, 2011).
VEGF stimulates precursor cell proliferation in the subgranular
zone and has neurogenic and angiogenic properties (Leiter et al.,

tor (TNF) (Shechter et al.,

2016).

Regulatory T cells (Treg) were also shown to modulate neuroin-
flammation by inducing apoptosis in pro-inflammatory M1-type
glia, thereby promoting the neuroprotective M2 phenotype. They
also decrease neurotoxicity by inhibition of glutamate secretion
and generation of reactive oxygen species (ROS). Additionally,
regulatory T cells (Fig. 1, top left) can induce a Thl-to-Th2
shift by down-regulating Th1 cytokine-producing T cells, and
up-regulating Th2 cytokine-producing T cells, which are neuropro-
tective (Ellwardt et al., 2016; Kipnis et al., 2012; Xie et al., 2015).

Although most studies have reported deleterious effects of
TNF on synaptic plasticity, it was also shown that physiologi-
cally low levels of TNF might be important in brain development
(Stellwagen and Malenka, 2006). At glutamatergic synapses, plas-
ticity usually requires changes in the number of postsynaptic
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors (Bains and Oliet, 2007). The TNF secreted by hippocampal
microglia is crucial for synaptic plasticity (Fig. 1, top right) under-
lying higher brain functions. It regulates synaptic scaling, increases
synaptic strength and supports long-term potentiation (LTP, which

4. Endothelial
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is known to reflect a long-lasting increase in synaptic efficacy). This
is thought to be an important underlying mechanism of learning
and memory formation (Baune et al., 2008; Beattie et al., 2002;
Stellwagen and Malenka, 2006). The TNF released from microglia in
response to decreased neuronal activity up-regulates the number of
synaptic AMPA receptors, and thus synaptic strength, allowing the
homeostatic adjustment of neuronal excitability (Bains and Oliet,
2007; Stellwagen and Malenka, 2006).

Like TNF, also IL-18 has a dual role: when released at low
concentrations and under homeostatic conditions, IL-1[3 activates
astrocytes to produce BDNF and TNF, as well as additional gluta-
mate and lactate, all of which are important for long-term memory
consolidation (Goshen et al., 2008; Goshen and Yirmiya, 2009).
Goshen and colleagues demonstrated that physiological levels of
IL-13 support memory formation, such that a slight increase in
its level can even improve memory (Goshen and Yirmiya, 2009).
However, any deviation from this physiological range results in
impaired memory formation.

In the next section we will consider the important role of
brain barriers in the dynamic regulation and maintenance of brain
homeostasis and pursue the question of which mechanisms allow
this vital cross communication between the CNS and immune sys-
tem.

3. Role of brain barriers in neuroimmunology

Under homeostatic conditions the brain parenchyma is physi-
cally separated from the peripheral milieu by sophisticated cellular
structures that are not only responsible for maintaining brain
homeostasis but also for specific communication with other sys-
tems outside the CNS (Banks, 2015; Da Mesquita et al., 2016;
Stolp et al., 2013). In fact, the question of how peripheral immune
cells, cytokines and other immune mediators can affect a cen-
tral behavioral response arose a long time ago. The first possible
explanation was provided by invoking the activity of existing cir-
cumventricular regions of the brain, where the blood-brain barrier
(BBB) is less impenetrable (such as the organum vasculosum lat-
eralis terminalis, OVLT) and allows for direct entry (Maier et al.,
1998). Additionally, for immune mediators like TNF, IL-1 and solu-
ble IL-1-receptors, specific active transport mechanisms have been
described (Dunn, 1992; Gutierrez et al,, 1993, 1994). Moreover,
binding of cytokines to endothelial receptors of the cerebrovas-
culature with subsequent release of other mediators (such as
chemokines, endothelial cell adhesion molecules, prostaglandins
and nitric oxide) leads to impairment of BBB integrity (Anthony
et al, 1997) and allows entry into the brain.

Other mechanisms that may allow activated T cells to cross the
BBB could be dependent on molecules such as P-selectin (Hickey,
2000). Peripheral cytokines crossing the BBB can also act indirectly
by inducing release of more cytokine from brain stores (Banks,
2015). An alternative route by which the immune system might
communicate with the CNS is via direct cytokine stimulation of
vagal sensory nerve activity or via the sympathetic nervous sys-
tem (Hansen et al., 2000; Hansen et al., 1998). Apparently, cytokine
stimulation of peripheral sensory neural afferents induces central
cytokine production or central alterations in neurotransmission
(Hasegawa-Ishii et al., 2016).

