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Editorial: Maintaining Brain Health
Throughout Life

The idea of compiling this book was conceived during a satellite symposium on
“Brain Aging and Dementia: Basic and Clinical Aspects”, following the 5th Con-
gress of the Federation of Asian and Oceanian Neuroscience Societies(FAONS) on
Nov 26-28, 2010 at Hotel Clarks Avadh, Lucknow, India. The satellite symposium
was held at Banaras Hindu University, Varanasi and sponsored by the Department
of Biotechnology, Government of India. One of the main inspiring forces behind
this idea was Padmashri Professor M.S. Kanungo, respected as the “Father of Bio-
gerontology in India”, who, unfortunately, could not see the result of his inspiration,
as he passed away in July 2011. Therefore, we dedicate this book to the memory of
Professor Kanungo, who was the mentor of numerous biogerontologists, several of
whom are the contributors of articles in this book.

Maintaining physical and mental health throughout life is the ideal goal of all
biomedical research. This becomes even more challenging and imminent in a rap-
idly changing demographic scenario throughout the world, which has significantly
increased the proportion of the elderly in a population. However, this great success
in the extension of lifespan has been accompanied by a parallel increase in the inci-
dence of neurological and psychiatric disorders in old age. Therefore, understand-
ing brain aging and testing, developing and applying novel methods of prevention
and treatment of brain disorders is a high priority area.

Recently, there have been enormous advances in the understanding of brain ag-
ing and related disorders facilitated by the advancement in neuroimaging and other
techniques. The brain undergoes a number of structural and functional changes with
increasing age and these changes vary greatly from one person to the next. In par-
ticular, studies have focused on basic mechanisms of brain aging, pathogenesis of
brain disorders and development of therapeutic strategies. A common concern in
old age is the decline in cognitive functions, particularly the decrease in efficiency
to learn new skills and difficulty in retrieving the memory stored throughout the life.
Hence, researchers have been analysing the mechanisms of memory formation and
its impairment and devise the strategies to improve the cognitive functions.
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vi Editorial: Maintaining Brain Health Throughout Life

This book is our attempt to bring together information on different aspects of
brain aging and on the strategies for intervention and therapy of age-related brain
disorders. It includes 18 chapters written by leading researchers in the field on dif-
ferent aspects of brain aging and on therapeutic interventions. Each chapter is a
comprehensive and critical review of the topic in question, discusses the current
scenario and focuses on future perspectives. The target readership for this collection
of articles is the undergraduate and graduate students in the universities, in medical
and nursing colleges, along with the post-graduate reserchers taking up research
projects on different aspects of brain aging, and practicing clinicians who would
like to know about the latest developments in the field of neurodegenerative dis-
orders and their therapeutic interventions. This book will also be important for the
college and university libraries maintaining a good database in biology, medical and
biomedical sciences. This book will be of much interest to pharmaceutical, nutrition
and healthcare industry for an easy access to accurate and reliable information in the
field of aging research and intervention.

As editors, we are grateful to all the authors for their valuable contributions,
timely submission of chapters and making revisions as suggested by the reviewers.
We are also grateful to Padma Vibhusan Professor P.N. Tandon for his constant sup-
port and encouragement during the preparation of this book.

M. K. Thakur and Suresh I. S. Rattan
Editors
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Chapter 1
Brain Aging: A Critical Reappraisal

Mahendra K. Thakur, Arpita Konar and Akash Gautam

Abstract Despite remarkable scientific advancements in recent years, much about
the human brain still remains a mystery, particularly in the context of brain aging
and associated disorders. Understanding of the factors that influence brain integrity
late in life will help to maintain healthy brain functions. This is indeed a difficult
task because in several cases, normal brain aging switches to pathological aging
associated with drastic deterioration in cognitive abilities, motor skills and mood
resulting in neurological diseases, ranging from late onset neurodegenerative dis-
eases such as Alzheimer’s and Parkinson’s to early onset neuropsychiatric disorders
such as schizophrenia and bipolar disorder. Brain aging is accompanied by several
anatomical, cellular and molecular alterations including reduction in brain volume,
protein turnover, increase in protein aggregation, impairment in neural plasticity,
perturbed calcium homeostasis, neuronal survival and neuroinflammation, eventu-
ally affecting brain functions with increased incidence of neurological disorders.
Factors like stress, depression, hypertension as well as obesity accelerate the aging
of brain contributing to neurodegeneration and associated cognitive deficits. Dur-
ing the past decades, technical advances including microarray, neuroimaging and
behavioral paradigms have helped to get a holistic picture of age-associated altera-
tions in the brain. Here we review the current understanding of age-related struc-
tural and functional changes in the brain and how these changes might contribute
to vulnerability for developing age-related neurological diseases and designing
potential therapeutic avenues. Taken together, the findings suggest that adoption of
certain neuroprotective strategies like dietary restriction, antioxidant supplementa-
tion, low alcohol intake, less exposure to stressors, environmental enrichment and
lifestyle modulations involving exercise and intellectual brain training programs
can be beneficial to delay the loss of brain integrity during aging.

M. K. Thakur (P<) - A. Konar - A. Gautam

Brain Research Centre, Biochemistry and Molecular Biology Laboratory,
Department of Zoology, Banaras Hindu University, Varanasi 221005, India
e-mail: mktian2007@gmail.com; mkt bhu@yahoo.com

M. K. Thakur, S. I. S. Rattan (eds.), Brain Aging and Therapeutic Interventions, 1
DOI 10.1007/978-94-007-5237-5_1,
© Springer Science+Business Media Dordrecht 2013
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Keywords Aging * Cognition * Diet ¢« Environment ¢ Epigenetics * Genes *
Hormones ¢ Neurodegeneration * Neuroimaging * Therapeutics

1.1 Introduction

Brain aging is characterized by several anatomical, molecular and functional chang-
es leading to enhanced vulnerability to a number of insults and diseases. Structural
changes include shrinkage in total brain volume and morphological changes in spe-
cific regions. Besides loss of structural integrity and neural plasticity, progressive
deterioration of cellular homeostatic reserves and alterations in calcium dependent
signaling mechanisms have been proposed as the key events associated with brain
aging (Yankner et al. 2008). Other chemical and molecular changes associated with
brain aging include changes in neurotransmitters and hormones levels, increased
reactive oxygen species production, mitochondrial dysfunction (see Chap. 4), ac-
cumulation of nuclear and mitochondrial DNA damage accompanied by age-related
decline in DNA repair (see Chap. 2), and intracellular and extracellular protein ag-
gregates. Such drastic changes at cellular and molecular levels are reflected in the
impairment of various functions like sleep, attention, speech, language, decision
making and cognitive abilities like working memory and long term memory. If
the brain cells fail to adapt to these age-related changes, the normal aging process
will gradually transit to pathological conditions resulting in brain tumours (Weller
et al. 2011), stroke, white matter lesions and neurodegenerative disorders like Al-
zheimer’s disease (AD) and Parkinson’s disease (PD). Besides pharmacological
and molecular interventions (see Chap. 15), protective factors like regular exercise
(Kohman et al. 2011), a healthy diet (see Chaps. 16 and 17), low to moderate al-
cohol consumption, intake of herbal products (see Chaps. 9 and 18) and a blissful
environment (see Chap. 6) aid to retard brain aging. Increased cognitive effort in
the form of education or occupational attainment also helps in healthy brain aging.
A healthy life both physically and mentally may be the best defence against the
changes in aging brain.

1.2 Changes During Brain Aging

With advancing age, brain shows various anatomical, molecular and functional
changes and severity of such alterations leads to increased incidence of neurolog-
ical disorders (Shetty et al. 2011) and traumatic brain injuries (Sivanandam and
Thakur 2012). Constantly emerging neuroimaging (Ketonen 1998), neurogenomic
(Lee et al. 2000) and neuroproteomic (Vanguilder and Freeman 2011) techniques
demonstrate that brain aging involves loss of structural integrity, alteration in levels
of enzymes, hormones, genetic and epigenetic modulation, dysregulated metabo-
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lism, increased oxidative stress, altered protein processing and synaptic function,
and these changes together lead to decline in physiological and cognitive functions.

1.2.1 Anatomical Changes

Age-related decline in brain volume is predominant in frontal cortex, temporal cor-
tex, putamen, thalamus and nucleus accumbens. Recent MRI analysis revealed that
grey matter volume reduces (Taki et al. 2011) while white matter volume increases
in frontal, parietal and temporal cortices (Berti et al. 2011), insula and superior pa-
rietal gyri (Taki et al. 2011) in both genders. However, there is a debate about the
age- related effects on white matter. Schmidt et al. (2011) show differential changes
in white matter in different regions of the brain during aging. Also the regional vari-
ation in brain volume is not uniform as there are reports of shrinkage of some brain
regions at a rate of up to 1 % per year, whereas others remain relatively stable until
the end of life-span (Beason-Held et al. 2008). These volumetric reductions occur
due to neuronal shrinkage, reduction of synaptic spines, lower number of synapses
and reduced length of myelinated axons (Dickstein 2007). Dendritic arbors and
spines of cortical pyramidal neurons decrease in size and/or number in humans and
primates as a result of age. Electron microscopic studies reveal 50 % loss in spines
on the apical dendritic tufts of pyramidal cells in prefrontal cortex of old monkeys
(27-32 years) as compared to young ones (69 years old) (Barnes 2011). Similarly,
46 % decrease in spine number and density has been reported in humans older than
50 years as compared with younger individuals. Cortical lining is also diminished
during aging with annual reduction between 0.5 % and 1.0 % in most brain areas.
Studies from computed tomography show that the cerebral ventricles enlarge with
progression of age, and this process is called as ventriculomegaly and has been
studied biomechanically in detail with its applications to hydrocephalus (Wilkie
et al. 2012). The permeability of blood-brain barrier also increases with advancing
age (Farall and Wardlaw 2007). Functional MRI studies have demonstrated relative
increase or decrease in brain activity when comparing old with young individuals
(Beason-Held et al. 2008), and alteration in hemispheric lateralization in prefrontal
cortex in aged brain (Woodard and Sugarman 2012).

1.2.2 Molecular Changes

Integrating age-related neuroanatomical changes with underlying molecular al-
terations including changes in neurochemicals, genetic and epigenetic factors and
identification of biomarkers might have profound consequences for retarding brain
aging and associated disorders.
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1.2.2.1 Chemical Changes

Brain aging involves marked alteration in levels of neurotransmitters, enzymes,
hormones and metabolites (Smith et al. 2005). Dopamine levels decline by around
10 % per decade from early adulthood due to loss of dopaminergic neurons between
frontal cortex and striatum or reduction in number and binding affinity of dopamine
receptors (Ota et al. 2006). Decrease in dopamine level is associated with age-relat-
ed decline in cognitive and motor performance. Serotonin (Yamamoto et al. 2001)
and glutamate (Chang et al. 2009) levels also fall with increasing age and are impli-
cated in the loss of synaptic plasticity in old brain. Activities of enzymes regulating
neurotransmitters like monoamine oxidase increase with age and may liberate free
radicals from reactions that exceed the inherent antioxidant reserves (Esiri 2007).

Another important factor influencing aging brain and its cognitive performance
is hormone. While majority of hormones like growth hormone, thyroxine, melato-
nin and sex hormones including testosterone, DHEA, estrogen and progesterone
(Veiga et al. 2004; Schumacher et al. 2003) decline during aging, stress hormone
cortisol shows significant increase (Lupien et al. 2009) and is considered to be a
serious risk factor for cardiovascular disorders, obesity and rapid brain aging. Age-
related structural and functional changes are attributed largely to modulation in the
level of estrogen which acts mainly through its intracellular receptors, estrogen re-
ceptor (ER)a and ERP. The expression of these receptors is regulated by several
factors including their own ligand estrogen, and others such as growth hormone
and thyroid hormone. The levels of these factors decrease during aging which in
turn influence estrogen signaling leading to alterations in brain functions (Thakur
and Sharma 2006). Recent report that ER P interacts with casein kinase2, phospho-
kinase C and N-myristoylation sites present in mitochondrial and nuclear proteins
might be useful to regulate estrogen dependent gene regulation in brain for thera-
peutics (Paramanik and Thakur 2012).

Insulin and Insulin-like growth factors (IGFs) have been increasingly document-
ed as significant molecules in modulating the speed of aging in humans (Sonntag
et al. 2000). Increase in insulin level and resistance with advancing age affects syn-
aptic integrity, brain vascular function and energy metabolism and imposes the risk
of developing dementia in late life. The aging brain may also suffer from impaired
glucose metabolism or a reduced input of glucose due to fall of cerebrovascular ef-
ficiency (Cohen and Dillin 2008). Recent studies reveal that high lactate level in the
brain caused by a shift in the lactate dehydrogenase A/B ratio is a hallmark of aging
(Ross et al. 2010). They show that elevation of lactate levels occurs before other
indicators in the prematurely aged mitochondrial DNA mutator mouse and most
probably a similar pattern may characterize normal aging.

1.2.2.2 Genetic Changes

Advancement in gene expression studies such as genomic microarray analysis has
helped to understand the molecular mechanisms underlying changes that occur dur-
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ing brain aging. Majority of gene expression studies in brain across the lifespan re-
veal alterations in molecules related to stress (see Chap. 7), inflammation, immune
response, mitochondrial functions, growth factors, neuronal survival, synaptic plas-
ticity (see Chap. 3) and calcium homeostasis (Lu et al. 2004). Comparative analysis
of phylogenetically distant organisms has revealed a few broadly conserved func-
tional categories of genes with age-dependent expression changes (Loerch et al.
2008). While genes related to stress response, inflammation and DNA repair are
upregulated, mitochondrial genes are repressed during aging in almost all the organ-
isms studied (Yankner et al. 2008). In a transcriptional profiling study of the aging
cortex in mice, rhesus macaques and humans, the greatest conserved change was
age-dependent upregulation of the apolipoprotein D genel3 that functions as a lipid
antioxidant conferring resistance and is induced in the brain of individuals with AD
(Bishop et al. 2010). Recent studies reveal that gene expression changes during ag-
ing are region specific and exhibit sexual dimorphism (Berchtold et al. 2008). Dif-
ferent regions of the forebrain exhibit substantially different gene profile changes
with age. For instance, superior frontal gyrus shows remarkable alteration in gene
expression while changes in entorhinal cortex are moderate. Prominent changes
occurring in 60-70 years old individuals across the entire cortical region suggest it
to be a critical transition point in brain aging. In hippocampus, CA1 region is more
susceptible to aging and exhibits a greater number of altered genes relative to CA3
and the dentate gyrus (DG), and an enrichment of genes related to the immune re-
sponse and apoptosis (Zeier et al. 2011).

As the sexual dimorphism is concerned, males show more gene changes than
females across all brain regions. Male brain is characterized by global decrease in
catabolic and anabolic capacity with aging, and down-regulation of genes involved
in energy production and protein synthesis/transport. Increased immune activity is
a prominent feature of aging in both sexes, with proportionally greater activation
in the female brain. Besides regional and gender differences, gene expression has
also been shown to be specific for neurons and glia. It is suggested that glial-en-
riched genes largely associated with immune system and complement activation
are up-regulated, whereas neuronal-enriched genes related to synaptic structure and
function, calcium regulation, signal transduction and transmembrane receptors, are
largely down-regulated with age. Even among glial genes, astrocytic markers are
up-regulated while oligodendrocytic genes are repressed during aging (Loerch et al.
2008). Few examples of genes that undergo age dependent alteration in humans
have been enlisted in Table 1.1.

1.2.2.3 Epigenetic Changes

Besides genetic alterations, the emerging field of epigenetics indicates that accumu-
lation of aberrant epigenetic marks including histone and DNA modifications may
be a driver of aging-related cellular and physiological changes. Studies of Zeng
et al. (2011) reveal that age-dependent deficits in long-term synaptic plasticity and
loss of hippocampal dendritic spines in the aged Fischer 344 rats are closely asso-



Edited proof

M. K. Thakur et al.

Table 1.1 Gene expression changes during brain aging

SN Category

Example

Genes upregulated
1 Stress response

2 DNA repair

3 Mitochondrial function
4 Inflammatory response

5  Growth factors

6  Synaptic transmission
7  Myelin related proteins/
lipid metabolism

8  Metal ion homeostasis
Genes downregulated

1 Synaptic plasticity

2 Synaptic transmission

3 Vesicular transport

4 Neuronal survival

5  Calcium homeostasis

6  Mitochondrial function

7  Microtubule structure and
function
8  G-protein coupled receptors

9  Protein turnover

Heat shock 70kD protein 2, mortalin, crystallin alpha B,
hypoxia inducible factorla (HIF 1), HIF-1 responsive
RTP801, transglutaminase 2, p53 binding protein 2,
retinoblastoma-associated protein 140

8-oxoguanine DNA glycosylase, uracil-DNA glycosylase,
topoisomerase I binding protein

Mitochondrial 3-oxoacyl-CoenzymeA thiolase

TNF-o0, C type lectin, H factor (complement)-1, interferon
gamma-inducible protein 16, interferon regulatory factor
7, integrin a5, integrinf31

Vascular endothelial growth factor, FGF receptor 2, FGF
receptor 3

SNAP23, synaptophysin-like protein

Amyloid precursor protein®, oligodendrocyte lineage tran-
scription factor 2, peripheral myelin protein 22, proteo-
lipid protein 1, fatty acid desaturase 1, apolipoprotein D,
low density lipoprotein receptor related protein 4, sterol
carrier protein 2

Metallothionein 1G, metallothionein 1B, metallothionein
2A, haem binding protein 2, haemoglobin f, hephaestin

BDNF, neurexin 1, synaptobrevinl,synapsin II b, growth
associated protein 43 (GAP-43), activity regulated cyto-
skeletal protein (Arc)

NMDA receptor, serotonin receptor 2A; GABA A receptor
subunits al, a5, f3; GABA biosynthetic enzymes gluta-
mate decarboxylase 1 and 2 (GAD1&GAD?2), glutamate
receptor subunits

GABA vesicular transporter (SLC32A1), kinesin 1B,
sortilin, dynein (DNCH1), dynamin, trans Golgi network
protein 2, Golgi reassembly stacking protein 2, phospha-
tidylinositol transfer protein 3, clathrin

Presenilin (PS)1® MADS box transcription enhancer factor
2C (MEF2C), inositol polyphosphate-4-phosphatasel,
inositol 1,4,5 trisphosphate 3 kinase A

Calmodulin 1 and 3, CAMkinase IIa’ and IV, calcineurin
Bo, ATPase Ca?*-transporting, plasma membrane 2
(ATP2B2)

ATP synthase H +-transporting mitochondrial Flal, mito-
chondrial ribosomal protein L28, S12, cytochrome ¢
synthase, translocase of inner mitochondrial membrane
17A

Microtubule associated protein (MAP)1B, MAP2, tau J,
RAN binding protein 9

Rap2A, regulator of G protein signalling 4, G protein q
polypeptide (GNAQ)

ATPase H'-transporting lysosomal V1 subunit H and A,
ubiquitin conjugating enzyme UbchS5, ubiquitin conjugat-
ing enzyme E2M, ubiquitin carrier protein
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Table 1.1 (continued)
SN Category Example

10 Amino acid modification Protein-L-isoaspartate O-methyltransferase, methionine
adenosyltransferase Ila, B-1,3-galactosyltransferase,
glutamate decarboxylase 1

11 Kinases and phosphatases  Protein kinase C isoforms (PKCpB1), PKCy and PKC()

12 Stress response Stress 70 protein chaperone

13 Hormones Proenkephalin, somatostatin, cholecystokinin B receptor,
chromogranin B (secretograninl)

14 Voltage gated channels Voltage-gated Na channel II b (SCN2B), voltage-dependent

calcium channel b2
Genes unaltered

1 Lipid transport ApoE

2 Cytoskeletal elements Btubulin I1I, neurofilament L chain, BActin
3 Glycolytic enzyme GAPDH

2 Sivanandam and Thakur 2011

® Thakur and Ghosh 2007

ciated with reduced histone acetylation, upregulated histone deacetylase (HDAC)
2 and decreased expression of histone acetyltransferase. Further analysis reveals
brain-derived neurotrophic factor (BDNF) as one of the key genes affected by
such changes. Age-dependent reductions in H3 and H4 acetylation are detected in
multiple promoter regions of the BDNF gene, leading to a significant decrease in
BDNF expression and impairment of downstream signaling in the aged hippocam-
pus. These deficits could be rescued by enhancing BDNF and trkB expression via
HDAC inhibition or by directly activating trkB receptors with 7,8-dihydroxyfla-
vone, a newly identified, selective agonist for trkB. Epigenetic changes in genes
like Arc, zif268 and BDNF in vulnerable brain regions of hippocampus and prefron-
tal cortex are also associated with age-related cognitive deficits (Penner et al. 2010).
Dynamic changes in chromatin structure across the lifespan could potentially either
counter aging and age-associated diseases in some cases, or contribute to acceler-
ated aging and age-related dysfunctions in other cases. Despite the identification of
several genes influencing brain aging and overall lifespan, an important question
still remains unanswered whether age-related cognitive changes are mediated by
any of the master regulators of aging and lifespan identified in model organisms.

1.2.3 Functional Changes

Aging impacts a variety of brain functions including attention, speech, sleep, deci-
sion making, working and long term memory (Hedden and Gabrieli 2004). Experi-
ments with rodent models show that old age exhibits decline in cognition and mo-
tivation, decreased interest in novel tasks, motor disabilities and increased anxiety.
These changes show corresponding pattern in primates and humans.
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Sleep: Sleep dysregulation is a common complaint among the elderly. Age-related
sleep changes include circadian advance, sleep fragmentation, insomnia and loss
of deep, slow wave sleep while daytime symptoms include sleepiness, increased
napping and breakthrough sleep (Buechel et al. 2011). Further, healthy younger
adults exposed to experimentally induced selective deprivation of night time (inac-
tive period) deep sleep show some aging-like phenotypes, including daytime sleepi-
ness, biochemical and metabolic dysfunctions and cognitive deficits. Recent studies
suggest that deep, slow wave sleep during the inactive period promotes memory,
possibly through localized synaptic protein synthesis effects. Thus, the dysregulated
slow wave sleep seen with age might contribute to cognitive deficits. Despite the
seemingly similar effects of age and sleep dysregulation on cognition, and high
prevalence of sleep changes with age, relatively few studies have investigated pos-
sible mechanistic links between sleep architecture changes and age related cogni-
tive decline.

Working Memory: Older adults exhibit significant deficits in working memory
(Schulze et al. 2011). Although the mechanisms underlying these age-related defi-
cits are still obscure, decline in the activity of prefrontal cortex has been attributed
to age dependent deficits in working memory.

Episodic Memory: Aging principally affects episodic memory, namely memory
for specific events or experiences that occurred in the past (Fjell and Walhovd
2010). A great problem for older adults is remembering context or source informa-
tion; where or when something was heard or read, or even whether something actu-
ally happened or was just thought about, what has been called “reality monitoring”.
Although semantic memory is largely preserved during aging, older people provide
general information rather than specific details.

Attention: Older adults show significant impairment in attention, which is a cog-
nitive function associated with the frontal lobe that requires dividing or switching
of concentration among multiple inputs or tasks (Fjell and Walhovd 2010). Impor-
tantly, these types of tasks appear to be amenable to training and show benefits of
cardiovascular fitness. Attention deficits can have a significant impact on old per-
son’s ability to function adequately and independently in everyday life. One impor-
tant aspect of daily functioning affected by attention problem is driving, an activity
that is essential to independence for many old people. Driving requires a constant
switching of attention in response to environmental contingencies. Attention must
be divided between driving, monitoring the environment, and sorting out relevant
from irrelevant stimuli in a cluttered visual array. Research has shown that divided
attention impairments are significantly associated with increased automobile acci-
dents in older adults.

Decision Making: Relatively little research has been done on the effect of aging on
decision-making. It has been noticed that while making decision, old people tend to
rely more on prior knowledge about the problem domain and less on new informa-
tion whereas young people are likely to have less knowledge about these issues and
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tend to sample and evaluate more current information and consider more alterna-
tives before making their decisions.

1.3 Factors Accelerating Brain Aging

Multiple factors affect the rate of brain aging; while some of them accelerate, others
slow down age-related deterioration and delay the attainment of pathological levels.
Identifying such factors is crucial to design therapeutic strategies. Some of the fac-
tors that modify brain aging are discussed below:

Hypertension: Hypertension is a chronic age-related condition associated with
multiple changes in the vascular system. Chronic elevation of blood pressure affects
structure of brain and persons with medically controlled hypertension are at lower
risk for cognitive decline than those who are undiagnosed or untreated. Hyperten-
sion accelerates age-related shrinkage of the hippocampus. Persons with hyperten-
sion and other vascular disease factors show longitudinal decline in the regions that
are usually stable in normal aging, such as the primary visual cortex. Indeed, in con-
trast to healthy adults, persons with vascular risk factors and vascular disease show
rapid expansion in parietal areas and increase in the pace of expansion is associated
with higher systolic blood pressure. Unfortunately, little is known about neuroana-
tomical correlates of hypertension in standard animal models. However, selective
vulnerability of the prefrontal regions to hypertension is observed in spontaneously
hypertensive rats, and treatment with antihypertensive agents shows notable neuro-
protective effect in the prefrontal cortex (Raz and Rodrigue 2006).