In the following, we briefly describe the structure and function
of the three main barriers of the brain depicted in Fig. 2:

(i) The BBB is formed by highly specialized, low pinocytotic
endothelial cells, which line brain capillaries and are connected
by tight junctions (Fig. 2, bottom right). At the interface between
blood and brain, these tight junctions restrict the passage of solutes.
Endothelial cells utilize different mechanisms to transduce sig-
nals from the vascular system and from the brain, described in

more detail in the previous paragraph. The endothelial layer is
surrounded by pericytes, astrocytic endfeet, and branches of circu-
lating microglia. Together with the neural and dendritic processes
they constitute the neurovascular unit that allows responses to
external alterations in a very rapid and dynamic manner (Da
Mesquita et al., 2016). The complex interplay between endothelial
cells, astrocytes and brain cells as well as between endothe-
lial cells and blood-derived immune cells is necessary to create
a dynamic and protective blood-brain barrier. The BBB allows
the controlled, regulated exchange of chemokines, cytokines, and
immune cells between the CNS and the blood, as well as the secre-
tion of immunomodulatory molecules by the BBB itself (Banks,
2015; Engelhardtetal.,2016; Quan and Banks, 2007; Shechter et al.,
2013).

(ii) The blood-CSF barrier (BCSFB) is formed by tight junc-
tions between epithelial cells of the choroid plexus (Fig. 2, bottom
left). The CP contains a single layer of epithelium (with numer-
ous microvilli) surrounding the inner stroma and blood vessels,
with the endothelial layer of the latter being fenestrated. The CP
is responsible for the production of CSF, providing a nutrient-
rich milieu, and participating in brain homeostasis. CP regulates
transport of serum-derived substances and immune cells across its
epithelial layer. In contrast to the BBB, the BCSF barrier is permeable
to immune cells also under normal conditions, allowing immuno-
surveillance (Plata-Salaman, 1991; Ron-Harel et al., 2011; Shechter
et al, 2013).

Recent studies have recognized the CP as an active immuno-
logical interface and an important neuroimmune compartment in
maintaining and restoring brain homeostasis. The CP is enriched
with CNS-specific T cells and is strategically positioned for signal
exchange between the CNS (through CSF) and circulation (through
epithelium-immune cell interactions) participating in modulating
brain functions (Baruch and Schwartz, 2013).

(iii) The CSF-brain barrier (CSFBB) at the level of the pia arach-
noid is formed by tight junctions between endothelial cells of the
arachnoid vessels (Fig. 2, top left). The recent discovery of functional
classic lymphatic vessels (LV) in this area has opened a new win-
dow for understanding neuroimmune interactions within the CNS
(Engelhardt et al., 2016; Raper et al., 2016; Shechter et al., 2013).
The meningeal lymphatic system emerged as a new player in these
interactions. It is hypothesized that the main role of the meningeal
lymphatic system is not the drainage of the water content of the
CSF, but rather a more pronounced immunological function, such as
drainage of macromolecules and immune cells into cervical lymph
nodes to maintain brain immune surveillance (Raper et al., 2016).

4. Immunosenescence and “inflammaging”

As we age, our immune system undergoes an imprecisely-
defined process of “immunosenescence” that affects both adaptive
and innate immune systems. Monocytes, which are innate
immune cells, are known to be mediators of the inflammatory
response and comprise at least three different subsets, based
on their expression of CD14 (a pattern recognition receptor
binding microorganism-derived lipopolysaccharide) and CD16 (a
low affinity receptor for the Fc portion of immunoglobulins),
namely classical, intermediate and non-classical monocytes. An
age-related increase in frequencies of intermediate and non-
classical monocytes has been reported (de Pablo-Bernal et al.,
2016; Hearps et al., 2012). Our results from the Berlin Aging
Study II confirmed these findings, where we also found an age-
related increase in frequencies of intermediate and non-classical
monocytes (unpublished results). It has been suggested that
aging is associated with chronic innate immune activation and
significant changes in monocyte functions, which may have impli-



118 S. Di Benedetto et al. / Neuroscience and Biobehavioral Reviews 75 (2017) 114-128

CSF-Brain Barrier (Pia Arachnoid)

Arachnoid
CSF Cytokmes" ¥ T

. ﬁ
90
“  Immune cells @

Hippocampus

Blood-Brain Barrier v

lia ! Fenestrated EC

Disrupted TJ TJ

G
CP Stroma ‘

e QLLQ% e

Lita ¥ N ! T"' NI N
VV
Cytokine; ¥ Macrophage h ‘
T
CSF Y7 TeCM  immune cells

EQ Q Q{Q QLQ e

Cytokines
g £

Neuron

L
Cytokines

Fig. 2. Protective and dynamic barriers of the brain.
Schematic depiction of the three main barriers of the brain:

BBB—the blood-brain barrier (bottom right) is formed by highly specialized, low pinocytotic endothelial cells, which are connected by tight junctions. At the interface
between blood and the brain these tight junctions restrict the passage of solutes. The BBB allows the controlled, regulated exchange of chemokines, cytokines, and immune
cells between the CNS and the blood as well as the secretion of immunomodulatory molecules by the BBB itself.

BCSFB—the blood-CSF barrier (bottom left) is formed by tight junctions between epithelial cells of the CP. The CP contains a single layer of epithelium (with numerous
microvilli) surrounding the inner stroma and blood vessels, with the endothelial layer of the latter being fenestrated. The CP is responsible for the production of CSF and
regulates transport of serum-derived substances and immune cells across its epithelial layer. In contrast to the BBB, the BCSF is permeable to immune cells also under normal

conditions, allowing immunosurveillance.

CSFBB—the CSF-brain barrier (top left) at the level of the pia arachnoid is formed by tight junctions between endothelial cells of the arachnoid vessels. Recently discovered
lymphatic vessels (LV) drain macromolecules and immune cells from the meninges and the CSF.
Abbreviations: TJ: tight junctions; BV: blood vessel; CP: choroid plexus; EC: epithelial cell; CSF cerebrospinal fluid; LV: lymphatic vessel; TcEM: Effector Memory T cells;

TcCM: Central Memory T cells; SVZ: subventricular zone; SGZ: subgranular zone.

cations for increased low-grade chronic inflammation and for
the development of age-related diseases (Hearps et al., 2012).
Thus, macrophage activation, together with inflammatory mono-
cytes contribute to the subclinical chronic inflammatory process
dubbed “inflammaging” (Franceschi et al., 2000; Franceschi et al.,
2007).

The most marked changes in adaptive immunity are decreased
numbers of peripheral naive T cells and concomitant accumula-
tion of late-stage differentiated memory T cells (Ben-Smith et al.,
2008; Di Benedetto et al., 2015; Malaguarnera et al., 2010; Miiller
et al., 2013; Miiller and Pawelec, 2015; Qi et al., 2014a,b; Vescovini
etal., 2014; Wistuba-Hamprecht et al., 2015) with reduced antigen
receptor repertoire diversity (Johnson et al., 2014; Naylor et al.,
2005; Qietal., 2014b; Salam et al., 2013) (Fig. 3). This phenomenon

results from poorly-understood age-related impairments in the
hematopoietic stem cell compartment which generates fewer T-
cell precursors in adult and later life on the one hand, and thymic
involution at puberty which markedly reduces the production of
mature T cells from their precursors on the other hand (Arnold et al.,
2011).

Life-long exposure to different pathogens is regarded as a major
driving factor of the phenotypic changes in the distribution of T-cell
subsets over the life course. For unclear reasons, especially a latent
infection with Cytomegalovirus (CMV), but not with any other her-
pesviruses, with recurrent episodes of reactivation has been found
to promote memory T-cell “inflation” and drive T cells to a late
stage of differentiation. In aged individuals, oligoclonally-expanded
CD8* T cells show increased expression of late-stage differentiation
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Fig. 3. Schematic representation of potential mechanisms of immunosenescence and neurosenescence.

Immunosenescence affects both adaptive and innate immune systems. The most relevant changes to adaptive immunity are decreased peripheral naive T cells and concomitant
accumulation of late-stage differentiated memory T cells with reduced antigen receptor repertoire diversity. This phenomenon results from age-related impairments in the
hematopoietic stem cell compartment (which generates few T-cell precursors) in adult and later life, and thymic involution at puberty (which markedly reduces the production
of mature T cells from their precursors). Life-long exposure to different pathogens is the major driver of the phenotypic changes in the distribution of T cell subsets over the
life course. Aging is characterized by a chronic, low-grade inflammation (termed “inflammaging”) that is a highly significant contributor for morbidity and mortality in the
elderly people. Peripheral immunosenescence and inflammaging may promote neuroinflammation by modulating glial cells towards a more active pro-inflammatory state,
leading to loss of neuroprotective function, to neuronal dysfunction and accumulation of brain tissue damage. Systemic inflammation may increase the risk for developing

cognitive impairments and neurodegeneration.

markers. The accumulation of these highly differentiated T-cells, at
least some of which may be truly senescent, contributes to the age-
associated increased production of pro-inflammatory cytokines
and could thus possibly also contribute to age-related morbidity
and mortality (Bennett et al., 2012; Miiller et al., 2013; Pawelec
and Derhovanessian, 2011; Pawelec et al., 2010).

As mentioned above, aging is characterized by a chronic, low-
grade inflammation that is probably a significant contributor to
morbidity and mortality in the elderly (Franceschi et al., 2000;
Franceschi and Campisi, 2014). Thus, peripheral immunosenes-
cence and inflammaging may promote neuroinflammation by
modulating glial cells towards a more active pro-inflammatory
state, leading to loss of neuroprotective function, to neuronal dys-
function and accumulation of brain tissue damage (Giunta et al.,
2008; von Bernhardi et al.,, 2010). Systemic inflammation may
therefore increase the risk for developing cognitive impairment,
neurological disorders and neurodegeneration (Goldeck et al.,
2016; Harrison, 2016; Pizza et al., 2011). In the next section we will

have a closer look at the main players contributing to the process
of neuroinflammation during aging.