In addition to hypertension, metabolic markers of cardiovascular risk may be
associated with structural differences in the brain usually attributed to aging. One
such marker is homocysteine (Hcy), an amino acid that is synthesized with par-
ticipation of vitamins of the B-group as co-factors. In healthy adults, Hcy increase
is associated with atrophy of the hippocampus, reduced total Grey matter volume
and ventriculomegaly. Increased plasma Hcy levels predict cognitive decline in non
demented elderly, and is linked to poor performance on a wide range of neuropsy-
chological tests, especially those measuring delayed recall and executive control
(Raz and Rodrigue 2006).

Stress and Depression: Another factor that may contribute to variable age-related
changes in brain function is individual differences in the stress system which could
arise through natural genetic variation or through exposure to a variety of stressors
over the lifespan of the individual. Stress has an important influence on the brain
throughout the lifespan. Early life stressful experiences initially impair learning
and memory processes but enhances emotional memory formation later in life (see
Chap. 13). Recent research has reported that people with recurrent depression or
those exposed to chronic stress exhibit accelerated brain aging. With increasing age,
telomeres shorten, and studies have shown that oxidative stress and inflammation
accelerate this shortening. On this basis, it has been suggested that telomere length
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Normal adult
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Fig. 1.1 Schematic representation of transition from normal aging brain to pathological brain

is a measure of biological aging, and telomere length has subsequently been linked
to age-related diseases, unhealthy lifestyle and longevity. Recent research shows
that shorter telomere length is associated with both recurrent depression and cortisol
levels indicative of exposure to chronic stress (Wikgren et al. 2012).

1.4 Transition of Normal Brain Aging to Pathological
Aging

Neural cells may respond to multiple changes during brain aging adaptively, or they
may give rise to neurodegenerative cascades that result in disorders such as AD and
PD, commonly termed as pathological aging. Multiple mechanisms are employed
to maintain the integrity of nerve cell circuits and to facilitate responses to environ-
mental demands and promote recovery of function after injury. The mechanisms
include production of neurotrophic factors and cytokines, expression of various cell
survival-promoting proteins (e.g., protein chaperones, antioxidant enzymes, Bcl-2
and inhibitor of apoptotic proteins), preservation of genomic integrity by telomer-
ase and DNA repair proteins, and mobilization of neural stem cells to replace dam-
aged neurons and glia (Fig. 1.1). The aging process challenges neuroprotective and
neurorestorative mechanisms. Genetic and environmental factors such as hypoxia



Edited proof

1 Brain Aging: A Critical Reappraisal 11

(see Chap. 12) and early life experiences (see Chap. 5) superimposed upon the ag-
ing process can determine whether brain aging is normal or pathological. Mutations
in genes that cause inherited forms of AD (amyloid precursor protein and prese-
nilins), PD (a-synuclein and parkin), and trinucleotide repeat disorders (hunting-
tin, androgen receptor, ataxin, and others) overwhelm endogenous neuroprotective
mechanisms; other genes such as those encoding apolipoprotein E have more subtle
effects on brain aging (Singh and Thakur 2011). On the other hand, neuroprotec-
tive mechanisms can be bolstered by dietary restriction (see Chap. 10), antioxidant
supplementation, herbal interventions (see Chap. 11) and behavioral (intellectual
and physical activities) modifications. At the cellular and molecular levels, suc-
cessful brain aging can be facilitated by activating a hormesis response in which
neurons increase production of neurotrophic factors and stress proteins (Stranahan
and Mattson 2012). Hormonal interventions, particularly steroids promote success-
ful aging regulating neurotransmitter system, neuronal viability, myelination and
cognitive processes. Comparative analysis of neurosteroids in AD patients and age-
matched non-demented controls reveals negative correlation between neurosteroid
level and biochemical markers like phophorylated tau and beta amyloid peptides
in AD (Schumacher et al. 2003). Modulation in estrogen level has also been sug-
gested to play an important role in neuroprotection (see Chap. 14). Hormones like
melatonin help to recover age induced disturbance in biological clock (see Chap. 8).
Neural stem cells that reside in the adult brain are also responsive to environmental
demands and appear capable of replacing lost or dysfunctional neurons and glial
cells, perhaps even in the aging brain.

1.5 Therapeutic Interventions

Earlier it was believed that brain aging associated decline in physiological and high-
er cognitive functions are difficult to combat, but recent advancement in neurosci-
ence research has endeavoured to retard age associated deficits as well as maintain
healthy and successful aging. These approaches include a wide variety of herbs
as dietary constituents, life style modulations and molecular interventions as men-
tioned in Table 1.2. From in vitro molecular studies to clinical trials, contributions
of molecular and cell biology are crucial for all these therapeutic approaches and
offer the hope of curative advances that deal with elementary biological processes
as well as the clinically significant challenges of brain aging.

1.6 Conclusion

During aging, there is a progressive decline in brain integrity affecting physiologi-
cal and cognitive functions. Brain may cope up with the adversities of aging by
recruiting adaptive cellular responses to strengthen neuronal networks, compensate
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lost or damaged cells, combat stress and enhance plasticity. If this adaptation does
not succeed, age related alterations are accelerated eventually leading to neurode-
generation and death. Successful aging is determined in part by genetic background
as well as experiential factors associated with lifestyle and culture. Dietary, be-
havioral and pharmacological interventions have also been identified as potential
means to slow brain aging and treat neurodegenerative diseases. Thus the research
in brain aging holds a great promise for the once remote dream of living a healthy
and long life free of disease and disability.

Acknowledgements The work cited in this article from authors’ laboratory has been supported
by grants from the Department of Biotechnology, Department of Science and Technology, Indian
Council of Medical Research, Council of Scientific and Industrial Research and University Grants
Commission, Government of India.

References

Ahlskog JE, Geda YE, Graff-Radford NR, Petersen RC (2011) Dementia and brain aging. Mayo
Clin Proc 86:876-884

Anthony DH, Wagner W, Mahlknecht U (2005) Stem cells and aging. EMBO Rep 6:S35-38

Barnes CA (2011) Secrets of aging: what does a normally aging brain look like? F1000 Biol Rep
3:22

Bishop NA, Lu T, Yankner BA (2010) Neural mechanisms of aging and cognitive decline. Nature
464:529-535

Beason-Held LL, Kraut MA, Resnick SM (2008) Temporal patterns of longitudinal change in ag-
ing brain function. Neurobiol Aging 29:497-513

Berchtold NC, Cribbs DH, Coleman PD, Rogers J, Head E, Kim R, Beach T, Miller C, Troncoso
J, Trojanowski JQ, Zielke HR, Cotman CW (2008) Gene expression changes in the course of
normal brain aging are sexually dimorphic. Proc Natl Acad Sci USA 105:15605-15610

Berti V, Mosconi L, Glodzik L, Li Y, Murray J, De Santi S, Pupi A, Tsui W, De Leon MJ (2011)
Structural brain changes in normal individuals with a maternal history of Alzheimer’s. Neuro-
biol Aging 32:2325.e17-2325.€26

Buechel HM, Popovic J, Searcy JL, Porter NM, Thibault O, Blalock EM (2011) Deep sleep and
parietal cortex gene expression changes are related to cognitive deficits with age. PLoS One
6:¢18387

Chang L, Jiang CS, Ernst T (2009) Effects of age and sex on brain glutamate and other metabolites.
Mag Res Ima 27:142-145

Cohen CI (2000) Relation of education to brain size in normal aging. Neurology 54:1207-1208

Cohen E, Dillin A (2008) The insulin paradox: aging, proteotoxicity and neurodegeneration. Nat
Rev Neurosci 9:759-767

Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne SL, Hof PR (2007) Changes in the struc-
tural complexity of the aged brain. Aging Cell 6:275-284

Esiri MM (2007) Aging and the brain. J Pathol 211:181-187

Farrall AJ, Wardlaw JM (2007) Blood brain barrier: aging and microvascular disease-systemic
review and meta-analysis. Neurobiol Aging 30:337-352

Fjell AM, Walhovd KB (2010) Structural brain changes in aging: courses, causes and cognitive
consequences. Rev Neurosci 21:187-221

Floyd RA, Hensley K (2002) Oxidative stress in brain aging: Implications for therapeutics of neu-
rodegenerative diseases. Neurobiol Aging 23:795-807



Edited proof

16 M. K. Thakur et al.

Gomez-Pinilla F (2008) Brain foods: the effects of nutrients on brain function. Nat Rev Neurosci
9:568-578

Hedden T, Gabrieli JDE (2004) Insights into the aging mind: a view from cognitive neuroscience.
Nat Rev Neurosci 5:87-97

Hegazy HG, Ali EHA (2011) Modulation of monoamines and amino-acids neurotransmitters in
cerebral cortex and hippocampus of female senile rats by ginger and lipoic acid. Afr J Pharm
Pharmaco 5:1080-1085

Heras-Sandoval D, Avila-Munoz E, Arias C (2011) The phosphatidylinositol 3-kinase/mTor path-
way as a therapeutic target for brain aging and neurodegeneration. Mex Pharma 4:1070—-1087

Herbert LE, Scherr PA, Beckett LA, Albert MS, Rosner B, Taylor JO, Evans DA (1993) Relation
of smoking and low-to-moderate alcohol consumption to change in cognitive function: a longi-
tudinal study in a defined community of older persons. Am J Epidemiol 137:881-891

Ketonen LM (1998) Neuroimaging of the aging brain. Neurologic Clin 16:581-598

Kohman RA, Sandra LR, Southey BR, Kelley KW, Dantzer R, Rhodes JS (2011) Voluntary wheel
running reverses age-induced changes in hippocampal gene expression. PLoS One 6:¢22654

Lautenschlager NT, Cox K, Cyarto EV (2011) The influence of exercise on brain aging and demen-
tia. Biochim Biophys Acta 1822:474—481

Lee C, Weindruch R, Prolla TA (2000) Gene-expression profile of the aging brain in mice. Nat
Gen 25:294-297

Loerch PM, Lu T, Dakin KA, Vann JM, Isaacs A, Geula C, Jianbin W, Pan Y, Gabuzda DH, Li C,
Prolla TA, Yankner BA (2008) Evolution of the aging brain transcriptome and synaptic regula-
tion. PLoS One 3:e3329

LuT,PanY, Kao S, Li C, Kohane I, Chan J, Yankner BA (2004) Gene regulation and DNA damage
in the aging human brain. Nat 429:883-891

Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress throughout the lifespan on
the brain, behaviour and cognition. Nat Rev Neurosci 10:434—445

Mandel S, Amit T, Reznichenko, Weinreb O, Youdim MBH (2006) Green tea catechins as brain-
permeable, natural iron chelators-antioxidants for the treatment of neurodegenerative disor-
ders. Mol Nutr Food Res 50:229-234

Mattson MP, Duan W, Lee J, Guo Z (2001). Suppression of brain aging and neurodegenerative
disorders by dietary restriction and environmental enrichment: molecular mechanisms. Mech
Ageing Dev 122:757-778

Mishra LC, Singh BB, Dagenais S (2000) Scientific basis for the therapeutic use of Withania som-
nifera (Ashwagandha): a review. Alt Med Rev 5:334-346

Nakatani N (2000) Phenolic antioxidants from herbs and spices. Biofactors 13:141-146

Neill D (2012) Should Alzheimer’s disease be equated with human brain aging? A maladaptive
interaction between brain evolution and senescence. Aging Res Rev 11:104—122

Ota M, Yasuno F, Ito H, Seki C, Kozaki S, Asada T, Suhara T (2006) Age-related decline of do-
pamine synthesis in the living human brain measured by positron emission tomography with
L-[B-11C]DOPA. Life Sci 79:730-736

Paramanik V, Thakur MK (2012) Estrogen receptor 8 and its domains interact with casein kinase
2, phosphokinase C and N-myristoylation sites of mitochondrial and nuclear proteins in mouse
brain. J Biol Chem 287:22305-22316

Peng B, Chen M, PuY, Wang Y (2011) Anti-aging effects of ginsenoside Rgl and its mechanisms
on brain aging rats induced by D-galactose. J Chongqing Med Univ 36:419-422

Penner MR, Roth TL, Barnes CA, Sweatt JD (2010) An epigenetic hypothesis of aging-related
cognitive dysfunction. Front Aging Neurosci 2:9

Rastogi M, Ojha RP, Prabu PC, Devi BP, Agrawal A, Dubey GP (2012) Prevention of age-associat-
ed neurodegeneration and promotion of healthy brain aging in female Wistar rats by long term
use of bacosides. Biogerontology 13:183—195

Raz N, Rodrigue KM (2006) Differential aging of the brain: patterns, cognitive correlates and
modifiers. Neurosci and Biobehav Rev 30:730-748



Edited proof

1 Brain Aging: A Critical Reappraisal 17

Rolyan H, Scheffold A, Heinrich A, Begus-Nahrmann Y, Langkopf BH, Holter SM, Vogt-Weisen-
horn DM, Liss B, Wurst W, Lie DC, Thal DR, Biber K, Rudolph KL (2011) Telomere shorten-
ing reduces Alzheimer’s disease amyloid pathology in mice. Brain 134:2044-2056

Ross M, Oberg J, Brené S, Coppotelli G, Terzioglu M, Pernold K, Goiny M, Sitnikov R, Kehr
J, Trifunovic A, Larsson NG, Hoffer BJ, Olson L (2010) High brain lactate is a hallmark of
aging and caused by a shift in the lactate dehydrogenase A/B ratio. Proc Natl Acad Sci USA
107:20087-20092

Schmidt R, Schmidt H, Haybaeck J, Loitfelder M, Weis S, Cavalieri M, Seiler S, Enzinger C,
Ropele S, Erkinjuntti T, Pantoni L, Scheltens P, Fazekas F, Jellinger K (2011) Heterogeneity in
age-related white matter changes. Acta Neuropathol 122:171-185

Schumacher M, Weill-Engerer S, Liere P, Robert F, Franklin RIM, Garcia-Segura LM, Lambert JJ,
Mayoe W, Melcangi RC, Parducz A, Suter U, Carelli C, Baulieu EE, Akwa Y (2003) Steroid
hormones and neurosteroids in normal and pathological aging of the nervous system. Prog
Neurobiol 71:3-29

Schulze ET, Geary EK, Susmaras MT, Paliga JT, Maki PM, Little DM (2011) Anatomical corre-
lates of age-related working memory declines. J Aging Res 2011:606871

Shetty PK, Galeffi F, Turner Dennis A (2011) Age-induced alterations in hippocampal function and
metabolism. Aging Dis 2:196-218

Singh S, Aggarwal BB (1995) Activation of transcription factor NF-«B is suppressed by curcumin
(diferuloylmethane). J Biol Chem 270:24995-25000

Singh S, Thakur MK (2011) Age-dependent expression of apolipoprotein E in mouse cerebral
cortex. J Mol Neurosci 43:251-256

Sivanandam TM, Thakur MK (2011) Amyloid precursor protein (APP) mRNA level is higher in
the old mouse cerebral cortex and is regulated by sex steroids. J Mol Neurosci 43:235-240

Sivanandam TM, Thakur MK (2012) Traumatic brain injury: a risk factor for Alzheimer’s disease.
Neurosci Biobehav Rev 36:1376-1381

Smith RG, Betancourt L, Sun Y (2005) Molecular endocrinology and physiology of the aging
central nervous system. Endocr Rev 26:203-250

Sonntag WE, Lynch C, Thornton P, Khan A, Bennett S, Ingram R (2000) The effects of growth
hormone and IGF-1 deficiency on cerebrovascular and brain aging. J Anat 197:575-585

Stranahan AM, Mattson PM (2012) Recruiting adaptive cellular stress responses for successful
brain aging. Nat Rev Neurosci 13:209-216

Taki Y, Thyreau B, Kinomura S, Sato K, Goto R, Kawashima R, Fukuda H (2011) Correlations
among brain gray matter volumes, age, gender and hemisphere in healthy individuals. PLoS
One 6:€22734

Thakur MK, Ghosh S (2007) Age and sex dependent alteration in presenilin expression in mouse
cerebral cortex. Cell Mol Neurobiol 27:1059-1067

Thakur MK, Sharma PK (2006) Aging of brain: role of estrogen. Neurochem Res 31:1389-1398

VanGuilder HD, Freeman WM (2011) The hippocampal neuroproteome with aging and cognitive
decline: past progress and future directions. Front Aging Neurosci 3:8

Veiga S, Melcangib RC, DonCarlosc LL, Garcia-Seguraa LM, Azcoitiad I (2004) Sex hormones
and brain aging. Exp Gerontol 39:1623-1631

Weller M, Platten M, Roth P, Wick W (2011) Geriatric neuro-oncology: from mythology to biol-
ogy. Curr Opin Neurol 24:599-604

Wikgren M, Maripuu M, Karlsson T, Nordfjéll K, Bergdahl J, Hultdin J, Del-Favero J, Roos G,
Nilsson LG, Adolfsson R, Norrback KF (2012) Short telomeres in depression and the general
population are associated with a hypocortisolemic state. Biol Psychiatry 71:294-300

Wilkie KP, Drapaca CS, Sivaloganathan S (2012) Aging impact on brain biomechanics with ap-
plications to hydrocephalus. Math Med Biol 29:145-161

Woodard JL, Sugarman MA (2012) Functional magnetic resonance imaging in aging and demen-
tia: detection of age-related cognitive changes and prediction of cognitive decline. Curr Top
Behav Neurosci 10:113-136

Yamamoto M (2001) Depression in Parkinson’s disease: its prevalence, diagnosis, and neurochem-
ical background. J Neurol 248:1115-11111



Edited proof

18 M. K. Thakur et al.

Yankner A, Lu T, Bruce LP (2008) The aging brain. Annu Rev Pathol Mech Dis 3:41-66

Zeier Z, Madorsky I, Xu 'Y, Ogle WO, Notterpek L, Foster TC (2011) Gene expression in the hip-
pocampus: regionally specific effects of aging and caloric restriction. Mech Age Dev 132:8-19

Zeng Y, Tan M, Kohyama J, Sneddon M, Watson JB, Sun YE, Xie CW (2011) Epigenetic enhance-
ment of BDNF signaling rescues synaptic plasticity in aging. J Neurosci 31:17800-17810



Edited proof

Chapter 2
Base Excision DNA Repair: The House Keeping
Guardian for Genomic Stability in the Brain

Umakanta Swain and Kalluri Subba Rao

Abstract During evolution, organisms have developed a number of strategies to
keep the structure of their genetic material intact. However, evolutionary forces
keep driving metabolic changes that would lead to more viable progenies for sur-
vival and propagation. Thus natural evolution uses two opposing forces to improve
the genetic makeup of the species. With the advent of organisms turning aerobic,
the advantage of gains in energy production also paved the way to cope up with
increasing oxidative damage from within. In response, the system has developed
ways and means to offset the possibilities of oxidative damage to macromolecules
and in particular, the genetic material, DNA. Of the many pathways of DNA repair,
the base excision repair (BER) stands out as the watch dog to alert even a minor
modification to a base in DNA and also to initiate the process of repair. Thus, BER
plays a seminal role in maintaining the structural integrity of DNA that is quite often
threatened from events taking place within the cell itself. Implicit in this crucial
role is also the fact that any perturbation in this repair pathway could lead to del-
eterious consequences—particularly in a post-mitotic tissue like brain. It is becom-
ing increasingly apparent that BER has close correlation with the age-dependent
debilities/disorders.
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2.1 Introduction

The basic prerequisites for the survival and proper functioning of the living organ-
isms are the accurate maintenance and transmission of the genetic instructions cod-
ed in DNA, with the highest possible fidelity. The faithful course of these processes
is guaranteed by the genomic stability, which ensures both cellular homeostasis and
genetic continuity in multicellular organisms. The integrity of the genetic material
is under constant attack by numerous exogenous and endogenous sources. Conse-
quently, formation of DNA damages is a common event in living cells. Accordingly,
it is not surprising that during the evolution, an intricate network of sophisticated,
interwoven DNA repair systems has developed. The various features of DNA dam-
ages require different ways to counteract their deleterious effects. However, muta-
genesis is a prerequisite for evolution and some adaptive genomic alterations escape
the watchful security of DNA repair system. Sometimes these mutations can lead to
increasing vulnerability for diseases like cancer and phenomenon like aging. It thus
appears that DNA repair potential in organisms plays a very crucial and fundamen-
tal role in conserving the genomic integrity in any given species as well as allowing
the evolution as and when necessary.

With the original findings of Alexander (1967) that DNA repair is at a low key
once the cells are differentiated into the post-mitotic state, the manner in which the
genomic maintenance is achieved in a post-mitotic but metabolically very active
organ like brain has become a curious issue. Subsequent studies have indicated,
however, that even in adult brain a certain level of DNA repair exists, and it was
realized that the terminally differentiated nature of brain cells offers a good model
for studying the repair pathways and the accumulation of genomic damage during
the lifespan of a given animal.

The purpose of this article is to review an outline of the various types of struc-
tural alterations that are known to occur in genomic DNA of mammalian cells and
discuss how the base excision repair (BER) pathway operates to counteract such
DNA damage, with a special emphasis on the brain tissue.

2.2 The Vulnerable Nervous System

The nervous system consists of two classes of cells, the neurons and glial cells,
which include astrocytes, oligodendrocytes and microglial cells. Further, in almost
all the species, central nervous system is one of the earliest systems to develop and
differentiate. It would therefore follow that a neuronal cell in brain of any species, at
any given point of time, is almost as old as the animal itself. An important feature of
neuronal cells is their post-mitotic state, i.e., unlike other cell populations (e.g. skin,
blood, connective tissue, and even glial cells); neurons are terminally differentiated
(i.e. non-dividing), and therefore, devoid of chromosome replication. However, it is
also known that neurons are one of the most metabolically active cells in the body.



Edited proof

2 Base Excision DNA Repair: The House Keeping Guardian for Genomic Stability ... 21

Hence, they need elaborate, stringent defense mechanisms to ensure their longevity.
Neurons display high rates of transcription and translation, which are associated
with high rates of metabolism and mitochondrial activity. The amount of oxygen
consumed by the brain, relative to its size, exceeds by 20 % that of other organs
(Clark and Sokoloff 1999). This high activity, coupled with high oxygen consump-
tion, creates a stressful environment for neurons that includes noxious metabolic
by-products, primarily reactive oxygen species (ROS), constantly attacking neu-
ronal genomic and mitochondrial DNA (Barzilai 2007, 2010; Fishel et al. 2007).

2.3 DNA Damage in Brain

DNA is vulnerable to attack by other chemicals, which can result in alterations in
its coding properties or normal function in transcription or replication (Subba Rao
and Loeb 1992; Lindahl 1993). The native structure of DNA is subject to damage by
both endogenous and exogenous events. DNA damage can result in loss or modifi-
cation of bases, single-strand breaks (SSBs) and double strand breaks (DSBs), the
production of mismatched base pairs, DNA-DNA crosslinks and crosslinks between
DNA and other cellular constituents (Rao 1993; Barnes and Lindahl 2004). Many
of these DNA modifications have been shown to be mutagenic in vitro and in vivo
(Loeb 1989). In view of the generally protected situation of brain (including the
blood-brain barrier), the main enemy for causing DNA damage in brain cells is from
within only. The number of ways the nuclear DNA in brain cells could possibly be
damaged is in detail described by Rao (1993).

Endogenous sources of DNA damage and mutations can be classified into
three groups. First, DNA is subjected to spontaneous hydrolytic processes, includ-
ing depurination, depyrimidination, deamination and cleavage of phosphodiester
bonds. Of these, depurination is the most frequent process. From the rate of depu-
rination of DNA in aqueous solution under physiological conditions in vitro, it has
been estimated that the DNA in each cell undergoes 10,000 depurinations per day
(Lindahl and Nyberg 1972). The hydrolytic damage to DNA is the deamination of
DNA bases, in particular at cytosine yields uracil, which is recognized by a specific
repair enzyme uracil DNA-glycosylase (UDG) and uracil in DNA is known to be
removed with very high efficiency. In contrast, deamination of 5-methyl cytosine
yields thymine, a normal base in DNA. Possibly, because of this reason, G-T mi-
spairs are repaired rather less efficiently than G-U mispairs and as a consequence,
5-methyl cytosine residues are hot spots for mutation in cells (Duncan and Miller
1980; Ehrlich et al. 1990).

A second major source of damage to cellular DNA is the formation of reactive
derivatives of oxygen from normal metabolic process and by exposure of cells to
exogenous agents (Demple and Harrison 1994; Barnes and Lindahl 2004). Such
ROS includes reactive methyl and ethyl groups, lipid peroxides and oxygen free
radicals. It is becoming increasingly apparent that oxidative reactions may be a
major source of DNA damage. Oxygen is metabolized by a series of single electron
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Table 2.1 Approximate frequencies of occurrence of DNA damages in mammalian cells

Type of damage Events per day/cell Reference

Depurination 10,000 Lindahl and Nyberg (1972)
Depyrimidination 500 Lindahl and Karlstorm (1973)
Deamination 100-300 Lindahl and Nyberg (1974)
Base damages (including all types of 10,000 Richter et al. (1988)

base damage viz. oxidative damage,
adduct formation with reducing
sugars, methylation, crosslinks, and

so forth)
Single-strand breaks 20,000-40,000
Double strand breaks 9 Bernstein and Bernstein (1991)
Interstrands crosslinks 8 Bernstein and Bernstein (1991)
DNA protein crosslinks Unknown Bernstein and Bernstein (1991)

reductions, yielding highly reactive species including hydroxyl radicals, hydrogen
peroxide, superoxide and singlet oxygen. lonizing radiation can also generate re-
active radicals both by direct attack on DNA and by the radiolysis of H,O (Hal-
liwell 1992; Riley 1994; Bandyopadhyay et al. 1999). The range of DNA lesions
generated by ROS is extensive and more than 20 products of base oxidation have
been identified (Cooke et al. 2003). Modified purine and pyrimidine bases consti-
tute one of the major classes of hydroxyl radical mediated DNA damage together
with oligonucleotide strand breaks, DNA-protein crosslinks and abasic (AP) sites
(Cadet et al. 1999). The products of such reactions, e.g., 8-oxoguanine (8-0xo0G),
formamidopyrimidines and ring-saturated pyrimidines such as thymine glycol, are
often mutagenic or cytotoxic (Wilson et al. 2003; Evans et al. 2004). Considering
that ROS produces multiple modifications in DNA, it can be estimated that as many
as 10°-10° bases in DNA in each human cell are replaced as a result of oxygen free
radical damage every day. Third, though neurons are non-replicative cells, DNA
synthesis occurs during the repair of DNA damage. This repair synthesis is believed
to be catalyzed in part by DNA polymerase 3 (pol B), the most error prone of the
mammalian DNA polymerases (Loeb and Kunkel 1982). Considering that brain is
an organ with unusually high oxygen consumption, these aspects of genetic damage
can be expected to play a greater role in brain than in other tissues.