5. Main immunomodulators and neuroregulators in the
aging brain

5.1. Cytokines

Cytokines, together with neurotransmitters and hormones,
are signaling molecules possessing unique immunomodulatory
functions. They can influence virtually every physiological sys-
tem including neuroendocrine interactions, neurotransmitter
metabolism and neuroplasticity, thereby affecting behavioral and
cognitive functioning. The cytokine network, composed of the
cytokines themselves, their receptors and their regulators, is
present throughout the brain and other physiological systems
and is highly regulated during the lifespan. Cytokines can operate
within complex cascade patterns and act synergistically or antago-
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nistically. These molecules enable cross-communication between
different cell types, translating environmental signals into molec-
ular signals (Alboni and Maggi, 2015). Cytokines are normally
grouped according to their effects on inflammation, as some are
considered likely to increase inflammation, especially IL-1, IL-6 and
TNF, whereas others (IL-4, IL-10, TGF-[3) tend to decrease it (Ownby,
2010). It is well-established that peripherally-produced cytokines
can access the brain and thus affect CNS functions via several routes.
Bidirectional transport of different cytokines, including IL-1, has
been demonstrated (Khairova et al., 2009). Thus, the presence of
IL-1 in CSF is not only a result of local synthesis by brain cells, but
is also dependent on the concentration of IL-1 in the peripheral
blood. Recent work by Scheinert and colleagues demonstrated that
cytokine levels change across the lifespan and vary by cognitive sta-
tus, at least in rats, suggesting that serum inflammatory biomarkers
are predictive of cognitive decline (Scheinert et al., 2015).

5.2. Immune cells

T cells (Fig. 4B) are activated by antigen-presenting cells, which
are specialized to capture, process and present antigens for recog-
nition by these cells. This can occur either in the periphery or in the
CSF of the choroid plexus. Depending on the pattern of cytokine
secretion, the functions of T cells, and the molecules that drive
their differentiation, different T-helper cell phenotypes are iden-
tified. Th1 cells secrete pro-inflammatory cytokines such as IFN-y
or TNF. Th2 cells have an anti-inflammatory function by producing
IL-4 and IL-10 (Aloisi et al., 2000; Gemechu and Bentivoglio, 2012).

In addition to CNS-specific CD4* T cells, which appear to be
neuroprotective (Derecki et al., 2010; Kipnis et al., 2012), a novel
population of CD8* T cells has been reported in several regions of
the brain, including the meninges and choroid plexus. These aging-
related T cells had effector memory and tissue-resident phenotypes
and were shown to modulate microglia (Ritzel et al., 2016). The
principal function of regulatory T cells in this context is to prevent
or to counteract excessive CNS inflammation by release of anti-
inflammatory cytokines such as IL-10 or TGF-f3 (Xie et al., 2015).

Bone marrow-derived monocytes (Fig. 4C) reside in the perivas-
cular space, choroid plexus and meninges of the brain, and are
also able to differentiate into macrophages or dendritic cells
(Auffray et al., 2007; Auffray et al., 2009). Macrophages scan the
brain for pathogens and present antigens to T cells (Prinz et al.,
2011). They exhibit different states of activation depending on the
cytokine milieu to which they are exposed. Increased levels of
IL-6 drive their differentiation into inflammatory M1-phenotype,
while IL-4 exposure induces differentiation to anti-inflammatory
M2-macrophages.

In addition to cytokine production, immune cells (predomi-
nantly T cells) can produce and respond to neurotransmitters such
as acetylcholine, glutamate, dopamine, and serotonin. Dopamine
and acetylcholine are immunostimulating neurotransmitters,
whereas epinephrine and serotonin induce immunosuppression
(Plata-Salaman, 1991). Moreover, these neurotransmitters are
essential for modulating learning, memory and LTP. They affect
not only neurons but also regulate the production and secretion
of inflammatory factors from astrocytes and microglia (Leiter et al.,
2016).

5.3. Microglia and astrocytes

Microglia are macrophage-like immune cells of the CNS
involved in numerous physiological and pathological brain func-
tions. They actively support brain development and plasticity
through release of neurotransmitters and neurotrophic factors or
through the pruning of synaptic elements (Deleidi et al., 2015).
Given the functional significance of glial cells in the brain, it was

suggested that they might represent a third element of the synapse
(in addition to pre- and post-synaptic neurons), with the poten-
tial to influence synaptic transmission and in particular synaptic
plasticity processes (Di Filippo et al., 2013). Therefore, the function
of microglia and astrocytes is different in different states of their
activation (Fig. 4A). Under baseline conditions, they are relatively
quiescent and can be found in a resting state characterized by a
ramified morphology with many processes, which constantly sur-
vey the surrounding area (Nimmerjahn et al., 2005). Under such
resting conditions microglia carry out their essential functions of
phagocytosis and clearance of debris, neuronal support as well as
synaptic monitoring and remodeling (Da Mesquita et al., 2016).
Following activation, both microglia and astrocytes change their
shape, become amoeboid and undergo phenotypic polarization.
Their activation phenotype is largely dependent on the levels of
specific cytokines (Hefendehl et al., 2014; Jones and Lynch, 2015;
Norden et al., 2015; Patterson, 2015).

In addition to these main phenotypes, a new “dark” microglial
phenotype has been described (Bisht et al., 2016; Tay et al., 2016)
that exhibits condensed cytoplasm, giving those microglia a dark
appearance. Dark microglia could represent a subset of stressed,
hyperactive microglia, which might be implicated in the loss of
synapses (Bisht et al., 2016).

Astrocytes are closely associated with neuronal synapses and
have similar neuroprotective functions as microglia in the normal
brain but can also display neurotoxic effects, which depend on the
cytokine milieu causing neuroinflammation (Singhal et al., 2014). It
has also been demonstrated that astrocytes and the environment in
the CNS have the capacity to regulate T-cell characteristics (Beurel
et al., 2014), mediating inflammation and immune reactivity in the
brain.