The frequency with which the DNA damaging events occur in a mammalian
cell has been examined by a number of workers, and this information is summa-
rized in Table 2.1, and some of the DNA base alterations are as shown in Fig. 2.1.
Work from our laboratory, using two biochemical approaches, has demonstrated
that neurons from different regions of rat brain harbor both SSBs and DSBs in their
nuclear DNA, and this strand breaks increase with age of the animal (Mandavilli
and Rao 1996a, b). However, we have recently accessed genomic DNA damage of
brain cells on a single-cell basis, popularly called “comet assay”. By adjusting the
pH as well as experimental conditions, the types of DNA lesions that are detectable
by comet assay include AP sites (alkali-labile sites), SSBs, DSBs and DNA-protein
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Fig. 2.1 Different forms of DNA damage that could occur due to various endogenous or/and
exogenous factors. a Some of the deamination product of the DNA bases. b Some of the oxidized
products of DNA bases

crosslinks (Tice et al. 2000). The alkaline denaturation of DNA and electrophoresis
at pH>13 is generally considered capable of detecting DNA SSBs, AP sites, DNA-
DNA/DNA -protein crosslinking, and SSBs associated with incomplete excision re-
pair sites (Singh et al. 1988; Tice et al. 2000). Neutral conditions (pH ~ 8.3) are used
to detect mostly DSBs because DNA remains double stranded under this condition,
and regions containing DSBs migrate more readily in an electrophoretic field (Os-
tling and Johanson 1984; Singh et al. 1988; Lemay and Wood 1999).

As it can be seen in Fig. 2.2a, the alkaline version of the comet assay is used to
determine the level of DNA strand breaks in isolated neurons prepared from ani-
mals of different age groups. After SYBR Green I staining, young neuronal nuclei
appeared very bright and round (Fig. 2.2a). Furthermore, very little migration of
DNA is evident; suggesting that DNA damage is at its minimum in young neurons.
However, with advancement of age (adult and old), there is significant relaxation
and migration of DNA from the nucleus, forming a “comet” tail (Fig. 2.2a). It is
also clear that the tail moment values increased with age. The tail moment value,
in comparison with that in young neurons increased 4.1-fold in adult, and 5.1-fold
in old neurons (Fig. 2.2b). Closer evaluation of the data reveals that a considerable
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Fig. 2.2 Comet assay of neurons prepared from ‘young’ (7 days postnatal), ‘adult’ (6 months) and
‘old’ (>24 months) rat brain. a Fluorescence photomicrographs showing comets of neurons (alka-
line condition). b Bar graph showing tail moment expressed in arbitrary units in neurons prepared
from young, adult and old rat brain cortex. Values at a and b are significantly different from the
corresponding values at young. c¢ is significantly different from the corresponding values at adult.
***%p<0.001. ¢ Fluorescence photomicrographs showing comets of neurons (neutral condition).
d Bar graph showing tail length expressed in arbitrary units in neurons. Values at a and b are sig-
nificantly different from the corresponding values at young; ¢ is significantly different from the
corresponding values at adult. ***p<0.001 (Adapted from Swain and Subba Rao 2011)
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number of strands break accumulated by adulthood itself (6 months) with the fur-
ther increase in the strand breaks in old age in both types of cells.

We have also examined neutral version of the comet assay without treatment with
alkaline buffer for electrophoresis. Under these conditions, the comet is considered
to detect largely, if not exclusively DSBs. The extent of DNA damage measured as
tail length under these conditions also increased in neurons with age (Fig. 2.2¢).
The tail length value of adult neurons increased 6.2-fold in comparison to that in
young while in the case of old neurons, there was a 7.4-fold increase in comparison
to young neurons (Fig. 2.2¢ and d).

The above comet assay method measures different DNA strand breaks by chang-
ing the pH condition. Strand breaks cause relaxation of the supercoiling in the
DNA, and free DNA loops are pulled towards the anode during electrophoresis giv-
ing the appearance of a comet tail. Fluorescence staining enables DNA damage to
be visualized and quantified. However, in this method damage or alteration of DNA
base could not be quantified. To make the assay more sensitive for determination of
damaged base in nuclear DNA specifically, we have modified the alkaline version
of the comet assay by incorporating a lesion-specific enzyme which increases its
activity through the recognition of the damaged base substrate and thus introduc-
ing additional breaks causing enhanced DNA relaxation and migration (Swain and
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Table 2.2 Measurement of OGGI sensitive sites in young (Y, 7 days postnatal), adult (A, 6
months) and old (O, >2 years) rat brain neurons by FLARE™ comet assay. (Adapted from Swain
and Subba Rao 2011)

Sample Tail moment
Mean+SEM Net amount of OGG1
Buffer hOGG1 sensitive series
Young neurons 14.46+1.42 22.7542.96 8.29
Adult neurons 94.76+4.68 138.18+11.044"" 43.42
Old neurons 114.01+3.00 175.64+7.77% ™ 61.63

a and b are significantly different from the corresponding values at young. c is significantly differ-
ent from the corresponding values at adult
**%p<0.001

Subba Rao 2011). When using lesion-specific enzymes to measure DNA damage,
the usual practice is to incubate a slide (two gels) with buffer alone in parallel along
with the +enzyme slide, and to subtract the mean comet score of the control (buf-
fer) slide from the mean score of the +enzyme slide (Collins 2009).

We have recently measured the presence of §-oxoguanine DNA-glycosylase 1
(OGG]) sensitive sites in DNA of neurons by introducing human OGGI in the as-
say on naked DNA after lysis was performed.

Human OGG! initiates the repair of 8-0xoG bases by excising them and cutting
the sugar-phosphate backbone of the DNA molecule. Thus additional strand breaks
are induced at the location of oxidized base substrate, causing additional DNA re-
laxation and migration. The outcomes from these studies are shown in Table 2.2.
When neurons were incubated with only buffer, an increase of DNA migration in
the tail was observed with increasing age of the animal (Table 2.2). This increase
in tail movement is taken to indicate increasing DNA damage that occurs due to
aging. When the cells were incubated with buffer containing human OGGl1, there
was a further increase in the tail movement, which must be due to the removal of
8-0x0G residues accumulating in DNA with age. Incubation of the brain cells with
human OGG1 represents the increase in the number of OGGI sensitive sites with
age. In neuronal DNA, the content of OGG1 sensitive sites between the young and
adult ages has increased by 5.2-fold and between young and old ages by 7.4-fold.
Closer observation of the data revealed that accumulations of OGG! sensitive sites
occurred continuously through adulthood and old age unlike the general damage
due to overall strand breaks, which occurred mostly by adulthood itself (Table 2.2).

Similarly, the UDG sensitive sites in neurons at these three ages were assessed
by the introduction of UDG, which removes uracil and creates AP sites that are
cleaved to result in strand breaks during the alkali processing. When neurons were
incubated with only buffer, increase of DNA migration in the tail was observed with
age of the animal (Table 2.3). This increase in tail movement is taken as increased
damage occurring due to aging. When the cells were incubated with buffer contain-
ing the UDG, there was a further increase in tail movement, which must be due
to the presence of uracil residues accumulating in DNA with age. Essentially the
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Table 2.3 Measurement of UDG sensitive sites in young, adult and old rat brain neurons by
FLARE™ comet assay. (Adapted from Swain and Subba Rao 2011)

Sample Tail moment
Mean+SEM Net amount of UDG
Buffer UDG sensitive sites
Young neurons 14.96+1.70 22.77+£2.15 7.81
Adult neurons 115.71+4.35 141.78+9.242** 26.07
Old neurons 134.70+5.91 185.34+£10.55>¢™" 50.64

a and b are significantly different from the corresponding values at young; c is significantly differ-
ent from the corresponding values at adult|
*xp<0.001

enhanced tail movement due to the incubation of the neurons with UDG denotes the
increase in the number of uracil or other UDG sensitive sites with age. Table 2.3
shows the actual fold increase of such sensitive sites with age in neurons. For ex-
ample, in neuronal DNA, the content of UDG sensitive sites between the young
and adult ages has increased 3.3-fold, and between young and old ages by 6.5-fold.
Keen observation of the data suggests that accumulation of UDG sensitive sites in
neurons is a gradual process with age (Table 2.3).

A striking feature appears to be that the damage accumulation occurs very rap-
idly during the first 6 months of life. A somewhat comparable result was noticed in
a very early study carried out by Price et al. (1971). It is possible that this phenom-
enon of significant accumulation of DNA damage coupled with decreased DNA re-
pair, particularly in a post-mitotic tissue, may have something to do with the timing
of the attainment of reproductive maturity of the animal (Bernstein and Bernstein
1991). This, however, remains a speculation at this time. It is also possible that dur-
ing this rapid growth and reproductive phase of the animal, the repair efficiency is
not able to match with the accumulation of damage.

2.4 BER Pathway

BER is perhaps the most fundamental and ubiquitous DNA repair mechanism in
all-higher organisms that depend on oxygen for the sustenance of life. This path-
way has evolved to handle the numerous minor alterations—including spontaneous
modification, oxidation, alkylation, deamination and loss of bases—that can occur
in the structure of DNA as a result of cellular metabolic activity. This mode of repair
is of particular importance in post-mitotic tissues such as those of the brain, where
simple base modifications are more likely to occur than is major damage to DNA.
The core BER pathway requires the function of only four enzymes in the ba-
sic reaction steps to remove a damaged DNA base and replace it with the correct
base. These proteins include a DNA glycosylase, an AP endonuclease or AP lyase,
a DNA polymerase, and a DNA ligase. BER is initiated by a lesion-specific DNA
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glycosylase (mono- or bi- functional) and completed by either of two sub-pathways:
short-patch BER (SP-BER); a mechanism whereby only one nucleotide is replaced
or long-patch BER (LP-BER); a mechanism whereby 2—13 nucleotides are replaced
(Wilson 1998; Fortini et al. 1999; Fortini 2003; Almeida and Sobol 2007; Wilson
and Bohr 2007; Hegde et al. 2008; Jeppesen et al. 2011). A currently accepted mod-
el for the core BER pathway reveals five distinct enzymatic steps for the repair of
damaged bases.

1. Recognition and excision of the damage base,

2. Incision of the DNA adjacent to the resulting abasic site,

3. End cleaning of the DNA termini to produce a 3'-hydroxyl group (3'-OH) and a
5'-phosphate group (5'-P),

4. Repair synthesis, and

5. DNA ligation to seal the nick.

(i) The initiation of BER 1is performed by a specific DNA glycosylase that recog-
nizes and excises a specific base by catalyzing hydrolysis of the N-glycosylic bond
resulting in an AP site. Depending on the types of damaged base, DNA glycosylase
can be either monofunctional (such as UDG, has only the glycosylase activity) or
bifunctional (such as OGG1 and NEILS, have an intrinsic 3'AP lyase activity in ad-
dition to the glycosylase activity).

(i1) The second step consists of incision of DNA strand at 5’ to the AP site by ma-
jor apurinic endonuclease 1 (APE1), leaving a 5'-deoxyribose phosphate (5'-dRP)
and 3'-OH group (Demple et al. 1991; Robson et al. 1992; Seki et al. 1992; Demple
and Sung 2005). The bifunctional DNA glycosylase incises the DNA strand at 3’
to the AP site via - or d-elimination, leaving a DNA SSB with a 3’-phospho-a,-
unsaturated aldehyde (3’-PUA) or a 3'-phosphate (3'-P), respectively (Hazra et al.
2002, 2007; Pascucci et al. 2002; Dou et al. 2003).

(iii) The third step in BER is end cleaning of obstructive 3’- and 5'-termini to
generate the 3'-OH and 5'-P groups in the gap at the strand break, which is the favor-
able substrate for DNA pol B. Pol B is a 39 kDa single polypeptide comprising 335
amino acid residues. Both the rat and human enzymes were cloned 15 yrs ago and
extensively studied over the years by Wilson and his group (SenGupta et al. 1986)
and by Matsukage’s group (Date et al. 1988). The structural, catalytic and physi-
ological aspects of pol § have been the subjects of two elegant reviews by Wilson
and his associates (Wilson 1998; Idriss et al. 2002). The 5'-dRP group is removed
by pol B, by its dRP lyase activity (Matsumoto and Kim 1995; Prasad et al. 1998;
Allinson et al. 2001). On the other hand, APE1 removes the 3’-PUA group gener-
ated by B-elimination via its 3'-phosphodiesterase activity (Suh et al. 1997; Izumi
et al. 2000). The 3'-P group generated by Pd-elimination is a poor substrate for
APE1 (Wilson 2003), so such blocking groups are excised primarily by phosphatase
activity of polynucleotide kinase 3'-phosphatase (PNKP) (Jilani et al. 1999; Dobson
and Allinson 2006).

(iv) In this step, the repair synthesis to replace nucleotide(s), can proceed by one
of two sub- pathways, SP-BER or LP-BER., when the 5'-dRP can be efficiently
removed by pol B in the previous step (iii), SP-BER is favored. In SP-BER, pol
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B fills up one nucleotide gap (Sobol et al. 1996), and also interacts with X-ray
cross-complementing 1 (XRCC1), a scaffold protein involved in prompting SP-
BER by interacting with other proteins (Kubota et al. 1996; Dianova et al. 2004).
The majority of BER events are currently thought to occur via SP-BER. LP-BER is
initiated in cases where the 5’-dRP group is refractory to the pol § AP lyase activity
(for example, reduced AP site) (Podlutsky et al. 2001), the repair synthesis would
nevertheless continue but in a strand displacement manner. In LP-BER, the repair
synthesis of 2—13 nucleotides is performed by pol B, and/or pol d/e coupled with
proliferating cell nuclear antigen (PCNA) incorporation with loading factor RFC.
The resulting 5'-flap structure formed during repair synthesis is removed by the flap
endonuclease 1(FEN1), the activity of which is stimulated by PCNA (Klungland
and Lindahl 1997; Fortini et al. 1998; Stucki et al. 1998; Gary et al. 1999). In ad-
dition, a number of accessory proteins have been reported to participate in and/or
stimulate BER, for example, Poly (ADP-ribose) polymerase-1 (PARP-1) stimulates
the strand displacement synthesis of pol B in the presence of FEN1 in LP-BER
(Prasad et al. 2001). The Werner syndrome protein helicase (WRN) is also observed
to stimulate strand displacement activities of pol B (Harrigan et al. 2003).

(v) The final step in BER is ligation to seal the nick containing a 3’-OH group
and a 5'-P group. In SP-BER, the ligation of the final nick is performed by DNA
ligase IIla (LIGIII o) in association with scaffold protein XRCC1 (Caldecott et al.
1994; Cappelli et al. 1997; Tomkinson et al. 2001). In LP-BER, ligation is per-
formed by DNA ligase I (LIGI) with the physical association with PCNA, which
helps to stimulate the effective ligation (Levin et al. 2000; Tom et al. 2001; Tom-
kinson et al. 2001).

SSBs resulting from a variety of causes like ionizing radiation, ROS etc., can
also be repaired through BER. Sometimes if the break has a 3'-P or 3'-PUA and
5'-OH then the phosphorylation of 5'-OH and removal of phosphate from 3'-end or
removal of 3'-PUA becomes necessary before the break is filled up through BER
pathway. This operation is achieved by the enzymes PNKP or APE1. Both enzymes
thus carry out important functions of converting the ends of a break in DNA into a
repairable mode. If these preparative changes are not taken fast enough, then there
is the possibility of undesirable recombination events taking place. In order to avoid
this eventuality, PARP-1 provides protection to the DNA SSBs by binding to them
(Le Rhun et al. 1998; Ziegler and Oei 2001; Chalmers 2004). There is also a report
that PARP-1 interacts with XRCC1 and this interaction accelerates the recruitment
of repair proteins involved in BER pathway (Mackey et al. 1999). XRCCI1 also
stimulates the DNA kinase and DNA phosphatase activities of PNK at damaged
DNA termini and thereby accelerates the overall repair process (Whitehouse et al.
2001).

Finally, a newly discovered polymerase is claiming its entry as a possible partici-
pant in the BER pathway- DNA polymerase A (pol 1). Pol A is a recently described
eukaryotic DNA polymerase belonging to Pol X family. It is the closest homologue
to pol B, sharing 32 % identity at the protein level. Based on three-dimensional
structure modeling, Pol A is predicted to have a pol B like core formed by two do-
mains: a 31 kDa polymerase domain and 8 kDa domain (Garcia-Diaz et al. 2000;
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Fig. 2.3 Schematic representation of the mammalian base excision repair and single-strand break
repair pathway

DeRose et al. 2003). Recently, Gap-filling DNA synthesis and dRP lyase activities
of pol A have been demonstrated in vitro, suggesting its participation in BER (Gar-
cia-Diaz et al. 2001; Braithwaite et al. 2005). Figure 2.3 shows the BER pathway
depicted on the basis of latest information available.

2.5 BER and Brain

In the BER pathway, the actual substrate for pol  is a DNA duplex with one of
the strands with a baseless site, which is eventually converted into a gap. Thus,
a gap DNA is the most natural substrate for pol B to insert the correct nucleotide
using the other strand as the template. In view of this, synthetic oligo duplexes (32-
mers) with one or four nucleotide gap in one of the strands were used as substrates
and the gap filling activity in young, adult and old neuronal extracts was measured
(Krishna et al. 2005). Gap repair involves two steps: the filling of the gap by the
addition of the required number of nucleotides followed by the ligation with the
5’ phosphorylated downstream primer. This repair process, if completed properly
should give a radioactive spot on the sequencing gel corresponding to the 32-mer.
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Fig. 2.4 Gap repair activity in ‘young,” ‘adult’ and ‘old’ neuronal extracts and supplemented
with recombinant pure rat liver pol g with 5'-PO, on the downstream primer. Lanes 1-6 neuronal
extracts from young brain (Y, 5 days postnatal), adult brain (A, 6 months) old brain (O,>2 years).
Lanes 7—12 neuronal extracts supplemented with one unit of pol B. Lanes 13 and 14 are with testis
extracts alone as positive control. Lanes 15 and 16 are without any neuronal extracts (enzyme
blanks). The mobility of labeled standard, 14-mer and 32-mer is also shown. Lanes 1, 3,5, 7,9, 11,
13, 15 are with the one-gap substrate (1G) while lanes 2, 4, 6, 8, 10, 12, 14, 16 are with the four-
gap substrate (4G). The oligo duplexes with one and four nucleotide gaps used in the study are also
shown. As can be seen one of the strands has a gap of either 1 or 4 nucleotides. These strands are
32P labeled on 5’ end for the subsequent identification on the sequencing gel followed by autoradi-
ography. Furthermore, in either case, the downstream primer after the gap is phosphorylated on 5’
end with non-radioactive phosphate before annealing. (Adapted from Rao 2007)

However, it is seen that only addition of nucleotide has occurred with adult and old
neuronal extracts. In the young, addition of nucleotides was seen and ligation to
downstream primer also occurred although quite feebly. On the other hand, when
the extracts were supplemented with pol B, addition of nucleotides occurred all the
way to extend the upstream primer to a 32-mer apparently in a distributive strand
displacement manner (Fig. 2.4). On the other hand, when low amounts of pol
were added, addition of just the required number of nucleotides occurred. Even then
ligation was achieved only in young extracts, and no ligation could be visualized in
adult and old. Finally efficient gap filling followed by ligation, that is complete gap
repair, was achieved and for this to happen, conditions required are the presence of
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Fig. 2.5 Restoration of the gap repair activity in adult and old rat neuronal extracts when supple-
mented with limited amounts of pol § (0.2 units) and 20 units of T, DNA ligase. All the experimen-
tal details and notations are as in Fig. 2.4. Only one gap duplex was used as substrate

5'-PO, on the downstream primer, and supplementation of aging neuronal extracts
with both pol B and DNA ligase (Fig. 2.5). These studies thus demonstrated that
aging neurons are unable to affect BER, due to deficiency of pol B and DNA ligase
and fortifying the neuronal extracts from aged animals with these two factors can
restore the lost BER activity.

While pol B together with DNA ligase in the case of DNA gap repair could re-
store the repair activities when supplemented to neuronal extracts from old animals,
it is possible that some other polymerases present in neurons may also be function-
ing in the BER pathway. In recent times many new DNA polymerases, generally er-
ror prone and capable of carrying out a variety of other tasks have been discovered
(Hubscher et al. 2002; Bebenek and Kunkel 2004). One of them is pol A belonging
to the same family as pol B does, the X-family. The structure and sequence homol-
ogy of pol A are similar to pol B and in particular, pol A contains all the critical resi-
dues involved in the DNA binding, nucleotide binding and selection, and catalysis
of DNA polymerization, that are conserved in pol  and other DNA polymerases
belonging to X-family (Garcia-Diaz et al. 2000), and therefore, emerging as a can-
didate that could help/substitute pol B in its role in BER (Garcia-Diaz et al. 2005).
However, there is no concrete information available about the levels of these novel
DNA polymerases in brain. In a preliminary Western blot analysis of pol A in rodent
brain regions, we have noticed the presence of pol A in brain extracts. Similarly, im-
munoprecipitated pol A from brain extract is able to fill one and four nucleotide gaps
in one of the strands of DNA oligoduplexes (Swain et al. unpublished observations).
A comprehensive study to examine the status of many of these newly discovered
DNA polymerases in brain is warranted.
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2.6 Conclusions

DNA damage is an extremely common event in all living cells. Both intrinsic as
well as extrinsic factors cause the damage. ROS cause a major form of damage that
could be deleterious, if not repaired. As organisms age, their DNA repair capacity
decreases and this coupled with accumulating damage to DNA may eventually lead
to breakdown of the cellular machinery culminating in disease and finally death.
Among the various pathways of DNA repair, BER vested with the responsibility of
correcting the simple alterations in DNA structure like base modifications and AP
sites, essentially resulting from the active metabolism within the cell, can perhaps
be viewed as a fundamental housekeeping repair mechanism to safeguard the ge-
nomic integrity not only in a post-mitotic organ like brain but in the rest of the body
as well. The activity of some important components of this pathway, like pol  and
DNA ligase, is compromised in brain cells with age and may be taken as molecular
markers for the genomic stability and process of senescence. Thus, any inherited
mutational vulnerability in this pathway could display telling effects on the process
of aging and associated disorders.
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Chapter 3
Role of Brain-derived Neurotrophic Factor
as a Modulator of Synaptic Plasticity

Yasuyuki Ishikawa and Masami Kojima

Abstract Brain-derived neurotrophic factor (BDNF) is one of the most active
members of the neurotrophin family. BDNF not only regulates neuronal survival
and differentiation, but also functions in activity-dependent plasticity processes
such as long-term potentiation (LTP), long-term depression (LTD), learning and
memory. BDNF is synthesized as a precursor protein (proBDNF) that is proteolyti-
cally cleaved to form the mature protein. BDNF mediates its effects via two distinct
receptors: the high-affinity tropomyosin-related kinase B (TrkB) receptor, which
displays specificity for BDNF and other neurotrophin family members (e.g., neu-
rotrophin-4/5 (NT-4/5)), and the low-affinity p75 neurotrophin receptor (p75NTR),
which binds to BDNF, neurotrophin-3 (NT-3), NT-4/5, and nerve growth factor
(NGF). This review addresses various roles of BDNF in neuronal activity, with
special emphasis on its role in mechanisms of activity-dependent synaptic plas-
ticity. Activity-dependent synaptic plasticity, as exemplified by LTP and LTD, is
widely accepted as the cellular correlate of learning and memory. LTP and LTD,
each requires input specificity and occurs in two temporally distinct phases: early-
LTP/LTD (E-LTP/LTD) and late-LTP/LTD (L-LTP/LTD). L-LTP and L-LTD persist
for many hours and require new protein synthesis. This review discusses the impact
of BDNF on translation-dependent synaptic plasticity. Increasing data indicate that
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the function of BDNF in synaptic plasticity requires a tight relationship between
extracellular neurotrophin release, synaptic activity-dependent local protein synthe-
sis, and BDNF polymorphism. This article also addresses the cellular and molecu-
lar mechanisms underlying the functional changes of hippocampal synapses during
neuronal plasticity, including our findings in regard to the post-translational pro-
cessing of proBDNF.