5.4. BDNF and IGF-1

It is now widely accepted that neurotrophic factors, such as
BDNF and IGF-1, are crucial mediators of neuronal plasticity,
because they are abundant in the regions particularly relevant
for plasticity, where they participate in the axonal and dendritic
growth and their remodeling. They are responsible for the produc-
tion of neurotransmitters, for proper formation of synapses and for
their functioning (Bramham and Messaoudi, 2005; Lu et al., 2005).

It could be suggested that an exaggerated brain inflamma-
tory response, occurring during aging and/or a secondary immune
challenge, may degrade the ability to provide the BDNF needed
for memory-related plasticity processes at hippocampal synapses
(Patterson, 2015). Many studies have shown that inflammation
detrimentally affects the expression of BDNF within the brain (Guan
and Fang, 2006; Schnydrig et al., 2007). The effect of a periph-
eral immune challenge on different BDNF transcripts has also been
demonstrated (Aid et al., 2007; Chapman et al., 2012), indicating
thatinflammation may affect specificisoforms of this neurotrophin.
It was hypothesized that one of the mechanisms by which inflam-
mation may affect brain function could involve BDNF modulation
(Calabrese et al., 2014).

IGF-1 is another important neurotrophic factor. Deficiency of
this mediator has been reported to influence the development of
cognitive impairment and dementia in older adults. A growing body
of evidence indicates that synaptic function decreases with age and
that IGF-1 contributes to this diminished information processing in
the brain (Deak and Sonntag, 2012). Therefore, low levels of IGF-
1 are associated with worse cognitive function in elderly persons.
Interestingly, results of a recent study found an optimal level of IGF-
1 for optimal cognitive functioning suggesting that both high and
low levels of IGF-1 may be associated with poor cognition (Tumati
et al., 2016).
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Fig. 4. Overview of the main players in brain homeostasis and neuroinflammation.

Abbreviations: IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; TGF: transforming growth factor; CP: choroid plexus; Th: T-helper cells; CNS: central nervous

system; DC: dendritic cell.

6. The aging brain and neuroinflammation

Cognitive aging is characterized by an impairment of cognitive
abilities. Although no agreement exists on the basic underlying
mechanisms involved in this process, neuroinflammation appears
to be the main contributor that links many factors associated with
cognitive aging together (Ownby, 2010). As we age, we experi-
ence greater susceptibility to memory impairments following an
immune challenge that is characterized by increased and pro-
longed production of pro-inflammatory cytokines in the otherwise
healthy aged brain (Barrientos et al., 2015). It is widely established
that both aging and stress can affect the neuroendocrine system,
activate the hypothalamic-pituitary-adrenal (HPA) axis to release
corticotropin-releasing hormone (CRH) from the paraventricular
nucleus of the hypothalamus and cause the anterior pituitary gland
to secrete adrenocorticotropin (ACTH) (Fig. 5, top right). This, in
turn, induces the release of glucocorticoids from the adrenal gland
into the circulation (Barrientos et al., 2012). Cortisol affects the
immune system in different ways: by regulating the expression
of cytokines (Capoccia et al., 2013), chemokines and adhesion
molecules, and by affecting immune cell migration, maturation and
differentiation (Barrientos etal.,2015; Hansel etal.,2010). High lev-
els of cortisol can negatively influence hippocampal neurogenesis
directly or indirectly through regulation of expression of cytokines
and their receptors on brain and immune cells. It appears that CNS
levels of certain cytokines and their modulators increase as a func-
tion of age, at least in rodents (Barrientos et al., 2012; Scheinert
etal,, 2015; Ye and Johnson, 1999) and that aging microglia develop
an altered profile characterized by an increased inflammatory state
(Norden et al., 2015). Norden and colleagues referred to this as a
primed profile and defined it by (i) increased baseline expression
of inflammatory markers and mediators; (ii) a decreased threshold
“to be activated and to switch” to a pro-inflammatory state; and (iii)

exaggerated inflammatory response following immune activation
(Norden et al., 2015).

Recent ultrastructural analyses have uncovered a new player
in the age-related remodeling of neuronal circuits, especially at
the synapse level, that is rare under homeostatic conditions, but
becomes abundant during aging, neurodegeneration and chronic
stress (Bisht et al., 2016). These hyperactive so-called “dark
microglia” frequently reach into synaptic clefts with their highly
ramified and thin processes, extensively encircle axon terminals
and dendritic spines and engulf them (Bisht et al., 2016; Tay et al.,
2016). Aging and neurodegeneration are exactly characterized by
dysregulated interactions with synapses, resulting in neuronal loss,
which in turn represents the best pathological correlate of cogni-
tive decline (Tay et al., 2016). These conditions can sensitize the
aged brain to produce an exaggerated response following expo-
sure to a stressor or to the presence of an immune stimulus in the
periphery (Sparkman and Johnson, 2008). Altered microglia pro-
files together with impairments in key regulatory systems can lead
to prolonged neuroinflammation and age-related neurobehavioral
complications (Norden et al., 2015).

On the systemic level, peripheral immunosenescence and
inflammaging lead to age-related changes in the blood (Fig. 5,
left). Chronic exposure to inflammatory mediators may disrupt
the endothelial barrier and allow the transfer of immune cells and
numerous pro-inflammatory cytokines into the brain parenchyma
that, in turn, can modulate microglial phenotype and reactivity and
drive low-grade brain inflammation. Brain cells, such as microglia,
astrocytes, and neurons but also peripheral immune cells, such
as T cells, monocytes, and macrophages participate in inflamma-
tion (Fig. 5, central). This induces an inflammatory milieu that is
populated by all these resident and additional infiltrating immune
cells, which participate in a complex interplay between secreted
inflammatory modulators and activated cell surface receptors, such
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Fig. 5. Aging brain and neuroinflammation.
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as toll-like receptors. These receptors are primarily expressed on
cells that play central roles in the inflammatory response, including
macrophages and microglia (Doty et al., 2015).

Activated microglia and astrocytes change their morphology
and function, and produce pro-inflammatory cytokines such as IL-
13, IL-6 and TNF. Recent work suggests that microglia undergo a
process of senescence, similar to the one in peripheral immune
cells. Senescent and hyperactive microglia have been detected in
the aged and diseased brain (Deleidi et al., 2015). The aging brain
in turn is apparently able to modulate the immune system and to
support recruitment of immune cells from the periphery, thereby
contributing further to immunosenescence and neuroinflamma-
tion (Gemechu and Bentivoglio, 2012). In addition, macrophages
change their protective M2-phenotype to the pro-inflammatory
M1-phenotype, thus contributing to further neuroinflammation.
As the aged brain is already “primed” to respond to inflammatory
stimuli, additional stress or infection may induce more detrimen-
tal changes in cognitive functioning of aged individuals (Campbell,
2004; Sparkman and Johnson, 2008). Furthermore, the age-related
concurrent reduction of anti-inflammatory molecules also con-
tributes to a sensitization to extrinsic and intrinsic stressors. T cells
produce less IL-4 and IL-10, and more IFN-vy, thereby promoting

microglial activation. This has detrimental consequences for neu-
ral precursor cells leading to a decrease of neurogenesis, as well as
increased decrements in learning and memory (Chen et al., 2016;
Leza et al., 2015).

Taken together, even neurologically-intact aged individuals
show a progressive increase in neuroinflammation characterized
by increased glial activation, elevated steady-state levels of inflam-
matory cytokines and decreased production of anti-inflammatory
molecules. This over-production of pro-inflammatory mediators
disrupts the delicate balance needed for LTP-induction, reduces
production of brain plasticity-related molecules, such as BDNF and
IGF-1 and impairs synaptic plasticity.

7. Impact of physical and cognitive interventions

With increasing age, even healthy and able individuals expe-
rience some decline of cognitive performance. Investigating the
nature of cognitive changes in normal aging, and the possibilities
of how an enriched and stimulating lifestyle in aging could impede
this decline, attracts wide scientific and social interest. Physical
activity is one of the most promising and relatively simple behav-
ioral interventions that may prevent or at least delay cognitive
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decline. It has been reported that physical exercises slow down
cognitive impairment and maintain the volume of the hippocam-
pus (Ahlskog et al., 2011; Colcombe and Kramer, 2003; Cotman
and Berchtold, 2002; Erickson et al., 2011; Maass et al., 2015).
Results from both animal (Speisman et al., 2013a; Speisman et al.,
2013b)and human studies demonstrate that physical activity plays
an important role in altering metabolic, structural, and functional
networks of the brain and possibly in protecting from cogni-
tive impairments in aged adults (Kim et al., 2010; Kirk-Sanchez
and McGough, 2014; Snigdha et al., 2014). Promising evidence
from recent animal models indicates that physical activity and
the exposure to enriched environments show beneficial effects
on physiological markers of brain aging, such as LTP, long-term
depression (LTD), and cell excitability and can improve cognitive
performance (Kumar et al., 2012). Beneficial effects of physical
exercise on structural and neurochemical measures within brain
regions has been shown in human too, both in younger and older
adulthood (Diizel et al., 2016). Observational studies continue to
suggest that adults who engage in physical activity reduce their
risk of cognitive decline and dementia (Dik et al., 2003; Ferencz
et al, 2014; Podewils et al., 2005; Yaffe et al., 2001). Physical inac-
tivity is a significant risk factor for cognitive decline in aging and

Abbreviations: HPA: Hypothalamic-pituitary-adrenal axis.

for Alzheimer’s Disease (Norton et al., 2014), and exercise can exert
a protective effect (Ahlskog et al., 2011; Geda et al., 2012; Ngandu
etal., 2015; Prakash et al.,2015; Wirth et al., 2014), even if initiated
in later life (Tolppanen et al., 2015). Physical exercise and physical
activity in later life might target modifiable risk factors of aging and
induce neuroprotective mechanisms (Fig. 6) (Carvalho et al., 2014;
Kirk-Sanchez and McGough, 2014).