Keywords BDNF ¢ TrkB ¢ Synaptic plasticity * Polymorphism * Aging ¢ LTP
LTD

3.1 The Neurotrophin Family

In 1950s, Levi-Montalcini and Hamburger (1953) discovered that a mouse sarcoma
tumor implanted near the spinal cord of the developing chicken secreted a soluble
factor, which elicited neurite outgrowth from sympathetic neurons (Levi-Montalci-
ni and Hamburger 1953). This factor was identified as nerve growth factor (NGF)
(Cohen and Levi-Montalcini 1956; Cohen 1960; Bocchini and Angeletti 1969). The
discovery of NGF opened a new field in neurobiology, leading to the identification
and elucidation of the cellular functions of the so-called neurotrophic factors. Neu-
rotrophic factors include growth factors, such as epidermal growth factor (EGF) and
fibroblast growth factor (FGF), and the crucially important neurotrophins (NTs).
NTs are widely expressed in nearly all neuronal populations in both the central and
the peripheral nervous system, and their physiological roles extend to neuronal sur-
vival, process outgrowth, and the regulation of synaptic plasticity (Bibel and Barde
2000; Poo 2001; Reichardt 2006).

Over 20 years after the discovery of NGF, Barde et al. (1982) isolated a neuronal
survival-promoting factor from pig brain, namely brain-derived neurotrophic factor
(BDNF) (Barde et al. 1982). In 1989, Barde and colleagues successfully achieved
the molecular cloning of BDNF ¢cDNA (Leibrock et al. 1989). Interestingly, BDNF
was found to be highly homologous to NGF in terms of its amino acid sequence.
This finding resulted in the identification of two additional NTs, neurotrophin-3
(NT-3) and neurotrophin-4/5 (NT-4/5) (Lessmann et al. 2003; Reichardt 2006).

3.2 Precursor and Polymorphism of Neurotrophins

The discovery of four NTs and their genes indicate marked homology to each other
in terms of sequence and structure (Lessmann et al. 2003). The protein product of all
NTs consists of a signal sequence, a prodomain, and the mature domain. To produce
the mature protein, each NT is cleaved by intracellular and/or extracellular pro-
teolytic enzymes (e.g., furin, pro-hormone convertase, and plasmin) (Barco et al.
2005). A surprising report demonstrated that the maturation of NTs is an important
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aspect of their post-transcriptional regulation and in fact determines their specificity
of action. For example, Lee et al. (2001) showed that precursor NGF (proNGF) pro-
motes neuronal death, whereas mature NGF promotes neuronal survival (Bath and
Lee 2006). Furthermore, proBDNF, but not mature BDNF, enhances rat hippocam-
pal long-term depression (LTD) through the activation of the N-methyl-D-aspartate
(NMDA) receptor subunit, NR2B (Lu et al. 2005).

Another notable finding was from the study of a human single nucleotide poly-
morphism (SNP) in the bdnf gene, which converts a valine to a methionine at codon
66 (Val66Met) in the pro-region of human BDNF. The Val66Met mutation affects
human memory retention, as well as the activity-dependent secretion of BDNF
(Egan et al. 2003; Chen et al. 2004). This indicates that the BDNF pro-region (and/
or the BDNF pro-peptide) plays a functional role beyond its traditional role as a
molecular chaperone to assist in the folding of BDNF (Kolbeck et al. 1994). Since
this report, accumulating evidence has suggested that the Val66Met genetic variant
increases susceptibility to a variety of brain disorders, including Alzheimer’s dis-
ease (Bath and Lee 2006).

3.3 Neurotrophin Receptors

The NTs interact with two distinct classes of receptors. The first receptor, the p75
neurotrophin receptor (p75N™R), is a member of the tumor necrosis factor (TNF)
receptor family (Chao 2003). p75N™® was originally identified as a low-affinity re-
ceptor for NGF but was subsequently shown to bind to BDNF, NT-3, and NT-4/5
with a similar low affinity (Chao 2003). The extracellular domain of p75N™® is char-
acterized by the presence of cysteine-rich motifs. The cytoplasmic domain includes
a ‘death’ domain, which is also found in the cytoplasmic domain of other mem-
bers of TNF receptor family (Liepinsh et al. 1997; Bailey et al. 2004). Although
p75NTR does not contain a catalytic kinase motif, it interacts with several proteins
that transmit signals important for the regulation of neuronal survival and differen-
tiation (Hempstead 2002).

The second receptor class corresponds to the tropomyosin-related kinase (Trk)
family of receptor tyrosine kinases (TrkA, TrkB, and TrkC) (Reichardt 2006). The
four mammalian NTs have been shown to activate one or more of the three members
of the Trk receptor family. The extracellular domain of each Trk receptor consists
of a cysteine-rich cluster, followed by a series of leucine-rich repeats, another cys-
teine-rich cluster, and two immunoglobulin-like domains. The Trk receptors have a
transmembrane domain that spans the plasma membrane and a cytoplasmic domain
that has tyrosine kinase activity. Through Trk receptors, NTs activate Ras, phospha-
tidylinositol 3-kinase (PI3K), and phospholipase C-1. These signaling pathways
control the activity of downstream molecules, such as the mitogen-activated protein
(MAP) kinases (Reichardt 2006).
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Information about the two types of NT receptors and their signaling mechanisms
has been extensively reviewed by others (see Reichardt 2006) and will not be fur-
ther discussed in this article.

3.4 Activity-Dependent Processing and Local Synthesis
of BDNF

As mentioned previously, BDNF is initially synthesized as a precursor protein
(proBDNF) that is post-translationally cleaved by intracellular proteases to yield the
mature BDNF protein (Seidah et al. 1996; Matsumoto et al. 2008). The proBDNF
protein can also be cleaved in the extracellular space (Pang et al. 2004). This pro-
cessing mechanism plays a key role in determining the cellular functions of the neu-
rotrophin (Barker 2009; Greenberg et al. 2009). Curiously enough, the processing
of BDNF is controlled in a neuronal activity-dependent manner. The mature form of
BDNF binds to the TrkB tyrosine kinase receptor, promotes cell survival, and facili-
tates some forms of long-term potentiation (LTP). Unexpectedly, proBDNF binds
preferentially to the pan-neurotrophin receptor p75N'R to activate apoptosis-related
signaling pathways in the hippocampus and thereby facilitate LTD.

Learning, training and memory formation change the amount of BDNF mRNA
and protein in the hippocampus. For example, the induction of LTP in the rat hippo-
campus rapidly and selectively increases the level of BDNF mRNA (Patterson et al.
1992; Castren et al. 1993), and learning increases hippocampal BDNF, proBDNF,
and TrkB protein content (Silhol et al. 2007). Tongiorgi and colleagues (1997) also
reported that BDNF mRNA is transported into the dendrites of rat hippocampal
neurons by neuronal depolarization in vitro (Tongiorgi et al. 1997) and by epilepto-
genic stimulation in vivo (Simonato et al. 2002; Tongiorgi et al. 2004; Chiaruttini
et al. 2008). These findings suggest that the dendritic movement of BDNF mRNA
and the local translation of BDNF may contribute significantly to activity-depen-
dent synaptic plasticity.

3.5 BDNF and Synaptic Plasticity

Synaptic plasticity in the central nervous system is thought to be critical for the
processing and encoding of information by neuronal circuits, which is central to
learning and memory. Alterations in synaptic plasticity are associated with aging
and several diseases, including Alzheimer’s disease and schizophrenia, as well as
pain and addiction. LTP and LTD are forms of activity-dependent synaptic plastic-
ity that increase or decrease the strength of synaptic transmission, respectively. LTP
and LTD can be divided into at least two temporally distinct phases: early-LTP/LTD
(E-LTP/LTD) and late-LTP/LTD (L-LTP/LTD). E-LTP and L-LTP parallel the two
forms of memory, short-term memory (STM) and long-term memory (LTM). E-LTP
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occurs during the first hour or two of LTP and can be induced by a high frequency
tetanus stimulation (100 pulses at 100 Hz), increasing the strength of synaptic trans-
mission and activating signaling molecules such as protein kinases. L-LTP persists
for many hours and requires de novo synthesis of plasticity-related proteins (PRPs).
L-LTP can be induced in rat acute hippocampal slice preparations by the use of
multiple-spaced electrical tetani (Frey et al. 1988; Huang and Kandel 1994).

Mature BDNF and proBDNF are both released from cultured rat hippocampal
neurons. A substantial body of work indicates that mature BDNF is necessary and
sufficient for the regulation of E-LTP and the maintenance of L-LTP through the
TrkB receptor, whereas proBDNF promotes LTD through the activation of p75N™®
at the rat hippocampus and Xenopus neuromuscular synapses. High-frequency stim-
ulation favors BDNF release and TrkB-dependent LTP in the CA1 zone of the rat
hippocampus, while low-frequency stimulation stimulates proBDNF release (Na-
gappan et al. 2009; Yang et al. 2009).

The relationship between BDNF action and the balance of excitatory-inhibitory
synaptic activity is an important issue in the field of synaptic plasticity (Lessmann
and Brigadski 2009). Glutamate receptors, including NMDA and non-NMDA re-
ceptors, play distinct roles in synaptic plasticity. BDNF phosphorylates the NR1
and NR2B subunits of the NMDA receptor and upregulates the GluR1 subunit of
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, as
well as GIuR2/3 subunits. Of particular interest, mature BDNF decreases the excit-
ability of GABAergic inter-neurons through the activation of TrkB, while proBDNF
does not affect GABAergic activity in the mouse dentate gyrus (Holm et al. 2009).
GABAergic function, at least in some conditions, exerts a crucial role in the regu-
lation of the induction of LTP and LTD in rat hippocampal slices (Chevaleyre and
Castillo 2003).

3.5.1 Regulation of LTP by BDNF

Regulation of hippocampal E-LTP by BDNF has been shown in experiments using
BDNF gene knockout mice and BDNF-scavenging proteins. For example, E-LTP
is markedly impaired in BDNF knockout mice (Korte et al. 1995; Patterson et al.
1996). Furthermore, the in vitro scavenging of endogenous BDNF by a TrkB-IgG
fusion protein (Figurov et al. 1996) has been shown to reduce the magnitude of
E-LTP. Appreciable evidence now indicates that BDNF acutely enhances E-LTP
by increasing synaptic responses to tetanic stimulation and by enhancing the dock-
ing of synaptic vesicles, possibly through changes in the extent of phosphorylation
of several synaptic proteins (Gottschalk et al. 1999; Pozzo-Miller et al. 1999; Jo-
vanovic et al. 2000). To this point, application of BDNF-scavenging proteins and
BDNF blocking antibodies abolished E-LTP after LTP-inducing tetanic stimulation
(Kang et al. 1997; Chen et al. 1999). Finally, BDNF elicits E-LTP in the dentate gy-
rus of the hippocampus, increasing the function of NMDA receptors (Levine et al.
1998; Kovalchuk et al. 2002).
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On the other hand, L-LTP is modulated by BDNF/TrkB signaling. L-LTP was
impaired in both BDNF knockout mice and in the presence of a TrkB blocking
antibody (Korte et al. 1998). Moreover, the conversion of proBDNF to BDNF by
tissue plasminogen activator (tPA)/plasmin was shown to be essential for L-LTP
(Pang et al. 2004), and L-LTP was impaired in mice with a targeted mutation in
the phospholipase C-y (PLC-Y) docking site (but not the Shc docking site) on TrkB
(Minichiello et al. 2002).

3.5.2 Regulation of Local Protein Synthesis by BDNF

BDNF-induced L-LTP has been shown to depend on local protein synthesis in rat
hippocampal dendrites (Kang and Schuman 1995, 1996). Dendritic protein syn-
thesis is also cited in other paradigms of synaptic plasticity (Huber et al. 2000;
Miller et al. 2002). Accumulating biochemical data indicate that BDNF stimulates
dendritic synthesis of numerous different proteins by increasing the trafficking of
mRNA into the dendrites, as well as by enhancing the local translation of existing
dendritic mRNA. In rodent primary neurons, BDNF induces the dendritic synthe-
sis of synaptic proteins, which include activity-regulated cytoskeleton-associated
protein (Arc/Arg3.1), Ca*"/calmodulin-dependent protein kinase Ilo. (CaMKIIov),
type 1 inositol 1,4,5-trisphosphate receptor (IP,R1), Homer2, NR1, GluR1, and Lim
kinase 1 (Limk1) (Aakalu et al. 2001; Yin et al. 2002; Schratt et al. 2004; Takei et al.
2004; Schratt et al. 2006).

3.5.3 Regulation of LTD by proBDNF

BDNF and proBDNF have opposite effects on the regulation of synaptic plasticity
(Lu et al. 2005). Woo et al. (2005) demonstrated that proBDNF facilitates rat hip-
pocampal LTD by the activation of p75N™ in mouse (Woo et al. 2005). This facilita-
tion requires NR2B activation. Thus, mature BDNF and proBDNF exert a bidirec-
tional modulation of synaptic plasticity through TrkB and p75NTR, respectively. The
BDNF pro-peptide is cleaved out of the precursor protein (proBDNF) to produce
mature BDNF. However, the biological role of the BDNF pro-peptide is still poorly
understood. Our group discovered that the BDNF pro-peptide itself facilitates hip-
pocampal LTD and elicits the endocytosis of the AMPA-type receptor, suggesting a
novel role for the BDNF pro-peptide in synaptic plasticity.

3.5.4 The Role of BDNF on Synaptic Tagging and Capture

E-LTP elicited by a weak stimulus normally fades in 1-2 h. L-LTP elicited by a
strong stimulus continues for more than 3 h and necessitates new protein synthesis
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for its persistence. If a strong tetanus stimulus is applied to a synaptic input, a weak
tetanus applied to a distinct synaptic input on the same cell can evoke persistent
LTP. A synaptic molecular “tag” or “mark” that forms in response to the stimulus
is hypothesized to interact with and enable the capture of newly synthesized PRPs
(Frey and Morris 1997).

Recently, BDNF and TrkB were shown to be involved in synaptic tagging and
capture in rodent hippocampus (Barco et al. 2005; Lu et al. 2011; Sajikumar and
Korte 2011). To examine whether BDNF and TrkB can capture newly synthesized
PRPs, two-pathway stimulation was done in hippocampal slices. In a weak-after-
strong stimulation paradigm, TrkB-blocking reagents prevented the formation of
the tag during strong stimulation. Although L-LTP was impaired in this pathway,
PRP production did in fact occur (Lu et al. 2011). Therefore, TrkB may exert syn-
aptic tagging in BDNF-dependent L-LTP.

3.5.5 BDNF and Short-term and Long-term Memory

There are two known types of memory: STM and LTM. STM, like E-LTP, is of
short duration and lasts from a few minutes to a few hours. Furthermore, STM does
not require de novo protein synthesis. In contrast, LTM, like L-LTP, lasts for several
hours, days, or longer (Bailey et al. 2004; Medina et al. 2008). BDNF modulates
both STM and LTM in the adult rat hippocampus (Alonso et al. 2002). Thus, BDNF
might be involved in the expression and persistence of long-term synaptic plasticity
in the adult brain. In addition, the BDNF-dependent phase is likely to be crucial for
the persistence of LTM in the rat hippocampus (Bekinschtein et al. 2007).

Repetitive trans-cranial magnetic stimulation (rTMS) of the brain promotes last-
ing changes of excitatory neurotransmission and is associated with neuroplasticity
and memory. The rTMS response has shown to be modulated by BDNF polymor-
phism (Cheeran et al. 2008), indicating that BNDF polymorphism modulates hu-
man brain function. More recently, Gersner et al. (2011) demonstrated that rTMS
affected the level of BDNF and GluA1 AMPA receptor subunit in rat. Furthermore,
the level of phosphorylated GluA 1 was comparatively assessed in awake and anaes-
thetized rats and was found to be lower in anesthetized animals and higher in rats
that were awake. Hence, rTMS may be useful for the assessment of PRP expression
in neuroplasticity- and memory-related disorders (Gersner et al. 2011).

3.6 BDNF and Aging

Aging is associated with memory impairments (see Rosenzweig and Barnes 2003),
such as memory loss and false memories. Deterioration in brain anatomy, physiol-
ogy, plasticity and network dynamics can contribute to age-related memory impair-
ment. The most reliable cellular system to experimentally address the effects of
aging on long-term memory is hippocampal L-LTP. Recently, it was reported that
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deteriorations in LTP and spatial learning occurred during normal aging, without a
significant loss of neurons in rodent (Pang and Lu 2004; Rex et al. 2005). A parallel
decrease in the level of BDNF occurred during aging in the primate and the hu-
man. Moreover, BDNF induction by ampakine reversed the impairment of LTP in
middle-aged rodents (Rex et al. 2006). Interestingly, the impact of age, weight and
gender on BDNF levels in human platelets and plasma was recently investigated
(Lommatzsch et al. 2005).

3.7 Conclusion

The data strongly supported a critical role for BDNF in synaptic plasticity and
memory. Given them, it should be expected that BDNF has a role on the devel-
opment of drug, treatment for brain disorders, in particular, aging. The ability of
stimulation to modulate BDNF expression also opens up the possibility for this
therapy to be used to treat these disorders, which may involve BDNF, such as Al-
zheimer’s disease, post traumatic stress disorder, or mood disorders. Ultimately and
obviously, a better understanding of therapeutic approach is essential to optimizing
its safety and efficacy.
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Chapter 4

Mitochondrial Dysfunction in Sporadic
Alzheimer’s Disease: Mechanisms,
Consequences and Interventions

Sasanka Chakrabarti and Maitrayee Sinha

Abstract Mitochondrial dysfunction is a key element of sporadic Alzheimer’s
disease (AD) pathogenesis. This review attempts to provide a detailed account of
various findings related to mitochondrial structural and functional alterations as
obtained from post-mortem AD brains or transgenic animal models or cell based
models of AD. The accumulated evidence indicates a significant impairment of
mitochondrial bioenergetic functions with diminished cytochrome oxidase activ-
ity, distinctive structural alterations such as small fragmented mitochondria with
abnormal cristae and abnormal cellular distribution of this organelle in AD. The
mitochondrial defects in AD have been linked to toxic actions of amyloid beta pep-
tide oligomers on mitochondria and this possibility has been supported by many
in vitro studies utilizing isolated brain mitochondria. The entry as well as localiza-
tion of amyloid precursor protein and amyloid beta peptides in mitochondria in AD
brain has been the subject of intense and interesting research and the review has
described this aspect in the context of mitochondrial dysfunction. The cross-talk of
mitochondrial dysfunction with oxidative stress and inflammatory response in AD
has been outlined and the involvement of the former with programmed cell death
in the diseased brain has also been highlighted. The review ends with a few sugges-
tions on therapeutic interventions in AD pertaining to interactions of amyloid beta
peptide and mitochondria.
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4.1 Alzheimer’s Disease: A Brief Summary of Essential
Facts

Alzheimer’s disease (AD) accounts for the majority cases of dementia in the elderly
people and incidence of the disease increases twofold every 5 years after the age
of 65 years. Alzheimer’s disease is posing a major challenge to the socio-economic
and health care support system in many countries across the world. In 2010, Al-
zheimer’s Disease International estimated that there are 35.6 million people living
with dementia worldwide of which about 26 million are afflicted with AD. The
disease appears in familial and sporadic forms with the latter constituting nearly
90-95 % of AD population (Bird 2001). Mutations of several genes, e.g. Amyloid
precursor protein (APP), Presenilin 1 (PS1) and Presenilin 2 (PS2) are held re-
sponsible for the familial form of the disease with an earlier onset, while sporadic
AD has a multi-factorial pathogenesis with interplay of genetic predisposition and
extra-genetic mechanisms (Bird 2001; Dekosky 2002). The cardinal clinical fea-
ture of AD is a progressively devastating loss of memory and cognition and the
disease is diagnosed by careful neuropsychiatric tests and imaging studies but of-
ten confused with other forms of dementia including vascular dementia and Lewy
body dementia. The confirmed diagnosis of AD is achieved only after autopsy when
post-mortem examination of brain reveals the presence of extracellular depositions
(amyloid plaques) and intraneuronal neurofibrillary tangles associated with diffuse
atrophy of brain and neuronal loss in regions like hippocampus, parahippocampal
gyrus, amygdala, frontal, parietal, temporal cortices and certain subcortical nuclei
(Dekosky 2002). The amyloid plaques which contain depositions of amyloid B
peptide in the form of insoluble fibrils are surrounded by degenerating axons and
dendrites, while neurofibrillary tangles are formed by paired helical filaments com-
posed of hyperphosphorylated tau protein (Yates and McLoughlin 2008). The typi-
cal AD pathology is, however, often complicated by various other features like the
presence of vascular pathology characteristic of vascular dementia, but a detailed
analysis of this is not within the purview of the present article.

The etiopathogenesis of sporadic AD remains elusive despite intensive research
in various experimental models and studies in disease biomarkers and risk factors as
also biochemical and molecular biological analysis of post-mortem brain samples
of AD (Selkoe 2001; LaFerla et al. 2007; Lin and Beal 2006). The dominant hypoth-
esis of AD pathogenesis (amyloid cascade hypothesis) centres around the cascade of
toxic effects of amyloid  which is a peptide of 39—42 amino acids derived from the
precursor protein APP by the sequential actions of B and y secretases (LaFerla et al.
2007). Human APP gene is located on chromosome 21 and several mRNA species
are generated by alternate splicing giving rise to proteins of different chain lengths
which further undergo post-translational modifications like N- and O- linked gly-
cosylations, phosphorylation, and sulphation (Zheng and Koo 2006). Three major
varieties of APP with amino acid residues of 695, 751 and 770 contain Af. APP 695
which lacks KPI domain is predominantly found in neurons while APP 751 and APP
770 are more ubiquitously distributed (Cam and Bu 2006; Zheng and Koo 2006).
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APP is a type of class I integral membrane protein belonging to a family whose
members are distributed in diverse species from Drosophila and C. elegans to mam-
mals and these members share several common domains (Zheng and Koo 2006). In
mammals, three members of APP family, e.g. APP, APP like protein 1 (APLP1) and
APP like protein 2 (APLP2) exist (Reinhard et al. 2005; Zheng and Koo 2006). The
actual physiological function of APP is not clearly established, but various domains
of the molecule interact with a range of proteins and many potential functions have
been attributed to this molecule which includes cell adhesion, cell-cell interaction,
synaptogenesis, neurite outgrowth, axonal transport, cell survival and death, cell
signalling, etc. (Reinhard et al. 2005; Zheng and Koo 2006). The processing of APP
in amyloidogenic and non-amyloidogenic pathways is now well-established which
involves three different proteolytic enzymes e.g. a-, f- and y- secretases (Zheng and
Koo 2006). Although several forms of amyloid 3 peptide are present in AD brains,
the one consisting of 42 amino acids (AP 42) is considered as the most toxic species
and this protein has the propensity for oligomerization and aggregation forming
initially the soluble oligomers and later the insoluble fibrils where the peptide at-
tains a characteristic crossed 3 strand conformation (Hung et al. 2008; Nichols et al.
2005). The accumulating body of evidence suggests that the soluble oligomers of
AP 42 and not the monomers or the insoluble fibrils are responsible for the toxic-
ity of amyloid B peptide (Hung et al. 2008; de Felice et al. 2004). It is suggested
that soluble oligomers of amyloid B peptide trigger and/or reinforce a network of
interdependent damage pathways that include mitochondrial dysfunction, oxidative
stress and inflammatory reactions in AD brain, leading to wide spread neuronal
death and degeneration of the processes.

4.2 Mitochondrial Dysfunction in Sporadic AD

4.2.1 Mitochondria: Bioenergetics and Physiology

Mitochondria occupied the centre stage of biochemical research for decades when
the magnificent machinery of energy metabolism known as oxidative phosphoryla-
tion system (OX-PHOS) was identified and the details of the system worked out
within this organelle. Embedded in the inner membrane of mitochondria, the OX-
PHOS consists of a series of supra-molecular assemblies of proteins (complex I to
IV) containing various cytochromes and iron-sulphur centres through which elec-
trons flow as the reducing equivalents NADH and FADH2 get oxidized and the
energy released during this process is utilized by the complex V (FO, F1 ATP syn-
thase) to synthesize ATP (Brand and Nicholls 2011; Nicholls and Ferguson 2001).
The process of oxidation is coupled to phosphorylation through the development of
an electro-chemical gradient which is generated by the transfer of H* ions through
different complexes from the matrix side to the intermembrane space. The magni-
tude of the electrochemical gradient 180-220 mV is contributed both by membrane
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potential (140—180 mV) and the pH gradient of 1.4 units. Apart from providing the
energy currency of the cell through OX-PHOS, mitochondria also play crucial roles
in Ca®*homeostasis, maintenance of intracellular pH and ROS (reactive oxygen
species) metabolism and mitochondrial output of ROS forms the major component
of total ROS load of the cells (Brand and Nicholls 2011; Murphy 2009; Nicholls and
Ferguson 2001; Halliwell and Gutteridge 2007). The damaging actions of ROS on
cells and their organelles have been known for quite some time, but the involvement
of the former in regulation of intracellular signalling pathways and gene expression
profile is gradually being revealed and thus mitochondrial involvement in these
processes is becoming an important research issue (Halliwell and Gutteridge 2007).
The redox responsive transcription factors like NF-«xf3, AP 1, etc., link mitochondri-
al ROS generation with alterations of gene expression (Mauro et al. 2011; Higuchi
et al. 2002). Thus the bioenergetic and ROS production functions of mitochondria
are the major determinants of cell physiology and both these aspects have been
explored very intensively in the context of AD pathology.

The other important processes that regulate mitochondrial physiology, morphol-
ogy and dynamics are fusion, fission and biogenesis and the pathways and proteins
involved in these processes are being established (Scarpulla 2008; Chen and Chan
2009). Mitochondria are now considered as dynamic networks rather than discrete
rigid organelles that divide and again fuse with each other and get distributed to
different parts of the cells and the phenomena of fusion and fission in mitochon-
dria regulate mitochondrial turnover, metabolic efficiency, shape and motility and
probably also the processes like mitophagy and apoptosis (Chen and Chan 2009;
Twig et al. 2008). For mitochondrial fusion, several proteins like Mfn 1, Mfn 2 and
OPA 1 have been identified, while for the fission process Drp 1, Fis 1 and Mff are
thought to play critical roles (Chen and Chan 2009). On the other hand, a plethora
of information is already available on mitochondrial biogenesis that regulates mito-
chondrial size and number in the tissue and requires concerted expressions of many
nuclear and mtDNA genes (Scarpulla 2008; Hock and Kralli 2009). The biogenesis
programme of mitochondria is under the control of PGC1 (Peroxisome proliferator-
activated receptor-gamma coactivator 1) family of coactivators of which the major
regulator is PGC la and this protein controls the biogenesis through several tran-
scription factors like Nuclear respiratory factor (NRF) 1, NRF 2 and Mitochondrial
transcription factor A (Tfam) (Scarpulla 2008; Hock and Kralli 2009). In various
physiological conditions, mitochondrial biogenesis is altered through modulation
of PGC la activity presumably through the action of 5" AMP-activated protein ki-
nase (AMP kinase), calcium/calmodulin dependent protein kinase type IV (CAMK
IV), endothelial nitric oxide synthase (eNOS) and other mediators (Scarpulla 2008;
Hock and Kralli 2009; Kelly and Scarpula 2004). The accumulation of informa-
tion on these newer aspects of mitochondrial functions and physiology has also
led to investigations to determine if these processes are altered in neurodegenera-
tive disorders. Further, the molecular details of the involvement of this organelle
in programmed cell death pathways like apoptosis and necrosis have been firmly
established, which also explains why the dysfunction of this organelle is so often
linked with AD which is characterized by extensive neuronal death.
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4.2.2 Evidence of Mitochondrial Involvement of AD

Evidence accrued from the analysis of post-mortem AD brains indicates both struc-
tural and functional mitochondrial impairment as a central mechanism underlying
AD pathogenesis and the studies in transgenic animal models and cell based models
indicate that mitochondrial structural and functional alterations are linked to toxic
actions of oligomers of AB42 and further this possibility gains support from a num-
ber of in vitro studies (Cassarino and Bennett Jr. 1999).

4.2.3 Post-mortem Evidence

In AD brain, a consistent decrease in cytochrome oxidase activity has been reported
by several groups, but decreased activities of other enzyme complexes of brain mi-
tochondria, e.g., pyruvate dehydrogenase, a-ketoglutarate dehydrogenase, isocitrate
dehydrogenase, thiolase, ATP citrate lyase, etc. have also been demonstrated in this
disease condition (Cassarino and Bennett Jr. 1999; Pagani and Eckert 2011). On the
other hand, two TCA-cycle enzymes succinate dehydrogenase and malate dehydro-
genase have been shown to be increased in AD brain, whereas other enzymes of this
pathway like aconitase, citrate synthase, etc. remain unaffected (Bubber et al. 2005;
Atamna and Frey 2007). The decreased level of complex III core protein I has been
reported in temporal cortex of AD brains using a proteomics based analysis, while
complex I subunits (24 kDa, 75 kDa) are also reported to decrease in different brain
regions of this disease condition (Kim et al. 2000). However, other studies have
indicated increased levels of cytochrome oxidase and mtDNA in AD brain by using
immunocytochemistry and in situ hybridization (Hirai et al. 2001). Quantitative
RT-PCR has been used to study the expression pattern of mitochondrial genes. It
shows a downregulation of mtDNA genes coding for complex I, while the expres-
sion levels of complex III and complex IV are increased in AD brain (Gibson and
Shi 2010; Reddy and Beal 2008). In AD brain, oxidative damage marker of DNA,
8-hydroxy 2-deoxy guanosine, accumulates in mtDNA in much higher proportion
compared to that in age-matched control and further mtDNA is much more affected
than nDNA (Wang et al. 2005; Mecocci et al. 1994). On the other hand, no con-
clusive evidence of occurrence of heritable common mutation of mtDNA has been
obtained so far in AD. However, in cybrids created with mtDNA obtained from
platelets of AD patients, very significant impairment of mitochondrial functions has
been observed (Cassarino and Bennet Jr. 1999).

Mitochondrial ultrastructural alterations have been reported in AD brains which
include smaller sizes of mitochondria and abnormal or broken cristae and such mito-
chondrial changes are most conspicuous in neurons showing loss of dendritic spines
and arborizations (Baloyannis et al. 2004; Hirai et al. 2001). The distribution of mi-
tochondria in neurons in AD affected brains is perinuclear and very few organelles
are seen in the terminals of the processes (Manczak et al. 2006; Wang et al. 2008).
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The altered structure and dynamics of mitochondria in AD is because of an altera-
tion in the balance of mitochondrial fusion and fission with a shift towards fission
(Calkins et al. 2011). Using qRT-PCR and immunoblotting techniques, an increased
expression of Fisl and Drp1 fission related proteins and decreased levels of fusion
regulating proteins like Mfnl, Mfn2 and Opal have been noticed in post-mortem
AD brain (Manczak et al. 2006; Wang et al. 2008). Immunofluorescence studies
have shown co-localization of Drpl with intraneuronal AB oligomers and further
increased S-nitrosylated Drpl has been seen in AD brains (Manczak et al. 2006;
Chen and Chan 2009). Studies in post-mortem brains of AD have also revealed
that both APP and AB42 localize within mitochondria and the entry of the peptides
into mitochondria presumably takes place through translocase of outer membrane
(TOM) and translocase of inner membrane (TIM) (Devi et al. 2006; Hansson Pe-
tersen et al. 2008). Mitochondrial biogenesis has also been shown to be impaired in
hippocampal neurons from AD with a decrease in the levels of transcription factors
and co-activators related to mitochondrial biogenesis like PGC 1o, NRF 1, NRF 2
and Tfam (Sheng et al. 2011).

4.2.4 Evidence from AD Models

A surfeit of interesting studies in transgenic animals or organisms or in cells over
expressing wild or mutant APP and other studies with pharmacological cell-based
models have demonstrated several different types of mitochondrial dysfunctions
which could be related to toxic actions of oligomeric AB42 or other amyloid beta
peptides on mitochondria or to abnormal accumulation of phosphorylated tau and
these have clear implications in AD pathology. In double Swedish and London mu-
tant APP transgenic mice, a loss of transmembrane potential, decreased ATP syn-
thesis, increased ROS formation and decreased cytochrome oxidase activity have
been reported in brain mitochondria (Hauptmann et al. 2009). In Tg2576 transgenic
model, the expression profile of many genes concerned with mitochondrial energy
metabolism is altered at 2, 5 and 18 months of age (Manczak et al. 2006). In triple
transgenic AD mice, decreased mitochondrial respiration and inhibition of pyru-
vate dehydrogenase complex with evidence of excess ROS formation and oxidative
damage have been reported (Yao et al. 2009). In another study with triple trans-
genic AD mice (pR5/APP/PS2), the levels of complex I and complex I'V have been
found to be diminished using mass spectrometry based proteomics study (Eckert
et al. 2010). In transgenic AD mice carrying 3 mutated human transgenes (APP/
PS1/Tau), proteomic analysis has shown that upregulation or downregulation oc-
curs in 23 different mitochondrial proteins (Chou et al. 2011). Altered expressions
of mtDNA genes have been reported in the brains of AD transgenic mice in some
other studies (Reddy et al. 2004).

In M17 cells over expressing APPwt or APPswe, mitochondrial structural ab-
normalities and altered distributions have been observed compared to control M17
cells and further such mitochondrial anomalies are more extensive in M17 cells
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with APPswe (Wang et al. 2008). The mitochondria in M17 cells over expressing
APP in this study have been seen as fragmented with elongated net like structure
and mitochondrial fission protein Fis 1 is elevated, while Drpl and OPA 1 are de-
creased (Wang et al. 2008). The functional alterations observed in mitochondria in
such APP over expressing cells include a decreased membrane potential with ATP
depletion and enhanced ROS production (Anandatheerthavarada et al. 2003). In
another study with M17 cell containing APPswe, decreased mitochondrial biogen-
esis is accompanied by decreased mtDNA/nDNA ratio, decreased ATP content and
decreased activity of cytochrome oxidase (Sheng et al. 2011).

A popular model to study the etiopathogenesis of AD uses cultured cell lines
like SHSYSY, PC12, NT 2, Neuro 2a, etc. as also primary cultures of hippocampal
neurons exposed to different amyloid 8 peptides, e.g. AB42, Ap40, AB25-35 etc.
for varying periods of time. Such models have demonstrated a range of toxic ac-
tions of oligomeric AB42 which also include extensive impairment of mitochondrial
functions and structural alterations (Jin et al. 2010). Alterations in mitochondrial
membrane potential, release of cytochrome c in the cytosol, decreased mitochon-
drial respiration, inhibition of respiratory chain complexes, enhanced ROS forma-
tion and inhibition of key enzymes of TCA cycle have all been reported as possible
consequences of APB42 toxicity in cultured cells which have provided important
clues in understanding AD pathogenesis (Qiao et al. 2005; Rhein et al. 2009; Casley
et al. 2002; Gao and Tang 2006).

4.2.5 Evidence from In Vitro Studies with Isolated Mitochondria

Although varied forms of mitochondrial dysfunctions have been identified in post-
mortem brain of AD patients as well as AD experimental models, the involvement
of AB42 or its oligomeric form in this process has been inferred somewhat obliquely.
On the other hand, in vitro experiments with isolated brain mitochondria exposed to
oligomeric AB42 or other amyloid peptides have not only provided direct evidence
of AP peptide interaction with mitochondria, but also indicated the possible mecha-
nisms underlying this phenomenon. Such studies have shown that AB42 and other
amyloid peptides cause mitochondrial membrane depolarization, depletion of ATP,
mitochondrial swelling, decreased state 3 respiration and release of cytochrome c
in isolated mitochondria (Rodrigues et al. 2001; Kim et al. 2002). Although several
studies have indicated that Ap peptide can inhibit cytochrome oxidase activity, a
recent publication has shown that in isolated rat brain mitochondria Ap42 fails to
inhibit complex IV activity and further the toxic effects of oligomeric AB42 are
more severe in aged brain mitochondria (Sinha et al. 2011). The mechanisms of
mitochondrial bioenergetic impairment induced by AB42 or other similar amyloid
peptides are not clearly worked out, but specific interactions with mitochondrial
proteins like cycophilin D, ANT or UCP or ABAD (Ap-binding alcohol dehydroge-
nase) could be a distinct possibility (Moreira et al. 2002; Sinha et al. 2011). On the
other hand, several groups have documented the pore-forming ability of oligomers
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of AP peptides in synthetic lipid vesicles or biomembranes allowing cations to pass
through these channels, which could also explain some of the toxic effects of these
peptides on mitochondria (Lal et al. 2007). Some rather elaborate structural studies
have been carried out to define the membrane spanning channels produced by A
oligomers which could be important as potential therapeutic targets (Arispe et al.
2007; Lal et al. 2007).

4.2.6 Mitochondrial Localization of Af Peptide: Mechanisms
and Significance

The above description clearly brings out the central importance of AP peptide toxic-
ity on mitochondria in AD pathogenesis, but at the same time raises certain issues
related to intracellular trafficking of APP and A and their localization in mitochon-
dria. Although the major localization of APP is on plasma membrane from where A3
is released extracellularly by the action of secretases, there is compelling evidence
that in AD brain intracellular build up of Ap takes place and it progressively accu-
mulates in mitochondria in this disease condition (Chen and Yan 2010; Pagani and
Eckert 2011; LaFerla et al. 2007; Devi et al. 2006; Hansson Petersen et al. 2008).
Such accumulation of intracellular AP also occurs in the brain of transgenic AD
mice models as also in cells overexpressing wild or mutant APP (Chen and Yan
2010; Pagani and Eckert 2011). It is now known that apart from the plasma mem-
brane, APP is also localized in trans Golgi network, endoplasmic reticulum and en-
dosomal—Ilysosomal vesicles and it is conceivable that from such sources, intracel-
lular AB42 pool is created through actions of § and y secretases (LaFerla et al. 2007;
Pagani and Eckert 2011). The intracellular pool of A peptide is further enriched by
re-uptake of extra-cellular AP through receptor-mediated processes and NMDA re-
ceptors, nicotinic cholinergic receptors, APOE receptors, RAGE, members of LDL
receptor family, FPRL 1(formyl peptide receptor-like 1) etc. have all been shown as
candidate receptors for Ap (Bu et al. 2006; Pagani and Eckert 2011; LaFerla et al.
2007). The entry and localization of AP peptides within mitochondria have been
analyzed in several studies and the involvement of translocase of outer membrane
(TOM) has been documented in this process (Hansson Petersen et al. 2008). Such
specific mechanisms of mitochondrial entry of amyloid peptides, however, do not
exclude other mechanisms of entry of A peptides such as direct embedding in lipid
bilayer of mitochondria as has been shown in case of synthetic lipid vesicles (Arispe
et al. 2007). Based on some extensive studies in post-mortem AD brains, one group
has proposed that APP contains target signals and gains entry within mitochon-
dria through import channels and they have shown that APP forms stable 480 kDa
complex with translocase of outer membrane 40 (TOM 40) and a super complex
of 620 kDa with both TOM 40 and TIM 23 (translocase of inner membrane 23)
(Devi et al. 2006; Anandatheerthavarada et al. 2003). Whether A peptides includ-
ing AP42 are generated in mitochondria in situ from mitochondria—associated APP
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Fig. 4.1 Trafficking of amyloid beta peptide en route to mitochondria: scenario in AD brain. The
distribution of APP is shown on the plasma membrane and in other membranous compartments of
the cell including mitochondria, although the trafficking pathways of APP are not clearly defined.
A is generated extracellularly from plasma membrane bound APP and re-enters the cell through
diverse receptors. Intracellularly, Ap may be generated from APP in one or more of the membra-
nous compartments. AB enters the mitochondria, but probably not synthesized within the organ-
elle, through import channels or directly by embedding in lipid bilayer and localizes on the inner
membrane. Accumulated AB within mitochondria leads to dysfunction of the organelle. The sites
where oligomerization of Ap begins intracellularly are not known. ER Endoplasmic reticulum, En
Endosome, G Galgi Body, N Nucleus. (This is a hypothetical diagram based on available infor-
mation and inputs from similar diagrams presented in reference. (LaFerla et al. 2007; Pagani and
Eckert 2011))

is not conclusively established and even though the presence of y secretase in mi-
tochondria has been documented, 3 secretase has so far not been identified within
mitochondria (Chen and Yan 2010). However, evidence has also been provided in-
dicating the potential formation of A peptides from mitochondria-associated APP
as also degradation of amyloid peptides through the action of novel peptidase (Prep)
(Pavlov et al. 2011; Falkevall et al. 2006). A schematic view of A peptide traffick-
ing and the entry of the peptide into mitochondria is shown in Fig. 4.1.
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The accumulation of AB42 within mitochondria in AD brain offers several pos-
sibilities that may underlie the phenomenon of mitochondrial dysfunction so con-
spicuous in this disease condition. As stated earlier in this review that interaction of
oligomerized A peptide with mitochondrial target proteins like cyclophilin D, ANT,
UCP etc. could explain the toxic effects of aggregated AP protein on mitochondria,
but other targets like ABAD, Fo, F1 ATP synthase, TCA cycle enzymes could be
equally important, but molecular details of such interactions are not clear. How-
ever, recent studies reveal some molecular of details of AR and ABAD interactions
including the crystallographic structure AB-ABAD complex as also interactions
of AP and cyclophilin D and AP and Fo, F1 ATP synthase (Lustbader et al. 2004;
Du and Yan 2010; Schmidt et al. 2008). The other attractive hypothesis forwarded
in this context is the blockage of mitochondrial import channels by APP with con-
sequent failures of entry of bonafide nDNA coded mitrochondrial proteins such
as subunits of respiratory chain complexes or other enzyme complexes or trans-
port proteins into mitochondria causing dysfunction of this organelle (Devi et al.
2006; Anandateerthavarada et al. 2003). The formation of aberrant cation-specific
ion channels in synthetic lipid vesicles or biomembranes by oligomerized AB42 or
ROS mediated damage caused by the latter on membrane lipids and proteins may
also be instrumental in causing mitochondrial dysfunction (Arispe et al. 2007; Ro-
drigues et al. 2001).

4.3 Consequences of Mitochondrial Dysfunction in AD

The obvious implications of mitochondrial dysfunction in AD include cross—talk
among different pathologic mechanisms of this disease and also the phenomenon of
programmed cell death (Fig. 4.2). The important pathogenic processes in AD brain
other than AP accumulation and mitochondrial dysfunction are oxidative stress and
inflammatory response through microglial activation (Smith et al. 2000; Akiyama
et al. 2000). The oxidative stress in AD brain presumably has multiple contribu-
tors such as metal dysregulation, ROS formation from transition metals bound to
AP peptide and ROS release from activated microglia and there is overwhelming
evidence of accumulation of oxidative damage markers in post-mortem AD brain
(Smith et al. 2000; Smith et al. 2007; Abranov and Duchen 2005; Akiyama et al.
2000). Mitochondrial dysfunction especially an inhibited respiratory chain activity
can significantly contribute to oxidative stress existing in AD brain by enhanced
production of ROS which in turn may further damage the mitochondrial respira-
tory chain complexes as well as mtDNA leading to further generation of ROS and
creation of a vicious cycle (Cassarino et al. 1999; Szeto 2006). Moreover, ROS
can activate the microglia and promote the formation of pro-inflammatory cyto-
kines and contribute to inflammatory response which is an important element of
AD pathogenesis (Akiyama et al. 2000). It is also important to note that ROS from
dysfunctional mitochondria or elsewhere could also enhance the expression of APP
as has been shown in some studies and this mechanism would lead to further forma-
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Fig. 4.2 Mitochondrial dysfunction and other pathologic mechanisms in AD brain. Mitochondrial
dysfunction re-inforces other damage pathways like oxidative stress, inflammatory response and
AP accumulation and finally triggers programmed cell death in AD brain

tion of AB42 and worsening of the disease condition (Tamagno et al. 2002). Finally,
mitochondrial dysfunction and ROS formation can activate the programmed cell
death pathways in AD brain.

Two major cell death pathways of apoptosis and necrosis are considered as two
types of Programmed Cell Death (PCD) based on characteristic morphological
alterations, nature of initiating death signals, involvement of caspases, availabil-
ity of ATP, involvement of Ca?* dysregulation and proteolytic enzymes and other
molecular details, although the pathways are not neatly separated and distinctions
tend to blur in many cases (Syntichaki and Travernarakis 2002; Bras et al. 2005).
For example, the initiating death agent may lead to apoptosis in one system, but
necrosis in another, or apoptosis in a lower concentration but necrosis at a higher
dose (Syntichaki and Travernarakis 2002; Bras et al. 2005). Further, a continuum of
apoptosis and necrosis may co-exist in some cases of cell death (Bras et al. 2005).
The centrality of mitochondrial involvement, however, in both these cell death
pathways is clearly established. The release of cytochrome ¢, apoptogenic factors
(Smac/Diablo, Omi/Htr 2, APF etc.), from depolarized mitochondria could initiate
and propagate apoptosis while an excessive ROS production or a severe depletion
of ATP synthesis or Ca®>* dysregulation caused by damaged mitochondria may lead
to necrosis and therefore, it is unlikely that one exclusive pathway of cell death will
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be operative in AD brain. Thus, evidence of apoptosis as well as necrosis in post-
mortem brains of familial and sporadic AD subjects has been presented by different
groups using immunohistochemistry, Tunel assay or electron microscopy (Su et al.
1994; Velez-Pardo et al. 2001; Eckert et al. 2003). Another form of PCD is termed
autophagy by which damaged organelles and misfolded proteins are removed from
the cell through autophagosomes and the molecular details of this pathway are be-
ing revealed (Moreira et al. 2010). In the context of mitochondrial dysfunction, it is
interesting to note that in mammalian cells mitochondrial depolarization, opening
of mitochondrial permeability transition pore, enhanced ROS formation or accu-
mulation of mtDNA mutations can lead to autophagy or mitophagy (Elmore et al.
2001; Kim et al. 2007). Several studies have indicated that autophagic degradation
pathway is an important contributor to neurodegeneration in AD and mitochondrial
dysfunction and AP accumulation are linked with autophagy (Moreira et al. 2010).

4.4 Intervention

Given the complexity of AD pathogenesis and the plethora of information available,
it is not surprising that many intervention strategies have been suggested and proved
to be useful in experimental models. However, the drug treatment of AD patients
continues to be extremely inadequate and the disease progresses relentlessly with
the patients usually succumbing to the illness within 5-10 years after the diagnosis.
Acetylcholinesterase inhibitors are probably the most commonly used drugs for AD
which brings about some improvement in cognition, while others like selegeline,
vitamin E, non-steroidal anti-inflammatory drugs are of doubtful benefit. Therefore,
it is imperative to identify new therapeutic targets and potential drugs for AD and
in fact a long list of such drugs in different phases of clinical trial exists (Alzheimer
Research Forum, Drugs in Clinical Trials, www.alzforum.org). We would mention
the therapeutic targets in the context of the present article primarily restricted to
toxic interactions of A peptide and mitochondria.

From the perspective of what has so far been stated in this review, the interven-
tion strategies can be adopted at several levels e.g. oligomerisation of AP peptide
and its interaction with mitochondria, the mitochondrial bioenergetic failure and
structural alterations and the cross-talk between oxidative stress and mitochondrial
dysfunction. The compounds that can inhibit A peptide over production (inhibitors
of B and y secretases) or oligomerisation in experimental systems (nano-particle
conjugated metal chelator, melatonin, etc.) would prevent the formation of toxic
species capable of causing mitochondrial dysfunction and might be beneficial for
the treatment of AD (Bonda et al. 2010). Mitochondrial stabilizing agents and also
those which can impact fusion/fission process are likely to prevent Ap induced mi-
tochondrial dysfunction and would be potential drugs for AD. The compounds (e.g.
latrepirdine) which can inhibit opening of permeability transition pore in mitochon-
dria may prove to be important in this context (Bonda et al. 2010). Since mitochon-
drial dysfunction and ROS formation reinforce each other forming a vicious cycle
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in AD brain, it is expected that natural anti-oxidants and specially mitochondria
targeted anti-oxidants (Q10, acetyl-L-carnitine, a-lpoic acid, Mito-Q, SS peptides
etc.) would retard the progress of AD pathogenesis (Palacios et al. 2011; Szeto
2006; Bonda et al. 2010). Lastly compounds interacting or blocking the so called
‘amyloid channels’ in lipid bilayer could be another group of potential drugs for
AD (Arispe et al. 2007). Many of these potential drugs for AD have been tested in
various in vitro systems or in transgenic AD models or cell based models where
promising results are obtained, but they have to pass rigorous clinical trials before
introduction in the market. If these drugs could produce clinical benefit to the pa-
tients, not only this will be a great help to the clinicians and AD patients, but this
will indirectly validate also the ‘models’ so extensively used by the bio-medical
researchers without knowing how far from the reality these ‘models’ are.
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Chapter 5
Brain Aging: Influence of Early-Life Events on
Late-Life Brain Disorders

Debomoy K. Lahiri

Abstract The prominent symptoms of Alzheimer’s disease (AD) include severe
loss of memory, failure of cognition and reasoning, and overall deficit of other
intellectual abilities. AD usually appears late in adult life, but when the disease initi-
ates and how long the disease processes take to develop are presently unknown. To
address this issue, the “Latent Early—life Associated Regulation” (LEARn) model
has been proposed. This model explains the etiology of AD and integrates both
the neuropathological features (e.g., amyloid-beta plaques and hyperphophorylated
tau tangles) and environmental conditions (e.g., dietary imbalance, metal exposure,
and pestichemicals) associated with AD. As per the LEARn model, environmental
agents could perturb gene regulation in a long—term fashion, beginning at early
developmental stages, but these perturbations would not have pathological results
until significantly later in life, if an additional perturbation were to occur. The
LEARn model postulates latent expression of specific genes triggered at an early
stage of life. The LEARn model operates via the regulatory region (promoter) of
the gene, specifically through changes in methylation and oxidation status within
the promoter of specific genes. Thus, the LEARn model unifies genetic and envi-
ronmental risk factors to explain the etiology of the most common, sporadic form
of AD. Finally, the possible medical remediation is discussed with reference to the
relatively long term of latency under the LEARn model.
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5.1 Introduction: Major Neuropathochemical Features of
Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia among the elderly,
and age is the greatest risk factor for AD and other neurodegenerative disorders.
The major symptoms of AD include severe loss of memory, failure of cognition and
reasoning, and overall deficit of other intellectual abilities. Epidemiologically AD is
the most common form of dementia among the elderly in Western countries (Hebert
et al. 2003). AD is estimated to comprise up to 70 % of all dementia in the Unit-
ed States (Plassman et al. 2007) afflicting approximately 5.4 million individuals
(Alzheimer’s Association 2012). Particularly, AD is a heterogeneous disease with
unknown etiology. Currently there is no medication that can fully treat AD or halt
the progression of the disease. These age-related disorders, such as AD and Parkin-
son’s disease, usually appear late in adult life, but when they start and how long the
disease processes precede to manifest are presently unknown. Thus, it is important
to address the timing and nature of triggers that lead to AD in late-life. This review
discusses the influence of early—life events on late-life brain disorders under the re-
cently proposed conceptual framework of the “Latent Early—life Associated Regula-
tion” (LEARn) model, and provides ways of medical remediation. Indeed, the pro-
posed mechanisms of LEARn, changes in methylation and/or oxidative damage to
DNA, should provide potential solutions to a LEARn—type environmental exposure.