Although the exact mechanisms through which physical exer-
cise affects cognition are not yet fully understood, there is
growing evidence that selected aspects of cognition are respon-
sive to increases in physical exercise (Colcombe and Kramer, 2003;
Cotman and Berchtold, 2002; Erickson et al., 2011; Maass et al.,
2015). Numerous studies have revealed anti-inflammatory and
anti-oxidative effects following physical activity, which potentially
exert beneficial effects on neuroplasticity, affect the expression of
neurotrophins and therefore normal neuronal functions (Moylan
et al., 2013). Barrientos and colleagues observed an inhibition
of neuroinflammation (caused by infection) in rats performing
exercises, and increased induction of BDNF mRNA in the brain
of otherwise sedentary animals (Barrientos et al., 2011). Further
studies with aged mice revealed that wheel running inhibits the
pro-inflammatory state of microglia and their ability to proliferate,
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thus inducing a pro-neurogenic phenotype (Kohman et al., 2012).
The findings by Speisman and colleagues demonstrated that daily
exercises may have protective effects on cognition by modulating
immune and neuroimmune cytokines and neurogenesis (Speisman
et al., 2013a) in aged rats. In another recent study it was shown
that an intensive training program inhibited pro-inflammatory
responses in hippocampus (such as gene expression level and pro-
tein content of IL-1f3 cytokine), thereby inducing neuroprotection
(Chennaoui et al., 2015).

Certainly, the anti-inflammatory effects of exercise are medi-
ated through multidirectional pathways. Some of them are exerted
on adipose tissue, skeletal muscles, immune system cells, and
the cardiovascular system (Fig. 6). These effects include modula-
tion of anti-inflammatory and pro-inflammatory cytokine profiles,
redox-sensitive transcription factors, anti-oxidant and pro-oxidant
enzymes, and repair proteins (Majka et al., 2009). Regular phys-
ical activity can reduce the size of adipocytes and attenuate
inflammation in adipose tissue by phenotype switching from pro-
inflammatory M1- to anti-inflammatory M2-type macrophages
(Fig. 6). In addition, a reduction in the numbers of circulating
pro-inflammatory type monocytes and an increase in numbers of
regulatory T cells were found in the peripheral blood of individu-
als following physical activity (Pedersen, 2011; Timmerman et al.,
2008).

Recent evidence suggests that contracting muscles release
myokines (Dishman et al., 2006; Minter et al., 2016; Miiller and
Pawelec, 2014; Pedersen and Hoffman-Goetz, 2000; Petersen and
Pedersen, 2005; Phillips et al., 2014), which affect the synthesis
of BDNF in the dentate gyrus of the hippocampus (Phillips et al.,
2014). A recent meta-analysis based on 29 studies estimated the
strength of association between exercise and increased BDNF levels
in humans across multiple exercise paradigms. Effect size analysis
supported the role of exercise as a successful strategy to enhance
BDNF activity in humans. Interestingly, the magnitude of these
effects was lower in females than males (Szuhany et al., 2015). In
general, differences between the sexes over the course of aging
have been repeatedly reported in both animal and human stud-
ies (Beery and Zucker, 2011; Laws et al., 2016; Zagni et al., 2016).
Estrogens, which are known to have inhibitory effects on neuroin-
flammation (in particular on microglia) appear to contribute to such
sexual dimorphism (Au et al., 2016; Vegeto et al., 2008). Fluctua-
tions in estrogen levels might alter the anti-inflammatory activity
of this hormone and impair the neuronal protection.

Accumulating knowledge from clinical and pre-clinical data
about the effects of physical exercise on brain function suggests that
exercise may reduce inflammation and oxidative stress through a
number of cellular and humoral neuroimmune changes. Astrocytes,
microglia, endothelial cells of cerebrovasculature and T cells are
known to have anti-inflammatory and neuroprotective functions
via a variety of mechanisms. It is still a matter of investigation
whether exercise has effects on specific neuroimmune markers,
such as markers ofimmunosenescence (Beurel et al.,2014; Eyre and
Baune, 2012; Moylan et al., 2013). Numerous studies do neverthe-
less suggest that regular physical activity is likely to be associated
with maintenance of the more “youthful” phenotype of the immune
system (Simpson, 2016; Turner, 2016).

The beneficial effects of physical fitness on mental and physi-
cal health involve protection against potentially adverse behavioral
and metabolic consequences of stressful events and aging. Physical
activity may have a buffering role on the hormonal stress respon-
sive systems (Fig. 6), such as the HPA axis and the sympathetic
nervous system (Simpson, 2016). Regular physical activity may also
lead to a reduction of excessive inflammation and may therefore
contribute to positive psycho-physiological effects. Furthermore,
regular exercise may be beneficial for the brain by enriching growth
factor expression and neural plasticity, thereby contributing to