Neuropathological examination reveals excessive deposition of two major pro-
teinaceous aggregates in AD. Neurochemically, they are hyperphosphorylated mi-
crotubule associated protein T “tangles” and senile plaques formed mostly of the
amyloid—f peptide (AB). AP is proteolytically derived from the large B—amyloid
precursor protein (APP). Indeed, the amyloid plaques and 1 tangles form the basis
for the two currently—dominant models in the AD field—the “amyloid hypothesis”
and the “t hypothesis” (Sambamurti et al. 2006). According to the amyloid hy-
pothesis, the neurotoxicity of A dimers and oligomers and/or damage caused by
AP plaque aggregation is the primary cause of AD. According to the T hypothesis,
the aggregation of hyperphosphorylated t leads to neuronal cell death and resulting
neuropathology, and A} aggregation would be a result of cellular damage imposed
by 1 aggregation. However, both these models fail to fully explain the etiology and
the role of environment of sporadic form of the disease. Herein, I discuss the role of
early-life events on late-life brain disorders, such as AD, and propose an effective
strategy for the prevention of AD.

5.2 Genetics and Major Risk Factors of AD

Recent studies from different laboratories suggest that AD is a disorder of com-
plex etiology, combining environmental, genetic and epigenetic factors (Table 5.1).
A minority of AD cases can be attributed to autosomal familial AD (FAD) muta-
tions in the coding sequences of AD—associated genes, such as APP and presenilin 1
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Table 5.1 Different forms of Alzheimer’s disease, their causes and possible remedies

Major forms Major driver Major causes Possible remedies
FAD-Familial AD Genotype Mutation in particu-  Difficult/non-existent
lar genes such as (future gene ther-
APP718 V/IM apy technique?)
S4D-Sporadic AD Environment, and Head trauma, nutri- Restore healthy
other unknown tional imbal- environment
factors ance, metals,
pestichemicals
LAD-LEARn AD Gene x environment  Somatic epitype? Gg;  Proper dietary supple-
interaction epigenetic markers ments (e.g., folate)
via the promoter during develop-
sequences mental period

(PSEN1). However, this form of AD does not explain the far more prevalent sporad-
ic late—onset AD (LOAD), which results from a combination of various factors. The
known risk factors for sporadic LOAD include age, limited education, high dietary
cholesterol, head trauma and the presence of APOEe4 genotype. There are further
associations with protein expression in addition to APP or PSENI1 such as the insu-
lin degrading enzyme (IDE), a2—-macroglobulin and endothelin converting enzyme
2 (ECE2) (Lahiri et al. 2003). Furthermore, AD risk has been associated with pro-
moter polymorphisms that are located in the 5'-flanking region of the APOE and
APP genes (Ge et al. 2007; Lahiri et al. 2005). It should be mentioned that other
studies have shown no association between APOEge4 allele status and AD in a popu-
lation that differs from the typical sample from Western industrialized populations
(Hall et al. 2006), suggesting the role of environmental factors. Oxidative stress and
abnormal metal levels in the brain and inflammatory factors are, likewise, linked to
AD (Bellingham et al. 2004). Notably, age poses the greatest risk for LOAD of all
known risk factors. No single LOAD risk factor is necessary and sufficient for AD
to appear. None of the current etiological models have so far explained the sporadic
nature of AD and the low penetrance of known risk factors, and this review is meant
to bridge this gap of knowledge and prose a remedial intervention.

5.3 Necessity of a Unifying Framework, the “LEARn
Model”, to Explain the Etiology of AD

Most work presumes that AD is a late phenomenon, i.e., AD follows quickly after
whatever stimulus triggers it, but current evidence does not reasonably exclude AD
from being early/developmental in nature. Although AD manifests late in adult life,
it is not clearly understood when the disease actually starts, nor how long it takes
for the associated events and processes to develop into disease. The factors that
trigger the cascade of pathobiochemical processes of the disease are unclear. The
main unresolved questions concern the timing and nature of AD triggering. That is
to say, any unifying hypothesis for the etiology of AD must take into account not
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only neuropathological features but also the multiple environmental factors associ-
ated with AD, including dietary imbalance, hormonal factors, and inflammation
after head injury, and toxicological exposure. In order to address the interaction of
environment and genes that is in play with AD, Lahiri and colleagues have proposed
a “Latent Early-life Associated Regulation” (LEARn) model, which may explain
the etiology of AD and other neuropsychiatric and developmental disorders (Lahiri
et al. 2007). Conceptually, the LEARn model begins with environmental agents
(e.g., heavy metals), intrinsic factors (e.g., inflammatory cytokines), and dietary
factors (e.g., folate and cholesterol) acting to alter gene regulation in a latent, long—
term fashion (Fig. 5.1). This initiates at early developmental stages, but these per-
turbations do not yield pathological results until significantly later in life (Lahiri
et al. 2007; Basha et al. 2005). One such pathological result would be development
of AD-like pathology in aged monkeys after infantile exposure to environmental
lead (Pb) (Wu et al. 2008). Although similar hypotheses were developed in the
1980s by Barker and colleagues (Barker et al. 2002), their model is incomplete and
based on low birth weight and rapid childhood weight gain without proposing any
underlying molecular mechanism. Notably, the LEARn model is based on the regu-
latory structure common to eukaryotic genes and epigenetic processes operating at
certain specific sites within the promoter (regulatory) region of specific genes. In
other words, while the LEARn model is not inconsistent with the classic “Barker
model” of fetal origins of adult disease, it enlarges upon that model by providing
specific biochemical and molecular biological pathways that can be directly tested.

5.4 Main Biochemical Features of the LEARn Model

As per the LEARn model, the foundation of latent early regulation is epigenetic
modification of gene regulatory sequences with delayed, latent, changes in gene
expression levels. In fact, the LEARn pathway does not reject the already—present
variation of the genetic substrate, but combines it with long—term response to dif-
ferences in environmental stresses. At the genome level, human DNA is commonly
modified by DNA oxidation and by methylation, which involves the addition of a
methyl group to cytosine residues at CpG dinucleotides. The methylation reaction
is catalyzed by DNA methyltransferase (DNMT) enzymes. In the DNA sequence,
CpG dinucleotides are often found in clusters called CpG islands. In normal tissues,
CpG islands are primarily unmethylated, and the aberrant methylation of CpG is-
lands has been related to disease (Levenson 2010). Importantly, changing the meth-
ylation status of a gene, for example, hypomethylation in the promoter region leads
to elevated gene expression, whereas hypermethylation results in decreased gene
expression. How does environment act in this process? It is suggested experimen-
tally that environmental factors, including exposure to metals and dietary variation,
may operate by interfering with the (de)methylation of CpG clusters, thus altering
affinity with potential transcription factors proteins, such as MeCP2 and SP1. Fur-
ther, the activity of DNMT is reduced by heavy metal (cadmium) exposure (Takigu-
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chi et al. 2003). It is noteworthy that viral and bacterial infection can result in per-
sistent changes in host chromosomal DNA methylation (Zhang et al. 2010; Paschos
et al. 2009; Nakajima et al. 2010). Moreover, heavy metals such as Pb are known
to induce oxidative stress (Fowler et al. 2004), and oxidative stress modulates DNA
methylation during malignant transformation (Campos et al. 2007). In addition, the
oxidation of d—guanosine to 8§—oxo—d—guanine interferes with the DNA-binding
capacity of MeCP to a methylated cytosine (Valinluck et al. 2004) generating an
“effective demethylation” due to oxidative damage of DNA. At the chromatin site,
histone acetylation may also function in this process, with differences in acetylation
occurring in response to DNA methylation or demethylation (Dobosy and Selker
2001). Consequently, this leads to chromatin remodeling, another level of gene
regulation. Several studies suggest that changes in DNA oxidation and methylation
are the fundamental means through which epigenetic differences arise in response
to the environment, and importantly these acquired epigenetic changes can persist
for an indefinite time and even stably transmitted to offspring (Nakajima et al. 2010;
Hughes et al. 2009; Zeh and Zeh 2008).

5.5 Main Operational Features of the LEARn Model:
Latent and Delayed Modification of APP Gene
Expression Explain How the Model Work

Several recent experimental results support the LEARn mode. One of the specific
examples of LEARn-type activity involves the response of both rat and monkey
APP genes to early—life exposure to Pb. In an elegant study, Basha and colleagues
reported that when they added Pb acetate into the drinking water of dams of infant
rats, levels of APP mRNA rose and then fell back to normal levels when Pb was
taken away from their diet. Surprisingly, they noticed that at the age of 20 months,
these early-exposed rats’ APP expression levels and levels of AP peptide increased
both beyond control rats and beyond levels founding in rats exposed to Pb at 20
months of age. This change occurred even though levels of Pb in the early-exposed
rats had returned to background levels by this time (Basha et al. 2005), suggesting
that it was not due to some hidden Pb reservoir in these rats.

To address species specificity, the rodent work was extended to primates when
cynomolgus monkeys that had been exposed to Pb for the first month of life were
sacrificed for brain tissue analysis at the age of 26 years. Comparative analysis of
their brains with control (non—exposed) monkeys revealed that levels of both APP
and AP were significantly elevated, but Pb levels were the same between exposed
and non—exposed monkeys. Moreover, exposed monkeys showed greater brain am-
yloid aggregation than did non—exposed monkeys (Wu et al. 2008). At the human
level, it has recently been shown that methylation levels for an individual person
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can change over lifespan in a significant portion of a human population (Bjornsson
et al. 2008).

The LEARn pathway can be viewed at different levels with positive confirma-
tory conclusions. For example, a different delayed neurological response has also
been shown in rats subjected to postnatal inflammation. The treatment resulted in
increased susceptibility to seizure in adulthood (Galic et al. 2008). In humans, a
pair of monozygotic twins had been raised together but was discordant for AD,
and interestingly, they had differential DNA methylation in temporal neocortical
neurons (Mastroeni et al. 2009a, b). Connecting the dots with stress and age, it
is revealed that DNA methylation changes in response to stress persist late into
life (Murgatroyd et al. 2009; Hamilton et al. 2001). DNA oxidation changes with
age (Gmitterova et al. 2009), and these changes can be environmentally modified
(Hamilton et al. 2001).

Notably, differences in guanine oxidation that correlate with symptoms have
been found in Parkinson’s disease models (Kikuchi et al. 2010). Apart from AD and
other neurodegenerative disorders, significant differences in methylation between
healthy and diseased individuals have been found in several disorders, including
schizophrenia, bipolar disorder, suicide following abuse during childhood, and AD,
among others (Lahiri et al. 2009).

5.6 Relevance of the LEARn Model in AD

Recent work suggests that the APP protein, Ap peptide, and t protein are physi-
ologically important, and all appear in healthy individuals. In that case, their mere
presence is not a sign of active or incipient AD. Therefore, some kinds of triggers
to the disease must exist, which are independent of the simple presence of these
proteins. In this context, the LEARn model would explain developmental trig-
gering and latent expression of the APP gene at pathological levels. Results of
knockout animals have shown that APP has necessary functions, although there
is redundancy with other APP protein family members (Herms et al. 2004). Then,
what would provoke APP and AP peptides to be overproduced in sporadic cases
of AD? According to the LEARn model, the initial APP triggering mechanism
activates early in life, at developmental stages, and sites of action would be with-
in the promoter or regulatory region of APP and associated genes. The trigger
would be sustained through epigenetic means, such as DNA methylation. It is
also possible that genes with products shown to be protective against AD will
have altered methylation patterns due to environmental stress. It is important to
acknowledge that a long—latent condition such as LEARn—induced predisposition
to AD is likely to function as a “two-hit” disorder, similarly to those found in cur-
rently accepted models of cancer etiology (Knudson 1971). For AD, this second
hit could be a broad spectrum of changes in gene expression, especially upregula-
tion of inflammatory factors, which has been shown to be a function of normal
aging (Lu et al. 2004). Whether the broad changes in DNA methylation recently
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reported (Bjornsson et al. 2008) would reflect a first or later hits is not yet fully
known. It should be emphasized that these environmental insults do not “inten-
tionally” target AD-related genes in the brain, rather certain genes, by juxtaposi-
tion of CpG sites with important active/inactive transcription factor sites, would
be particularly vulnerable to the effects of environmental stresses that alter CpG
methylation patterns. I propose that testing these changes could, in part, be per-
formed by microarray analysis of sporadic and familial AD, if these assays were
longitudinal, tracing individual expression profiles across a lifetime and permit-
ting comparison of the same AD and non—AD individuals at multiple life stages.
We propose, therefore, that a large proportion, perhaps the majority of sporadic
AD is actually “LEARn AD”, a result of specific, and mechanistic environment/
epigenome interaction (Table 5.1).

5.7 Epigenetics Drive the LEARn Pathway

The LEARn model is the result of an expression of the larger concepts of epi-
genetics and the epigenome, specifically adapted to the etiology of sporadic disor-
ders of long latency. The epigenome can be defined as the collection of epigenetic
markers associated with a specific individual organism’s genome (Whitelaw and
Whitelaw 2006). This epigenome, similar to its underlying genome, has specific
epigenotypes, which are generated by modification of DNA methylation or oxida-
tion, by changes in histone acetylation patterns, and by variations in the physical
arrangement of chromosomal material (van Vliet et al. 2007). Thus, it is the expres-
sion of these epigenotypes, whether they be inherited by imprintation or acquired
during life as somatic epitypes (Lahiri and Maloney 2006) that specifically contrib-
ute to development of sporadic psychobiological diseases.

From a medical standpoint, one may say that the epigenome is inherently less
stable than is the genome because the epigenome is subject to epigenetic drift,
which is a change in epigenetic markers over time within an individual lifespan.
It is true that on a population level, this has been difficult to measure, but epi-
genetic drift, specifically in the methylation of an individual person’s genome,
has recently been demonstrated in the well-characterized Icelandic sample set
and in a cohort of families in Utah (Bjornsson et al. 2008). Notably, the function
of LEARn mediation of disease rests upon not only the presence of epigenetic
variation but also its location. Indeed, the LEARn—susceptible gene promoters
are predicted to have regions of CpG doublets overlapping critical transcription
factor binding sites. Mechanistically, modification of the methylation status of
these sites is the basis of modification of LEARn—vulnerable gene expression.
Should such a gene happens to code for a transcription factor or DNA methyla-
tion pathway protein, this could result in a LEARn feedback loop, in which local
and short—term environmental stress sets up a self-perpetuating cascade that could
significantly modify the entire epigenome.
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5.8 The LEARN Model Differs from the “Acute Toxic”
Model

The biological effects and physiological consequences from the LEARn model dif-
fer from the acute toxic model. As per the LEARn model described above, envi-
ronmentally—induced changes in methylation and oxidative damage as the physical
mechanism that perturbs gene expression (Bolin et al. 2006), and the effects of these
perturbations would be latent. Lack of an acute response or cessation of acute re-
sponse would be followed some time later, after an additional trigger or triggers oc-
curred, and they are not always immediately apparent in the same manner found in
conventional toxic responses. Notably, apparent reversal of the symptoms of acute
exposure to environmental stressors, such as Pb or poor nutrition, does not mean
that there will be no long—lasting repercussions of an environmental insult. Under
the LEARn model, conventional anti—toxicity treatments would be insufficient, as
removing the cause does not remove the effect. For instance, bans enacted upon
lead (Pb) in gasoline in previous decades would significantly reduce levels of Pb
in urban dwellers. Nevertheless, the LEARn model would suggest that incidence of
AD would not be likely to reduce in response until 50-60 years after the bans were
enacted, when individuals would begin to reach ages at risk of LOAD but would
not have suffered high levels of childhood Pb exposure. Importantly, the possibility
of “latent sequelae” to asymptomatic exposure to Pb was raised over 30 years ago,
albeit without proposing a specific mechanism of activity (De la Burde and Choat
1972).

Biologically—based medical remediation is possible due to the relatively long
term of latency under the LEARn model. Indeed, the proposed mechanisms of
LEARn, changes in methylation and/or oxidative damage to DNA, should provide
potential solutions to a LEARn-type environmental exposure. For instance, fruit
juices, such as concentrated apple juice, were reported to reverse acute oxidative
damage and be a useful source of S—adenosyl methionine, reversing hypomethyl-
ation in mice (Chan and Shea 2006). Similarly, dietary melatonin supplementation
reduced levels of AP in mouse cerebral cortex (Lahiri et al. 2004). These results
justify an investigation of the use of appropriate dietary supplementation early in
life, as a prophylactic or treatment measure against possible latent response to en-
vironmental insult. Furthermore, exercise in rats has been found to modulate the
activity of mucosal betaine-homocysteine methyltransferase 2, potentially reducing
aberrant methylation (Buehlmeyer et al. 2008). This indicates the possibility that
lifestyle habits believed to protect against AD, such as physical exercise (Kivipelto
and Solomon 2008) may work through remediation of early—life aberrant DNA
methylation. In addition, we may not have fully insulated ourselves from signifi-
cant future threats of exposures to toxic and epitoxic materials such as Pb. Recent
events have shown that post-industrial societies cannot consider themselves to be
safe from exposures, regardless of what regulations might be imposed (Notice of
Violation 2010). Thus, the LEARn model presented here has far—-reaching implica-
tions in personal health practices and public policy.
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Chapter 6
The Importance of the Environment in Brain
Aging: Be Happy, Live Longer!

Monica De la Fuente and Lorena Arranz

Abstract The prevalence of age-related neurodegenerative disorders in the elderly
has dramatically increased in parallel to life expectancy and social aging. This
demands development of effective therapeutic/preventive interventions aimed to
slow down the negative effects of aging and extend health-span. Here, we overview
the mechanisms underlying brain aging in the context of the oxi-inflamm-aging
theory, and discuss cutting edge promising findings opening up the possibility to
reverse brain and physiological aging based on environmental enrichment. The
enriched environment (EE) represents an experimental approach in animal models
to an active social, mental and physical life-style in humans. Interaction with the
EE provides the animals with a diversion from the monotonous and thus stressful
cage life. Most important, maintenance of life-long “diversion” by means of EE
extends lifespan in mice. This sighting confirms the great influence of life-style
upon brain aging, and suggests that the “happier” we are, the longer we might live
in good health.

Keywords Aging ¢ Brain * Environmental enrichment ¢ Longevity extension ¢
Neuro-immune-endocrine communication

6.1 Introduction—Why does the Brain Age?

According to the World Health Organization projections, life expectancy in western
countries will continue its increasing trend of three months per year during the next
years. The news that we are living longer is indeed positive. However, nowadays
advanced age is often accompanied by chronic disease and neurodegenerative dis-
orders that limit quality of life. Taking this into consideration, longer disabled life
might not be such good news after all. Therefore, interventions that can either slow

M. De la Fuente (<) - L. Arranz

Departamento de Fisiologia (Fisiologia Animal II), Facultad de Ciencias Biologicas,
Universidad Complutense, 28040 Madrid, Espaia

e-mail: mondelaf@bio.ucm.es

M. K. Thakur, S. I. S. Rattan (eds.), Brain Aging and Therapeutic Interventions, 79
DOI 10.1007/978-94-007-5237-5_6,
© Springer Science+Business Media Dordrecht 2013



Edited proof

80 M. De la Fuente and L. Arranz

or reverse the negative effects of aging would have major benefits for individuals
and societies, as they promise to open the way for increasing health-span—that is,
the number of years in healthy, active life.

Aging is associated with progressive loss of function across multiple systems,
remarkably the regulatory systems namely the nervous, endocrine and immune sys-
tems. Functions of the nervous system especially affected by aging are sensation,
cognition, memory and motor activity. Notably, cognitive decline has emerged as
one of the greatest health threats of old age, with nearly 50 % of adults over the age
of 85 afflicted with Alzheimer’s disease (AD) (Hebert et al. 2003). In this scenario,
the oldest-old humans represent by contrast a population relatively resistant to de-
generative brain processes (von Gunten et al. 2010). Moreover, brain functionality,
in terms of cognition and behavior, is also better preserved in mice that achieve
exceptional longevity (Kinney-Forshee et al. 2004; Sun and Bartke 2007).

In an attempt to understand the neuronal mechanisms underlying normal and
pathological brain aging, the neurobiology of aging has been one of the most rap-
idly expanding areas of scientific endeavor over the past two decades. Now, it is
widely believed that the cause of brain aging is that underlying the overall process
of aging—that is, the chronic oxidative stress leading to progressive damage of bio-
molecules (Rattan 2008; De la Fuente and Miquel 2009). Accumulation of damage
ultimately gives rise to the age-related decline in physiological functions, including
the nervous function (Muller et al. 2007; De la Fuente 2008). Thus, oxidative stress
plays a crucial role in the age-associated cognitive decline as well as in the neuronal
loss occurring in neurodegenerative diseases like AD (Markesbery 1997).

The hippocampus, structure of the central nervous system (CNS) with high de-
gree of flexibility and adaptation as regards neurogenesis, is clearly affected by this
age-related oxidative stress. Thereby neurogenesis is impaired and this explains
the learning and cognitive deterioration in aged subjects (Couillard-Despres et al.
2011). Moreover, hippocampus neurogenesis alterations may contribute to increas-
ing stress-related disorders in old age (Kozorovitskiy and Gould 2004; Sairanen
et al. 2005). However, in contrast to neurodegenerative diseases, the cognitive de-
cline in ‘normal aging’ seems not to be associated with a significant loss of neurons
(Gallagher et al. 1996), suggesting that the only difference between healthy and
pathological aging might be the rate/degree of oxidation. Importantly, several strat-
egies have been shown to be effective for slowing down this degree of oxidation and
thereby extend longevity in experimental animals, for instance caloric restriction
(Barja 2002), and more recently, maintained exposure to environmental enrichment
(Arranz et al. 2010a).

6.2 Oxidative Stress as a Basis of Brain Aging

The age-related damage caused by oxidative stress is due to a progressive imbal-
ance between endogenous antioxidant and oxidant compounds (De la Fuente 2008;
De la Fuente and Miquel 2009). As regards antioxidant defenses, a variety of studies
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show decreased content and/or activity in the aging brain. Glutathione (GSH) is the
principal intracellular non-protein thiol and plays a major role in preservation of the
intracellular redox state in most cells, tissues and organs, including brain (Droge
2002). Low GSH content, GSH : GSSG (oxidized form) ratio and/or GSH-related
enzymes have been described with increasing age in all mammalian brain regions
studied, including the hippocampus (Calabrese et al. 2004; Balu et al. 2005; Dona-
hue et al. 2006; Zhu et al. 2006; Singh et al. 2011). Superoxide dismutase (SOD)
and catalase (CAT) are two protective enzymes that function in close association
for detoxification of highly reactive free radicals (Barber and Harris 1994). SOD
provides the first line of defense against reactive oxygen species by scavenging
superoxide radicals to H,0,. Subsequently, CAT catalyzes the conversion of H,0,
into H,0 and O,. Both SOD and CAT activities diminish with aging in the brain
(Navarro and Boveris 2004; Singh et al. 2011).

Additionally, neuronal membranes are especially sensitive to damage by hydrox-
yl radicals, given that they are densely packed with proteins and polyunsaturated
fatty acids. Ultimately, this could lead to reduction in the number of nerve cells
(Morrison and Hof 1997) and increase of pigment lipofuscin, free radicals, and
oxidative damage markers in neuronal and glial cells (Mark et al. 1997). Indeed,
the age-related increase in oxidative brain damage is best exemplified by products
of lipid peroxidation (Calabrese et al. 2004; Zhu et al. 2006) and protein oxidation
(Sigueira et al. 2005; Poon et al. 2006). For instance, an increase in protein carbonyl
levels has been demonstrated for several brain regions including the hippocampus
(Sigueira et al. 2005). In contrast, we found lower double bound and peroxidiz-
ability indexes in the brain of long-lived animals when compared to old specimens,
whereas protein oxidative markers of damage in brain from adult and long-lived
animals showed similar levels (Arranz et al. 2012).

Age-related oxidative modifications have also been found in nuclear and mi-
tochondrial DNA (Hamilton et al. 2001). Gene expression studies of brain aging
in mice, rats, chimpanzees and humans confirm an age-dependent upregulation of
oxidative stress-response genes (Hasty et al. 2003; Longo and Finch 2003; Yankner
et al. 2008). Moreover, genes that mediate oxidative stress responses constitute the
largest class of genes upregulated in the aging human prefrontal cortex (Lu et al.
2004). In this regard, Lu et al. (2004) showed that aging of the human cortex is char-
acterised by reduced expression of genes that mediate synaptic plasticity, includ-
ing NMDA and AMPA receptor function, calcium-mediated signaling, and synaptic
vesicle release and recycling. This gene silencing was correlated with age-depen-
dent DNA damage to the promoters of these genes. Of note, the young adult and
extreme aged human populations are relatively homogeneous in their gene expres-
sion patterns in the prefrontal cortex. However, the middle age population between
40 and 70 years of age exhibits much greater heterogeneity. Thus, individuals may
diverge in their rates of aging as they transit through middle age, approaching a state
of ‘old age’ at different rates (Lu et al. 2004). Furthermore, recent studies show that
DNA damage can induce changes in histone modification patterns and thereby in
gene expression through SIRT1 (Oberdoerffer et al. 2008; O’Hagan et al. 2008), a
conserved lifespan regulatory gene linking oxidative stress and epigenomics.
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Mitochondria play a key role in aging, given that they are main sources of oxygen
radicals and presumably the major targets of ROS (Miquel et al. 1980). Mitochon-
drial DNA is particularly vulnerable to oxidative damage, showing a more than ten-
fold greater mutation rate than nuclear DNA (Drdge and Schipper 2007). Mutated
mitochondrial DNA may code for abnormal cytochromes and cause infidelity of the
electron transport chain associated with increased superoxide radical production.
Additionally, a decrease in the activity of cytochrome c oxidase and glutathione in
synaptic mitochondria has been observed in the brain of aged mice (Ferrandiz et al.
1994). Ultimately, this would give rise to a vicious cycle of progressively increas-
ing oxidative stress (Sastre et al. 2003; Vifia et al. 2003). Moreover, accumulation
of peroxidation products in mitochondria leads to a decrease in ATP production and
compromises the maintenance of cellular homeodynamics (Chance et al. 1979).
Mitochondrial dysfunction and mitochondria-derived ROS have been involved in
both normal brain aging and neurodegenerative diseases (Toescu and Verkhratsky
2003; Lin and Beal 2006). In the mammalian CNS, cellular senescence is often
associated with the accumulation of mitochondria-derived cytoplasmic inclusions
such as Gomori-positive glial granules and corpora amylacea (Brunk and Terman
2002; Schipper 2004).

Taken together, oxidative damage accumulates in the aging brain and in areas
such as the hippocampus is crucial for the age-related impairment in cognition and
memory, both essential for preservation of life-quality in humans. Moreover, the
brain does not function in isolation but closely related to other regulatory systems,
such as the immune and endocrine systems (De la Fuente 2008).

6.3 Homedynamic Decay: Neuro-Immune-Endocrine
Disruption During Aging

As mentioned by Rattan (2008), senescence and death are the final manifestations
of age-related failure of the homeodynamic machinery. Age-related changes oc-
cur not only in the nervous function but affect also the other regulatory systems
involved in homeodynamics, i.e. the endocrine and the immune systems, as well as
the communication among them. This is responsible for homeodynamic capacity
loss and results ultimately in age-related increased morbidity and mortality (De la
Fuente and Miquel 2009).

Now we know that the three regulatory systems are intimately linked and inter-
dependent. There is a “neuroendocrine-immune” system that coordinates homeody-
namics and thereby preserves health (Besedovsky and Del Rey 2007). The commu-
nication among these systems allows understanding of why depression, emotional
stress and anxiety are accompanied by greater vulnerability to infections, cancers
and autoimmune diseases in humans (Arranz et al. 2007, 2009; Costa-Pinto and
Palermo-Nieto 2010). In mice, our research group has shown that animals exhibit-
ing excess reactivity to stress and chronic anxiety suffer accelerated immune senes-
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cence and also die prematurely (Guayerbas et al. 2002a, b; Guayerbas and De la
Fuente 2003; Viveros et al. 2007).

Consequences of the aging immune system are decreased resistance to infec-
tions and increased autoimmune processes and cancer. These features are indicative
of a less competent immune system and exert a great influence on the age-related
morbidity and mortality as mentioned above (Wayne et al. 1990; High 2004; De
la Fuente and Miquel 2009). In fact, the increased death rate found in older adult
humans is due, at least in part, to an increase in the incidence of infections (Castle
et al. 2007). Although there are contradictory results on the impact of aging upon
the immune response, it is presently accepted that almost every component of the
immune system undergoes striking age-associated re-structuring, leading to chang-
es that may include enhanced as well as diminished functions (De la Fuente and
Miquel 2009). This process is overall termed immunosenescence (Pawelec et al.
2002).

Nowadays it is becoming clear that these alterations to the immune system can
interfere in the function of the nervous system. Age-related peripheral chronic in-
flammation has been described to influence central glial cells, leading to neuroin-
flammation, which in areas such as the hippocampus plays a key role in the cogni-
tive decline associated to the aging process and age-related diseases such as AD
(von Bernhardi 2007). Interestingly, both humans and mice who achieve longevity
have been shown to preserve a low peripheral chronic inflammatory status (De
Martinis et al. 2005, 2006; Arranz et al. 2010b).

Moreover, peripheral T and B cells enter the normal brain in low numbers and
carry out functional activities, whereas recent data from our research group point
to a differential affectation of both cell types in old and long-lived mice (Arranz
et al. 2010c, d). T cells are also thought to contribute to the pathogenesis of AD
(Marx et al. 1998). More recently, Stichel and Luebbert (2007) have suggested that
progressive accumulation of T lymphocytes during normal aging in brain areas such
as the hippocampus might have a great impact on the progressive cognitive impair-
ment that occurs with aging. T cells locate preferably in perivascular areas, indica-
tive of recruitment from systemic sources, and the T cell load is different depending
on the brain area considered, which suggests a selective entry (Stichel and Luebbert
2007).

Several changes accompany aging of the endocrine system, including for ex-
ample decrease of growth hormone/insulin-like factor-1 axis (somatopause) and
sexual hormones, i.e. estradiol (menopause), testosterone (andropause) and dehy-
droepiandrosterone (adrenopause) (Makrantonaki et al. 2010). Moreover, age-relat-
ed disturbances of the hypothalamic-pituitary-adrenal (HPA) axis are responsible
for decreased stress adaptability in old subjects, which contributes importantly to
health impairment (Lupien et al. 2009).

It is obviously difficult to determine whether this age-related deterioration of
the nervous, endocrine and immune systems occurs simultaneously or starts in one
of them and thereby spreads to the others. In the past, the age-related changes in
the communication among the homeodynamic systems were proposed as the main
cause for physiological senescence (Fabris 1990). Although this is still an open
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question, more recently we have proposed that the age-related impairment of the
immune system could affect the functions of the other regulatory systems through
increased oxidative and inflammatory stress (De la Fuente and Miquel 2009). What-
soever, another key question arises: could we take advantage of this strong commu-
nication among regulatory systems to reverse aging damage?

6.4 The Environment Counts! Beneficial Effects of
Enriched Environment on Brain and Neuro-Immune-
Endocrine Aging

Environmental enrichment (EE) is a good experimental approach in animal models
to understand the effect of maintenance of an active social, mental and physical
life in humans. The most common EE protocol in rodents is grouped housing us-
ing large cages with a variety of objects (running wheels, tunnels, ladders, etc) and
spatial configurations, which are changed frequently. This more complex housing
induces sensory, cognitive, motor and social stimulation (Nithianantharajan and
Hannan 2006). The continual exposure to new objects enables the animals to ac-
quire sensory and cognitive experiences (van Praag et al. 2000). Notably, when
facing novel stressful situations, animals living under enriched conditions show
reduced escape-related behaviors (Zambrana et al. 2007), which could be consid-
ered adaptive and indicative of improved ability to cope with stress. From this point
of view, the EE could be interpreted as a hormetic intervention, in which animals
are constantly exposed to novelty, abundant sensorial stimulation, and thus mild-
stress. Indeed, hormesis stimulates maintenance and repair systems and strengthens
the homeodynamic space of organisms (Rattan 2010), improving adaptation and
thereby slowing down the effects of aging. Availability of running wheels, ropes,
ladders, tunnels or bridges allows exercising, and housing in relatively large cages
in groups of typically 612 animals facilitates social interaction (Pham et al. 2002).
The EE represents thus a joyful and stimulating habitat as opposed to the regular
monotonous housing.

These environments enriched in intellectual and/or physical activities have been
reported to reverse many of the adverse effects of the aging process on the nervous
system at the neural, cognitive and behavioral level (Mattson et al. 2001; Segovia
et al. 2006, 2009; Zambrana et al. 2007). Moreover, EE reduces brain pathology
and improves cognition and behavioral responses in a variety of murine models for
age-related neurodegenerative diseases such as AD (Arendash et al. 2004; Lazarov
et al. 2005; Gortz et al. 2008).

Animals exposed to EE show numerous differences when compared to animals
living in standard housing (van Praag et al. 2000) such as upregulation of adult
neurogenesis specific to the hippocampus (Brown et al. 2003), the brain structure
critical for learning and affectivity. Among the reported behavioral effects of EE,
improvements in learning and memory are remarkable (Nilsson et al. 1999; Bruel-
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Jungerman et al. 2005), in addition to decreased emotional reactivity by means of
anxiety-like behaviors (Roy et al. 2001). However, Meshi et al. (2006) demonstrated
that the effects of EE on spatial learning, habituation to an unfamiliar environment,
and conflict-based anxiety do not require adult hippocampal neurogenesis. The au-
thors proposed upregulation of growth factors such as brain-derived neurotrophic
factor, as well as morphological changes such as increased dendritic branching and
synaptogenesis (van Praag et al. 2000) as plausible candidate mechanisms.

In this regard, a more recent study demonstrated the importance of the epigen-
etic status in the control of brain neuronal gene expression underlying synaptic
plasticity and memory. Fischer et al. (2007) used a mouse model in which inducible
expression of p25, regulator of cyclin-dependent kinase 5, elicits neurodegenera-
tion. Transient expression of p25 in adult mice resulted in certain degree of neu-
rodegeneration and synapse loss in the hippocampus, together with memory loss.
EE promoted the recovery of lost memories, accompanied by increased synaptic
plasticity and the induction of activating histone acetylation marks. These findings
highlight the role of epigenetic changes in memory loss associated with neurode-
generation, and suggest that loss of memory storage is distinct from loss of neural
pathways that access stored memory (Fisher et al. 2007). Given that human brain
aging is characterised by memory loss and reduced synaptic connectivity but no
significant neuronal loss, it is likely that loss of ability to access stored memories
underlies age-dependent memory deficits (Bishop et al. 2010). If this is so, life-style
strategies affecting the epigenetic landscape could ameliorate the cognitive deficits
associated with aging and neurodegenerative disorders.

As mentioned above, research on stress in older adults has shown that chronic
stress mimics, exacerbates, and possibly accelerates the effects of aging on immu-
nity (Hawkley and Cacioppo 2004). Additionally stress-related emotional responses
are exacerbated in aged subjects (Zambrana et al. 2007). Interaction with the EE
provides animals with a diversion from the monotonous and thus stressful cage
life, resulting in lower HPA axis activity, in terms of adrenocorticotropic hormone
and corticosterone levels, both in baseline conditions and after mild stress (Belz
et al. 2003). Our group has confirmed that the improvement of emotional responses
after short-term (5-8 weeks) EE exposure reported by several authors (Benaroya-
Milshtein et al. 2004) is more marked in aged subjects (Zambrana et al. 2007). In
parallel, we have shown that short-term (8—16 weeks) exposure to EE exerts a great
influence on immunity, leading to a striking improvement of leukocyte functions
and decreased oxidative stress affecting immune cells, especially in animals at older
ages, in which the age-related immune deterioration is more marked (Arranz et al.
2010a). This scenario strongly supports the proposal that EE-related neuroendo-
crine improvements underlie improvement of the age-related immune changes ex-
erted by EE exposure. Thus, basic research on experimental animals demonstrates
the importance of maintaining active mental and/or physical activity to preserve
health and life quality in terms of immunity and neuroendocrine responses with
aging. EE might be providing a clue for healthy overall aging: “happiness”. In hu-
mans, negative emotions are intimately linked to the initiation and/or progression
of cancer, HIV, cardiovascular disease, and autoimmune disorders (Barak 20006).
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However, effects of positive emotions, especially “happiness”, on physiological
parameters and immunity have received very little attention. The specific physi-
ological responses induced by pleasant stimuli were recently investigated with the
immune and endocrine systems being monitored when pleasant stimuli such as
odors and emotional pictures were presented to subjects. The results revealed that
pleasant emotions induce changes such as increase in secretory immunoglobulin A
and decrease in salivary cortisol (Barak 2006). Then, could positive emotions delay
or even avoid the onset of disease in humans? Could “happiness” help us preserve
our health during aging and extend our lifespan?

6.5 A Magnetic Resonance Imaging Study of Enriched
Environment and the Aging Brain

Magnetic resonance imaging (MRI) is a non-invasive method that allows the char-
acterisation and evaluation of neuropathological lesions that are involved in human
and other species, brain aging and diseases such as AD. In humans, MRI can help
discriminate between AD and normal aging based on the degree of cerebral atrophy
(Murphy et al. 1992; Tien et al. 1993). When using T2-weighted images (T2WI) on
a high-field MR unit, low signal intensity in the nuclei of the extra pyramidal sys-
tem has been described in humans. In adults, prominently low signal intensity has
been reported in the substantia nigra, pallidum, red nucleus, and dentate nucleus.
The putamen shows intermediate intensity levels, whereas the thalamus and cau-
date nucleus exhibit the highest intensities (Drayer et al. 1986; Chen et al. 1989;
Schenker et al. 1993). In the elderly brain, the hypointense structures are the same,
but their intensities are lower than in young adults (Drayer et al. 1986). Moreover,
variations of the normal intensity pattern of the brain measured by MRI are some-
times associated with degenerative disorders (Bartzokis et al. 1994).

We have recently studied the age-related changes in brain morphology by MRI
in mice, including animals that had achieved exceptional longevity, and determined
the effects of EE on those changes. ICR (CD1) female mice of different ages at the
time of the study, namely adult (44 +4 weeks), old (69+4 weeks), very old (92 4
weeks) and extreme long-lived (12514 weeks), were used. They were housed in
cages under standard or EE conditions (16—18 weeks) (Arranz et al. 2010a). The
animals were subjected to MRI for the study of the T2WI signal intensity and T2
relaxation times of relevant brain areas, and cerebrospinal fluid was also evaluated.

Hyperintense areas in the T2WI images, which represent brain atrophy, were
more pronounced in animals at older ages, including long-lived mice (Fig. 6.1).
These hyperintense areas were less evident in enriched than in control animals.
Among all brain regions studied, entorhinal cortex was found to be primarily affect-
ed in very old mice (p<0.01 vs. old controls), whereas cerebral deterioration in the
long-lived seemed to initiate in somatosensory cortex (p=0.061 vs. adult controls).
Both brain areas were better preserved in the enriched groups. Thus, very old en-
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Fig. 6.1 Hyper intense areas are more pronounced in animals at older ages than in the adults.
T2-weighted with fat suppression coronal images for four contiguous brain slices of two adult (a)
and two long-lived (b) ICR/CDI female mice. Bright areas of high intensity signal correspond to
cerebrospinal fluid and represent brain atrophy

riched mice showed similar T2 relaxation times in entorhinal cortex to old controls
and a trend towards higher T2 values as compared to adult controls (p=0.098) in
somatosensory cortex (Table 6.1).

In view of these results, mice that naturally achieve longevity exhibit brain
morphological changes in different areas in comparison with younger old animals.
Although this is a preliminary study which should be confirmed in future work
increasing the sample numbers to improve the statistical power of the present data,
it is of great interest considering that, using a similar technique, entorhinal cortex
has been described to be the most affected area within the hippocampal formation in
patients of AD as compared to healthy humans (Small et al. 2000). Taken together,
generally old but not the long-lived would suffer from a decline in memory abilities
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and proneness to AD-like dementia. Long-lived mice would in contrast be primarily
affected in learning behaviors, which are integrated in the somatosensory cortex.

In addition, the present results suggest that T2ZWI hyperintense areas (high T2
relaxation time areas), which correspond to cerebrospinal fluid and indicate cere-
bral atrophy (Murphy et al. 1992), are more pronounced in aged than in adult mice,
which confirm previous work in humans and mouse lemurs (Murphy et al. 1992;
Dhenain et al. 1997). Moreover, according to our data, accumulation of cerebro-
spinal fluid also occurs in the brain of long-lived mice, suggesting that moderate
cerebral atrophy accompanies both normal and healthy aging. Similar results have
been described for healthy humans of 6696 years of age (Coffey et al. 1998). The
physiological consequences of this atrophy deserve future research, but should not
be major given that they do not prevent achieving longevity. Besides, our results
show a trend towards lower atrophy in enriched animals than in non-enriched con-
trols, especially as regards the most affected areas in old and long-lived mice, this
is the hippocampus and the somatosensory cortex, respectively. The T2 decline in
entorhinal cortex from very old mice as compared to younger mice is reversed by
the enriched environment. These data are in agreement with previous published
work on the improvement in the age-related impairment in cognition when animals
are exposed to EE (Mattson et al. 2001; Segovia et al. 2006, 2009; Mora et al. 2007),
since the most benefitted cerebral areas seem to be those associated to learning and
memory abilities.

In conclusion, differential age-related brain morphological changes in old and
long-lived mice could contribute to different susceptibility and/or development of
age-related brain dysfunction. EE stands out as a useful strategy to improve these
age-related changes in brain morphology.

6.6 Conclusions: Be Happy, Live Longer?

Indeed, the positive effects of the EE are manifested by many molecular, cellular
and functional modifications, leading to an overall improvement in the physiologi-
cal and physical well being of experimental animals even under short-term expo-
sure. Most important, our research group has shown that long-term exposure of
mice to EE significantly extends their lifespan (Arranz et al. 2010a). Moreover, we
have demonstrated that the only strategy efficient in improving longevity is expo-
sure to the EE from adulthood and prolonged until natural death.

Importantly, longitudinal studies in human centenarians have shown lifelong
preserved immunity as a marker of longevity (De la Rosa et al. 2006; Alonso-
Fernandez et al. 2008; Alonso-Fernandez and De la Fuente 2011) and cross-section-
al studies in naturally long-living mice have reproduced these results (Puerto et al.
2005; De la Fuente and Miquel 2009; Arranz et al. 2010c). Likewise, as mentioned
above, our research group has shown that mice exhibiting intrinsic excess reactivity
to stress and chronic anxiety suffer accelerated immune senescence and die prema-
turely (Guayerbas et al. 2002a, b; Guayerbas and De la Fuente 2003; Viveros et al.
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2007). Similarly, negative emotions, depression, emotional stress and anxiety are
intimately linked to the initiation and/or progression of cancer, infections, cardio-
vascular disease, and autoimmune disorders in humans (Barak 2006; Arranz et al.
2007, 2009; Costa-Pinto and Palermo-Nieto 2010).

Taken together, although short-term EE is enough for health and life quality
improvements, the active life should be initiated at early stages of the aging process
and preserved until death to improve lifespan. Lifelong well-preserved immunity as
well as emotional responses are likely to underlie lifespan extension by long-term
EE exposure. This sighting confirms the great influence of life-style upon brain and
physiological aging, and suggests that the “happier” we are, the longer we might
live in good health.
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Chapter 7
Consequences of Altered Mortalin Expression in
Control of Cell Proliferation and Brain Function

Renu Wadhwa and Sunil C. Kaul

Abstract Mortalin, a member of Hsp70 family, was first cloned as a mortality fac-
tor in mouse fibroblasts in 1993. It was subsequently determined as a key player
of mitochondrial biogenesis, ATP production, stress responses, chaperoning, intra-
cellular trafficking and continued proliferation of cancer cells. Besides its role in
cancer, mortalin is also an important protein for the brain that utilizes high energy
and depends heavily on mitochondrial functions. In a proteomic screening, morta-
lin was detected as a downregulated protein in Parkinson’s disease and oxidized in
Alzheimer’s disease depicting that the “functional lack of mortalin” is related to
these diseases. Knockdown of mortalin homologue in worms (C. elegans) caused
abnormalities in mitochondria, premature senescence and progeria like phenotype.
These studies have demonstrated that mortalin-mediated mitochondrial functions
are not only the key factors in maintaining the continued proliferation of cancer
cells but also the normal neuronal physiology. Lack of a functional mortalin leads
to cancer cell death and neurodegenerative phenotype.

Keywords Mortalin * Cell proliferation  Stress * Cancer * Neurodegenerative
disease

7.1 Introduction

Somatic cells have evolved mechanisms to put restrains on their proliferation. In
the scenario of life-essential oxidation reactions accumulating to genetic and epi-
genetic errors, senescence (or cellular aging) could provide a fail-safe mechanism
preventing cells from turning into cancers. In corollary, what characterizes the large
majority of tumors is their ability to overcome the aging block and acquisition of
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unlimited potential to divide. In the last 2-3 decades, it has been established that the
tumor suppressor pathways (Rb and/or p53, and their regulators, such as p16INK4a,
p21WAF1 and ARF) regulate cellular senescence (Campisi 2005). A large number
of studies support that stress is an essential regulatory component of aging and
hence the stress chaperones have been assigned therapeutic value in aging and can-
cer treatment (Soti and Csermely 2002). Overall, cells derived from aged animals
and those that have become senescent in the culture dish share the common features
of a dysfunctional chaperone system (Nardai et al. 2002), baseline depression of
stress and anti-oxidative protein levels (Kregel et al. 1995), weaker activation of in-
ducible chaperones (Liu et al. 1989) and poorer binding of heat shock factor (HSF)
to the heat shock element (Choi et al. 1990).

At our end, efforts to identify proteins involved in cellular mortal and immor-
tal phenotypes, using normal and conditional mortal cells generated by fusion of
mouse mortal and immortal mouse fibroblasts, led to the identification of a protein
associated with cellular mortal phenotype and named it as ‘mortalin’(Wadhwa et al.
1993a). The protein was isolated from mouse embryonic fibroblasts and antibodies
were generated for (1) subcellular localization and (2) cloning of its cDNA from an
expression library. These studies revealed that mortalin protein has pancytoplas-
mic distribution in normal fibroblasts (Wadhwa et al. 1993a) and is concentrated
around the nucleus in immortal and transformed cells (Wadhwa et al. 1993b). cDNA
cloning and homology search placed it in heat shock protein 70 (Hsp70) family
(Wadhwa et al. 1993a) and assigned to chromosomes 18 and X in mouse, and chro-
mosome 5q31.1 in human by fluorescence in situ hybridization (Kaul et al. 1995).
Unlike other members of the Hsp70 family, mortalin is a heat un-inducible pro-
tein, but responds to glucose deprivation, oxidative injury, low-level radiation and
some cytotoxins (Kaul et al. 2007). cDNAs from normal and immortal mouse cells
showing pancytoplasmic and perinuclear mortalin staining were isolated by im-
munoscreening. Sequence analysis of these cDNAs revealed that the two forms of
mouse mortalin, the pancytoplasmic (mot-1) and perinuclear (mot-2) differ by only
two nucleotides in the carboxy-terminus of their open reading frame, resulting in
two amino acid changes, V618M and R624G, in the protein. Mice breeding experi-
ments showed that mot-1 and mot-2 segregated in F1 and F2 progenies, suggesting
that these two proteins are encoded by two separate alleles in mouse (Kaul et al.
2000a; Wadhwa et al. 1996). Functional studies involving the expression of the
cytoplasmic form by transfection of mot-1 cDNA (isolated from CD1-ICR mouse
embryonic fibroblasts) to immortal NIH 3T3 cells induced cellular senescence.
However, the perinuclear form expressed by mot-2 cDNA (isolated from NIH 3T3
cells) did not yield an equivalent effect. The data suggested that the senescence-
inductive function is exclusive to cytoplasmic mortalin or mot-1 (Wadhwa et al.
1993c¢). In contrast to the identification of two mortalin cDNAs from mouse cells,
human normal and transformed cells were seen to have identical cDNA sequence
and yet exhibit differential protein distribution. Interestingly when senescence was
induced in human transformed cells, mortalin distribution shifted from the peri-
nuclear to the pancytoplasmic type (Wadhwa et al. 1995, 2000; Widodo et al. 2007).
These findings have suggested that there are, at least, two kinds of mechanism for
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the differential distribution of mortalin in normal and transformed cells. The first
one exists in mouse cells and is based on the different protein structures as discussed
below, and the second one that exists in human cells and may involve differential
mortalin-interacting cellular factors in normal and cancer cells that remains to be
clearly characterized.

7.2 Mouse Mot-1 and Mot-2: Structures and Contrasting
Activities in Cell Proliferation Control

Similar to its close relatives in Hsp70 family of proteins, mortalin consists of two
inter-connected principal domains: the N-terminal ATPase and C-terminal regions.
The structure of mortalin’s N-terminus was deduced based on the X-ray data of
bovine heat shock cognate protein (Hsc70) (Deocaris et al. 2006). Its N-terminal
44 kDa structure contains four sub-domains, I-IIA and I-IIB, that folds as a deep
catalytic pocket stabilized by metal-binding (Sriram et al. 1997). Allosteric changes
within the ATPase domain are communicated to the peptide-binding domain (PBD)
through the chaperone’s highly evolutionary conserved interdomain linker/interface
(Jiang et al. 2005). This 18 kDa PBD is composed of two sets of four-stranded anti-
parallel beta-sheets that form a twisted sandwich. When compared to the ATPase
domain, there is a wider sequence variation in the PBD with other Hsp70s. This
variation is believed to underlie the diversification of Hsp70 interacting clients (Ru-
diger et al. 2000). Flanking the PBD is a 10 kDa long C-terminal helix made-up of
five helical domains (A—E). This interesting structure, called the “substrate lid”,
does not contact the peptide substrate directly and has the ability to flip-flop. This
lid also functions as a molecular “latch” that locks-in substrates during an ADP-
bound state (Zhu et al. 1996).