improved mood and cognition (Silverman and Deuster, 2014).
Papenberg and colleagues investigated the impact of an inactive
lifestyle and high levels of peripheral inflammatory cytokines on
gray-matter volumes in a population-based study of older adults.
Results showed that inflammation exacerbated negative effects on
brain and cognition, and this was particularly pronounced in inac-
tive older adults (Papenberg et al., 2016). Exercise and physical
activity have been shown to improve overall health and well-
being in aged individuals and their beneficial effects appear to
impact all physiological systems (Simpson, 2016). Nonetheless, the
majority of aged individuals does not implement exercise pro-
grams on a regular, extended basis. Varma and colleagues have
recently demonstrated that even low-intensity but regular exer-
cise such as daily walking was associated with greater hippocampal
volume in older women (Varma et al., 2015). Epidemiological evi-
dence and other results suggest that physical activity may be
associated with improved cerebral blood flow and neuronal con-
nectivity (Burdette et al., 2010), favorable changes in brain volume
(Colcombe et al., 2006; Erickson et al., 2014), neurotrophic fac-
tors (Leckie et al., 2014), neurogenesis (Yau et al., 2011), and
lower rates of cognitive decline. But some results on beneficial
effects of exercise training remain still controversial. The effects
of exercise may vary greatly depending on the individual’s char-
acteristics, as well as on type, intensity, frequency, and duration
of exercise. Thus, it appears to be essential to develop person-
alized exercise programs in interventional designs (Majka et al.,
2009).

Results from cognitive training programs have also been shown
toresult in improvements in cognitive abilities in older adults com-
pared to control groups (Engvig et al., 2010; Schmiedek et al., 2010)
and the effects were partly maintained up to five years after the
intervention (Willis et al., 2006). Thus, increased mental activity in
older people through directed cognitive training may represent an
effective intervention to counteract cognitive decline and poten-
tially even postpone the rise of dementia (Cheng et al., 2012).

It has been proposed that physical and cognitive exercise might
interact synergistically, thereby inducing larger beneficial effects
(Bamidis et al., 2014; Hotting and Roder, 2013; Kempermann et al.,
2010; Kraft, 2012; Lustig et al., 2009). Several intervention stud-
ies are in line with this hypothesis demonstrating larger benefits
on cognitive test performance for combined physical and cogni-
tive activities than for either activity alone. Those studies comprise
observational cross-sectional (Eskes et al.,2010), longitudinal (Karp
et al,, 2006), as well as controlled interventional designs (Fabre
etal., 2002; Oswald et al., 2006). Results of studies with patients at
risk of cognitive decline suggest that cognitive and physical exercise
training represent promising non-pharmaceutical tools for improv-
ing cognition in elderly at-risk individuals (Bherer, 2015; Fiatarone
Singh et al., 2014).

What might be the advantage of combined physical and cog-
nitive exercise? Physical activity could be boosting the potential
for adult neurogenesis while cognitive stimulation is increasing
the recruitment of cells in an enriched environment (Kempermann
et al,, 2010). From an evolutionary perspective, physical and cog-
nitive challenges have always appeared in a highly interlinked
fashion (Kempermann et al., 2010). It might be assumed that the
neurobiological mechanisms triggered by physical and cognitive
exercise cooperate to induce plastic changes and to increase the
potential for neurogenesis and synaptogenesis (Fissler et al., 2013).
In other words, physical exercise may (through mitigating neuroin-
flammation) induce an appropriate neuroprotective environment
and prepare the brain to respond to cognitive stimulation. Cogni-
tive training then induces neuronal changes in specific networks
associated with the trained skill.

Taken together, accumulating and promising evidence suggests
that plastic changes are less pronounced but possible in old age,
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and might be boosted by combining both physical and cognitive
activities.

8. Concluding remarks

Around the world, and especially in many European coun-
tries, the older segment of the adult population is growing in
size and proportion (Vaupel et al., 2003). Given recent major
advances in prophylaxis and medical care for cardiovascular dis-
ease and cancer, the most important societal, public health and
personal challenges in dealing with demographic change will
relate to cognitive function and finally, neurodegeneration. What
people make out of the added years of their lives will be the
most important aspect, but will only be advantageous to the
individual and to society at large if people can remain active
participants in daily life and work. Maintaining cognitive func-
tion will be paramount, but cognitive performance is known to
decrease with increasing age, even in overtly healthy individ-
uals. Preventing, attenuating and delaying cognitive decline is
probably the most effective measure for postponing the point of
time at which individuals are no longer able to lead an inde-
pendent life. Effective pharmacological treatments for cognitive
decline remain unavailable. Some modifiable lifestyle factors, such
as poor diet and physical and cognitive inactivity have been iden-
tified as associated with increased risk of cognitive decline over
the normal aging process, as opposed to overt pathological con-
ditions (Lindenberger, 2014). Encouragingly, exercise can have a
protective effect, even if initiated in advanced old age (Tolppanen
et al,, 2015). In this review we have described potential basic
underlying processes of age-related decline, namely a progres-
sive increase in neuroinflammation characterized by increased glial
activation, elevated steady-state levels of inflammatory cytokines
and decreased production of neurotrophic molecules, as well as
possible positive effects of physical exercise and cognitive inter-
ventions. It is our hypothesis, as partly summarized here, that
a judicious combination of exercise and dietary interventions,
cognitive training, pharmacological manipulation of immunose-
nescence and inflammatory processes will eventually deliver an
optimal individualized regime for the maintenance of the best
possible cognitive function over the lifespan of every individ-
ual.
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