Given the opposing functions of mortalin: mot-1 being associated with limited
lifespan and senescence (Wadhwa et al. 1993c), while mot-2 with lifespan exten-
sion, immortalization, malignant transformation, and late-stages of cancers (Kaul
et al. 1998, 2003), it is remarkable that such subtle differences in two amino acids
(V618M and R624G, for mot-1 and mot-2, respectively) result in these contrasting
phenotypes. To appreciate how these changes could alter mortalin functions, the
structure of the C-terminus peptide-binding domain (PBD) was understood in the
context of its bacterial homologue, E. coli Hsp70 chaperone, DnaK. It appeared that
apart from the flexible lid structure that ‘flip-flops’ above the substrate cleft, elec-
trostatic “latches” between the lid and the cleft are critical for its chaperoning func-
tion. One “latch” consisting of Asp477, Arg513, Glu586 and His590 is common
with other Hsp70s (Mayer et al. 2000), while an additional “latch” that we identified
on the opposite end, consisting of Arg574, Arg578 and Glu628, appeared to be mor-
talin-specific. A replacement of Gly624 (in mot-2), located at the C-terminus of o-
helix C, by Arg (in mot-1) is likely to extend the c-helix C. In contrast, Gly, a strong
helix breaker, shortens the L3 (C-D) loop. The latter should perturb the structure of
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the “mortalin-specific latch”, presumably pulling apart the electrostatic attractions
that could result in the loss of chaperone action of the molecule. Additionally, the
altered secondary structure of mot-1 and mot-2 proteins was also evident from their
different mobility on SDS-PAGE (Kaul et al. 2000b). This electrophoretic behavior
reflected the subtle changes in the flexibility of the proteins and was consistent with
different chaperone and biological activities of the two proteins (Kaul et al. 1998,
2003; Wadhwa et al. 1993c).

7.3 Mortalin Functions as a Mitochondrial Import
Machine and a Housekeeping Chaperone

Mortalin was independently cloned as the peptide binding protein, PBP74 (Domani-
co et al. 1993); mitochondrial heat shock protein, mtHsp70 (Bhattacharyya et al.
1995); and glucose-regulated protein, Grp75 (Webster et al. 1994), implying multi-
functionality of this protein. Furthermore, independent studies have demonstrated
the multiple sub-cellular localizations of mortalin that range from the mitochondria,
ER, plasma membrane, vesicles and cytosol (Bhattacharyya et al. 1995; Ran et al.
2000; Domanico et al. 1993; Shin et al. 2003; Soltys and Gupta 2000; Pilzer and
Fishelson 2005). Since majority of it is in mitochondria, this chaperone is widely
regarded a major mitochondrial chaperone and import motor.

Majority of the mitochondrial proteins are encoded by the nuclear genome. The
mitochondrial precursor proteins are rapidly transported across the mitochondrial
membranes with the help from specific transport machines of which mortalin con-
stitutes an important component to ensure that the proteins destined for the mito-
chondria are properly recognized, delivered and sorted to their proper compart-
ments (Rehling et al. 2004). During the import of mitochondrial-targeted proteins,
the proteins pass through the membranes via the ‘Translocase of the Outer Mem-
brane’ (TOM). After crossing the outer membrane, precursor proteins segregate to
two structurally distinct ‘Translocases of the Inner Membrane’ (TIM), TIM23 and
TIM22. Transport of bulky proteins requires unfolding during shuttling and refold-
ing to native conformers to regain function. Mortalin plays a key role in these pro-
cesses. The fact that no cell can survive without mortalin (deletion mutations in
Ssc1 were lethal) underscores the importance of mortalin to life (Craig et al. 1987).
Due to the ROS-bathed cellular environment, mitochondrial proteins are extremely
sensitive to oxidative damage and are required to undergo proteolytic degradation.
Unlike in the cytosol that allows poly-ubiquitination of proteolytic substrates for
targeting to the 26S proteasome, there is no evidence for existence of a similar
system in the mitochondria. Instead, misfolded polypeptides are frequently found
associated with mitochondrial chaperones (mortalin and Hsp60), matrix-localized
PIM1 and membrane-bound proteases such as, m-AAA and i-AAA that facilitate
degradation of misfolded polypeptides (Leonhard et al. 1999; Soti and Csermely
2002). Consistent with the major involvement of ROS-related mutational events
in cancers, a study reported that the majority of mutations in the human colorec-
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tal cancer cell lines were somatically acquired mtDNA mutations. However, the
detected mutations were not associated with major perturbations of mitochondrial
functions, such as oxygen consumption and respiratory chain enzymatic activities
(Polyak et al. 1998). Based on these, it was proposed that the chaperone buffering
within the mitochondria might help in continued proliferation of cancer cells. In-
deed, it has been shown that there are several differences between the mitochondria
of transformed versus normal cells with regards to: (a) substrate preference for oxi-
dation reactions, (b) degree of acceptor control ratios, (c) rates of electron and anion
transport, (d) control of calcium holding and efflux, (¢) mtDNA status, and (f) rates
of mitochondrial biogenesis (Modica-Napolitano and Singh 2002; Wallace 2005).
In this scenario, the mitochondrial mortalin has been shown to regulate mitochon-
drial biogenesis and ROS-induced stress.

7.4 Mortalin Functions Beyond the Mitochondrial
Boundary

Several groups have reported that mortalin is also found in extra-mitochondrial
sites. Confocal laser microscopy of the native protein with protein-specific anti-
bodies in a variety of cell lines revealed its presence in the endoplasmic reticulum,
cytoplasmic vesicles and cytosol (Domanico et al. 1993; Ran et al. 2000; Singh
et al. 1997; Soltys and Gupta 2000; Wadhwa et al. 1995). Binding of mortalin to
residents of different organelles may assist in its relocation to multiple subcellular
sites. Far-western screening identified glucose regulated ER chaperone (Grp94) as
one of its binding partners (Takano et al. 2001). It was also found to bind to mem-
brane-associated proteins such as fibroblasts growth factor-1 (FGF-1)(Mizukoshi
et al. 1999), IL receptor type-1 (Sacht et al. 1999) and the peroxisomal protein
mevalonate pyrophosphate decarboxylase (MPD) (Wadhwa et al. 2003b). Interest-
ingly, its interaction with FGF-1 was coupled to its cell-cycle dependent tyrosine
phosphorylation (Mizukoshi et al. 2001) and was shown to regulate intracellular
trafficking of FGF-1. Mortalin-IL receptor type-1 complex was shown to regulate
the internalization of IL receptor type-1, critical in signaling pathway of the pro-
inflammatory cytokine IL-1 (Sacht et al. 1999). More recently, serine/threonine ki-
nase Akt, a key mediator of cell survival and cell growth, was shown to be a binding
partner of mortalin (Vandermoere et al. 2007). By such interactions, mortalin has
been shown to adopt essential roles in signal transduction, cell communication and
neoplastic development.

7.5 Mortalin Inactivates pS3 Functions in Cancer Cells

Expression profiling of mortalin in normal aging and large variety of cancer cell
lines revealed bi-phasic expression pattern consisting of downregulation of mor-
talin during cellular senescence and an initial upregulation during immortalization
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followed by an elevation coinciding with the acquisition of an invasive phenotype
(Wadhwa et al. 2006). Consistently, by analyzing the proteomics in tissue arrays, it
was identified as a prognostic marker for colorectal cancers (Dundas et al. 2004).
Global profiling of the cell surface proteome of cancer cells revealed the remark-
able abundance of several chaperone proteins, including Grp78, mortalin, Hsp70,
Hsp60, Hsp54, Hsp27 and protein disulfide isomerase (Shin et al. 2003). Immuno-
histochemistry of mortalin in serial grades of astrocyte tumors such as low-grade
astrocytoma, anaplastic astrocytoma and glioblastoma revealed a correlation of its
expression level with tumor aggressiveness (Takano et al. 1997). Indeed, forced
upregulation of mortalin in breast cancers was shown to result into malignant and
metastatic transformation of the tumor cells (Wadhwa et al. 2006). By a high-res-
olution proteomic approach, mortalin was found to be enriched in hepatocellular
carcinoma (HCC) when compared to the adjacent non-tumor tissues. Clinico-patho-
logical analysis further illustrated high tumor expression of mortalin associates with
early recurrence of HCC in patients subjected to curative treatments (Yi et al. 2008).
A second independent study in which 100 pairs of hepatic cancer tissues were ex-
amined by immunohistochemistry, revealed that mortalin was overexpressed in
61 % of the tumor tissues. It correlated with the tumor aggressiveness; there was
a marked increase in mortalin level from early (stage I and stage II) to late (stage
IIT and stage IV) stages. The clinico-pathological parameter analysis indicated that
mortalin upregulation was significantly associated with HCC recurrence (p=0.005)
and microsatellite formation (p=0.028), a consistent feature of intra-hepatic metas-
tasis (Lu et al. 2011a, b). While there are a number of ways by which mortalin could
potentially contribute to the continued proliferation of tumor cells, its impact in the
activity of tumor suppressor protein p53 has been largely established. Mortalin and
p53 interaction was first detected in human cancer cells by co-immunolocalization
and co-immunoprecipitation of the two proteins; normal cells lacked this interac-
tion (Kaul et al. 1998; Wadhwa et al. 1998, 2000, 2002). It was then shown that
mortalin and p53 interact in the cytoplasm resulting in the nuclear exclusion and
transcriptional inactivation of the latter (Wadhwa et al. 1998; Walker et al. 2006).
Based on the studies using deletion mutants of mortalin (mot-2) and p53, their
binding regions were assigned to an amino-terminus region of mortalin and the
carboxy-terminus region of p53, the cytoplasmic sequestration domain (Kaul et al.
2001; Wadhwa et al. 2002). Indeed, small p53 peptides that bind to mortalin were
able to act as binding antagonists resulting in translocation and reactivation of wild
type p53 (Kaul et al. 2005). In addition to an inactivation of p53 function (Kaul
et al. 2005), mortalin was shown to abrogate the control of p53 on centrosomal
duplication, a hallmark of cancers (Ma et al. 2006; Kanai et al. 2007). Mortalin
was shown to preferentially associate with duplicated centrosomes and its overex-
pression overrode the p53-dependent suppression of centrosome duplication (Ma
et al. 2006). We undertook a study on the investigation of mortalin-p53 interaction
in seven liver cancer cell lines (MHCC97H, MHCC97L, H2P, H2M, PLC/PRF/5,
HepG2, Hep3B) and found that unlike most cancer cells, HepG2 hepatoma lacked
mortalin-p53 interaction and hence further examined the regulation of mortalin-p53
interaction and their significance in these cancer cells. We found that mortalin-p53
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interaction is a stress dependent event, also accompanied by phosphorylation of
p53 (Lu et al. 2011b). HepG2 that lacked mortain-p53 interaction did not show ser/
thr phosphorylation. HepG2 cells when subjected to stress by treatment with low
doses of cisplatin, hydrogen peroxide and doxorubicin showed mortalin-p53 inter-
action. Based on these findings, a model on stress-regulation of mortalin-p53 inter-
action was proposed. In normal, immortalized and non-malignant cancer cells that
are unstressed and have low p53, mortalin and p53 do not interact. In these cells,
p53 freely translocates from cytoplasm to nucleus. Mortalin knockdown does not
cause apoptosis in this category of cells. Mortalin-p53 interaction can be induced
by exposure to the genotoxic stress that also results in p53 phosphorylation. In this
category of cells, apoptotic ability of p53 is compromised by its binding to mortalin.
Knockdown of mortalin in this category hence induces reactivation of p53-medi-
ated apoptosis. Malignant cancer cells are physiologically stressed and accumulate
p53 (mutant) that is highly phosphorylated and has mortalin-p53 interaction. Ac-
cording to this model, mortalin-p53 interaction is selective for stressed cancer cells
(normal cells lack this interaction) and hence could serve as a safe target for cancer
therapeutics (Lu et al. 2011b).

Mortalin-p53 interaction that causes inactivation of p53 function was also tar-
geted by a small molecule (MKT-077, a cationic rhodacyanine dye) (Wadhwa et al.
2000; Deocaris et al. 2007; Lu et al. 2011a) and peptide (p53 312-352, carboxy-
terminal amino acid resides 312-352 of p53), previously shown to bind to mortalin
and reactivate wild-type p53 leading to growth arrest (Kaul et al. 2005; Wadhwa
et al. 2000) and a phyto-extract (Widodo et al. 2007; Grover et al. 2012). All these
reagents indeed caused growth arrest or apoptosis of cancer cells and qualified as
potential anti-cancer reagents. Targeting mortalin with antisense, ribozyme or siR-
NA specific for mortalin also induced tumor cell-specific growth arrest and apop-
tosis (Wadhwa et al. 2003a, 2004; Yoo et al. 2010; Lu et al. 2011a, b), suggesting
that the development of various modalities for targeting mortalin is therapeutically
important for cancer treatment.

7.6 Mortalin Functions in Normal and Aging Brain

The brain is the most complex organ, consisting of billions of neurons connected
by axons, synapses and signal pulses (action potential) that sense and communicate
signals from one part of the body to the other.It exerts centralized control over the
body by regulating muscular and hormonal activities and has very high caloric re-
quirement as compared to rest of the body. Such continuous metabolic demand that
supports the generation of action potentials in neuronal cells relies on the mitochon-
dria. Though mitochondrial biogenesis is critical to brain physiology, this phenom-
enon remains largely a neglected theme in neurobiology. Initial immunohistochemi-
cal studies of mortalin in normal and tumor human brain sections revealed that
mortalin expression was normally confined to neurons. Normal astrocytes showed
undetectable expression of mortalin. This may reflect on the higher energy demand











































































































































































































































































































































































































http://ebooks.adelaide.edu.au/p/plato/p71ti/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71ti/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71th/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71th/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71cra/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71cra/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71phs/index.html.
http://ebooks.adelaide.edu.au/p/plato/p71phs/index.html.















































































































































































	Editorial: Maintaining Brain Health Throughout Life
	Contents
	Contributors
	Chapter-1
	Brain Aging: A Critical Reappraisal
	1.1 Introduction
	1.2 Changes During Brain Aging
	1.2.1 Anatomical Changes
	1.2.2 Molecular Changes
	1.2.2.1 Chemical Changes
	1.2.2.2 Genetic Changes
	1.2.2.3 Epigenetic Changes

	1.2.3 Functional Changes

	1.3 Factors Accelerating Brain Aging
	1.4 Transition of Normal Brain Aging to Pathological Aging
	1.5 Therapeutic Interventions
	1.6 Conclusion
	References


	Chapter-2
	Base Excision DNA Repair: The House Keeping Guardian for Genomic Stability in the Brain
	2.1 Introduction
	2.2 The Vulnerable Nervous System
	2.3 DNA Damage in Brain
	2.4 BER Pathway
	2.5 BER and Brain
	2.6 Conclusions
	References


	Chapter-3
	Role of brain-derived neurotrophic factor as a modulator of synaptic plasticity
	3.1 The Neurotrophin Family
	3.2 Precursor and Polymorphism of Neurotrophins
	3.3 Neurotrophin Receptors
	3.4 Activity-Dependent Processing and Local Synthesis of BDNF
	3.5 BDNF and Synaptic Plasticity
	3.5.1 Regulation of LTP by BDNF
	3.5.2 Regulation of Local Protein Synthesis by BDNF
	3.5.3 Regulation of LTD by proBDNF
	3.5.4 The Role of BDNF on Synaptic Tagging and Capture
	3.5.5 BDNF and Short-term and Long-term Memory

	3.6 BDNF and Aging
	3.7 Conclusion
	References


	Chapter-4
	Mitochondrial Dysfunction in Sporadic Alzheimer’s Disease: Mechanisms, Consequences and Interventions
	4.1 Alzheimer’s Disease: A Brief Summary of Essential Facts
	4.2 Mitochondrial Dysfunction in Sporadic AD
	4.2.1 Mitochondria: Bioenergetics and Physiology
	4.2.2 Evidence of Mitochondrial Involvement of AD
	4.2.3 Post-mortem Evidence
	4.2.4 Evidence from AD Models
	4.2.5 Evidence from In Vitro Studies with Isolated Mitochondria
	4.2.6 Mitochondrial Localization of Aβ Peptide: Mechanisms and Significance

	4.3 Consequences of Mitochondrial Dysfunction in AD
	4.4 Intervention
	References


	Chapter-5
	Brain Aging: Influence of Early–Life Events on Late-Life Brain Disorders
	5.1 Introduction: Major Neuropathochemical Features of Alzheimer’s Disease
	5.2 Genetics and Major Risk Factors of AD
	5.3 Necessity of a Unifying Framework, the “LEARn Model”, to Explain the Etiology of AD
	5.4 Main Biochemical Features of the LEARn Model
	5.5 Main Operational Features of the LEARn Model: Latent and Delayed Modification of APP Gene Expression Explain How the Model Works
	5.6 Relevance of the LEARn Model in AD
	5.7 Epigenetics Drive the LEARn Pathway
	5.8 The LEARn Model Differs from the “Acute Toxic” Model
	References


	Chapter-6
	The Importance of the Environment in Brain Aging: Be Happy, Live Longer!
	6.1 Introduction—Why does the Brain Age?
	6.2 Oxidative Stress as a Basis of Brain Aging
	6.3 Homedynamic Decay: Neuro-Immune-Endocrine Disruption During Aging
	6.4 The Environment Counts! Beneficial Effects of Enriched Environment on Brain and Neuro-Immune-Endocrine Aging
	6.5 A Magnetic Resonance Imaging Study of Enriched Environment and the Aging Brain
	6.6 Conclusions: Be Happy, Live Longer?
	References


	Chapter-7
	Consequences of Altered Mortalin Expression in Control of Cell Proliferation and Brain Function
	7.1 Introduction
	7.2 Mouse Mot-1 and Mot-2: Structures and Contrasting Activities in Cell Proliferation Control
	7.3 Mortalin Functions as a Mitochondrial Import Machine and a Housekeeping Chaperone
	7.4 Mortalin Functions Beyond the Mitochondrial Boundary
	7.5 Mortalin Inactivates p53 Functions in Cancer Cells
	7.6 Mortalin Functions in Normal and Aging Brain
	7.7 Mortalin in Neurodegenerative Diseases
	References


	Chapter-8
	Age-Induced Alterations in Biological Clock: Therapeutic Effects of Melatonin
	8.1 Circadian Time Keeping System: Biological Clock
	8.2 Age-Induced Circadian Rhythm Disruptions
	8.3 Age-Induced SCN Dysfunction at Neurotransmitter Level
	8.4 Aging and Clock Gene Expression
	8.5 Age-Induced Disruptions in Melatonin Production
	8.6 Aging, Circadian Rhythms and Oxidative Stress
	8.7 Effect of Exogenous Melatonin Administration on Age-Induced Circadian Disruption
	8.8 Summary and Conclusion
	References


	Chapter-9
	Neurolipofuscin in Aging and Aluminum-Induced Aging: Possible Therapeutic Interventions
	9.1 Introduction
	9.2 Perturbed Proteolytic Degradation
	9.3 Autophagic Vacuoles (AVs)
	9.4 Sequestration of Cytoplasmic Content
	9.5 Lipofuscin (LF) Ontogeny
	9.6 Lipofuscin is Indigestible
	9.7 Evidence for Lysosomal Dysfunction in Aging
	9.8 Inhibition of Lysosomal Fusion
	9.9 The Free Radical Model of Lipofuscin Accumulation
	9.10 Aluminum-Induced Lipofuscin
	9.11 Effects of Drugs on Neurolipofuscin
	9.11.1 Antioxidants
	9.11.2 Lipofuscin inhibitors

	9.12 Effect of Ayurvedic Herbal Remedies
	9.12.1 Administration of Bacopa monnieri extract

	References


	Chapter-10
	Dietary Restriction as a Potential Intervention to Retard Age-associated Impairment of Brain Functions
	10.1 Introduction
	10.2 Lifestyle Interventions – Road to Healthy Brain Aging
	10.3 Dietary Restriction and Healthy Brain Aging
	References


	Chapter-11
	Understanding Mechanism of Action of Herbal Drugs in Age Related Degenerative Brain Disorders
	11.1 Introduction
	11.2 Alzheimer’s (AD) and Parkinson’s (PD) Disease
	11.3 Neuropathology of AD and PD
	11.4 Current Pharmacological Intervention for AD and PD
	11.5 Neuroprotective Strategies
	11.5.1 Ginkgo biloba L.
	11.5.2 Panax ginseng
	11.5.3 Curcuma longa L.
	11.5.4 Vitis vinifera L. (Grape) and Red Wine
	11.5.5 Coffee (Coffea spp.)
	11.5.6 Tea (Camellia sinensis Kuntze)
	11.5.7 Withania somnifera Dunal (WS)

	11.6 Neuroprotective Mechanism of Withania somnifera
	11.7 Conclusions
	References


	Chapter-12
	Neurodegeneration in Hypoxia: Implications in Aging
	12.1 Introduction
	12.2 The Brain Function in Low Oxygen
	12.3 Neuronal Response to Hypoxia
	12.4 The Aging Neuron
	12.5 Oxidative Stress in Hypoxia and Aging
	12.6 Nrf-2 Regulated Antioxidant Systems in Hypoxia and Aging
	12.7 Mitochondrial Mechanisms of Neurodegeneration in Hypoxia and Aging
	12.8 Role of Antioxidant Supplementation in Preventing Hypoxic Neurodegeneration
	12.9 Implications of Hypoxic Research for Aging Related Cognitive Impairment
	References


	Chapter-13
	Stress and Memory: from Mechanisms to Long-Lasting Consequences
	13.1 Introduction
	13.2 Neuro-Endocrine Responses to Stress
	13.3 Acute Stress and Memory Formation
	13.4 Early Life Stress and Memory Formation
	13.5 Stress in Relation to Aging
	13.6 Potential Therapeutic Approaches to Target Memory Formation
	References


	Chapter-14
	Estrogen-Mediated Neuroprotection: Hope to Combat Neuronal Degeneration and Synaptic Plasticity Post-menopause
	14.1 Introduction
	14.2 Estrogen, Menopause and Brain Aging
	14.3 Mechanism of Action of Estrogen
	14.4 Estrogen and Neuroprotection
	14.5 Neurodegeneration, Immune Response and Estrogen
	14.6 Selective Estrogen Receptor Modulators (SERMs)
	14.7 Where to Go
	References


	Chapter-15
	Potential Therapeutic Targets for Improving Memory Impairments and Dementia: Clues Obtained from Memory-Enhanced Mice
	15.1 Introduction
	15.2 The Past: Memory Research in Philosophy and Psychology
	15.2.1 Memory in Philosophy
	15.2.2 Memory in Psychology
	15.2.3 Classification of Memory
	15.2.3.1 Long-Term Memory and Short-Term Memory
	15.2.3.2 Declarative and Non-Declarative Memory


	15.3 The Present: Dawn of Memory Research at the Cellular and Molecular Level
	15.3.1 Discovery of Neuronal Plasticity
	15.3.1.1 Long-Term Potentiation and Long-Term Depression
	15.3.1.2 Neuronal Plasticity to Behavioural Memory
	15.3.1.3 Dissection of Molecular Mechanisms Underlying Learning and Memory

	15.4.1 Inducible cAMP Early Repressor (ICER) Exerts a Powerful Constraint on Long-Term Memory

	15.5 The Future: Therapeutic Clues Obtained from Memory-Enhanced Mice
	15.6 Epilogue
	References


	Chapter-16
	Potential Beneficial Effects of a Diet with Walnuts in Aging and Alzheimer’s Disease
	16.1 Alzheimer’s disease (AD)
	16.2 Age: A Risk Factor for Alzheimer’s Disease
	16.3 Oxidative Stress in Aging and Alzheimer’s Disease
	16.4 Inflammation in Aging and Alzheimer’s Disease
	16.5 Antioxidant and Anti-inflammatory Properties of Walnuts
	16.6 Health Benefits of Walnuts in the Diet
	16.7 Effects of Walnuts on Aβ Fibrillization and Aβ-induced Oxidative Stress and Cell Damage in AD
	References


	Chapter-17
	Smart Dietary Interventions and Prevention of Cognitive Decline with Aging
	17.1 Introduction
	17.2 Aging of the Brain
	17.3 Nutrition and Cognitive Aging
	17.3.1 Antioxidants as Smart Dietary Supplements
	17.3.1.1 Vitamin E and Brain Aging
	17.3.1.2 Polyphenols and Brain Aging


	17.4 Conclusion
	References


	Chapter-18
	Herbal Cognitive Enhancers: New Developments and Challenges for Therapeutic Applications
	18.1 Introduction
	18.2 Major Issues in the Development of Medicinal Products from Plants
	18.3 The ‘Seed to Patient’ Process
	18.4 Cognitive Function
	18.5 Normal and Pathological Cognitive Aging
	18.6 Cognition Enhancement
	18.7 Herbal Cognitive Enhancers and Brain Aging
	18.8 Phytochemicals
	18.9 Herbal Extracts
	18.10 Natural Cognitive Enhancers and AD
	18.11 The Clinical Assessment of Cognitive Effects of Herbal Extracts
	18.11.1 The Cognitive Psychopharmacology of Herbal Extracts
	18.11.2 Testing Efficacy of Natural Cognitive Enhancers
	18.11.3 Methodological Issues: Maximizing the Power of Studies
	18.11.4 Repeated Assessments
	18.11.5 Training Effects
	18.11.6 Standardized Procedures
	18.11.7 Standardized Products
	18.11.8 Promising Recent Work with Natural Products in AACD, MCI and AD Using the Recommendations Made Above

	18.12 Conclusions
	References


	Index



