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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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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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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, S. I. S. Rattan (eds.), Brain Aging and Therapeutic Interventions, 
DOI 10.1007/978-94-007-5237-5_1,  
© Springer Science+Business Media Dordrecht 2013

Chapter 1
Brain Aging: A Critical Reappraisal

Mahendra K. Thakur, Arpita Konar and Akash Gautam

M. K. Thakur () � 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
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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 (6–9 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.

1 Brain Aging: A Critical Reappraisal
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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)α and ERβ. 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 β 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-

M. K. Thakur et al.
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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 gene13 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-

1 Brain Aging: A Critical Reappraisal
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Table 1.1  Gene expression changes during brain aging
SN Category Example
Genes upregulated
1 Stress response Heat shock 70kD protein 2, mortalin, crystallin alpha B, 

hypoxia inducible factor1α (HIF1α), HIF-1 responsive 
RTP801, transglutaminase 2, p53 binding protein 2, 
retinoblastoma-associated protein 140

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

3 Mitochondrial function Mitochondrial 3-oxoacyl-CoenzymeA thiolase
4 Inflammatory response TNF-α, C type lectin, H factor (complement)-1, interferon 

gamma-inducible protein 16, interferon regulatory factor 
7, integrin α5, integrinβ1

5 Growth factors Vascular endothelial growth factor, FGF receptor 2, FGF 
receptor 3

6 Synaptic transmission SNAP23, synaptophysin-like protein
7 Myelin related proteins/

lipid metabolism
Amyloid precursor proteina, 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

8 Metal ion homeostasis Metallothionein 1G, metallothionein 1B, metallothionein 
2A, haem binding protein 2, haemoglobin β, hephaestin

Genes downregulated
1 Synaptic plasticity BDNF, neurexin 1, synaptobrevin1,synapsin II b, growth 

associated protein 43 (GAP-43), activity regulated cyto-
skeletal protein (Arc)

2 Synaptic transmission NMDA receptor, serotonin receptor 2A; GABA A receptor 
subunits α1, α5, β3; GABA biosynthetic enzymes gluta-
mate decarboxylase 1 and 2 (GAD1&GAD2), glutamate 
receptor subunits

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

4 Neuronal survival Presenilin (PS)1b MADS box transcription enhancer factor 
2C (MEF2C), inositol polyphosphate-4-phosphataseI, 
inositol 1,4,5 trisphosphate 3 kinase A

5 Calcium homeostasis Calmodulin 1 and 3, CAMkinase IIα′ and IV, calcineurin 
Bα, ATPase Ca2+-transporting, plasma membrane 2 
(ATP2B2)

6 Mitochondrial function ATP synthase H + -transporting mitochondrial F1α1, mito-
chondrial ribosomal protein L28, S12, cytochrome c 
synthase, translocase of inner mitochondrial membrane 
17A

7 Microtubule structure and 
function

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

8 G-protein coupled receptors Rap2A, regulator of G protein signalling 4, G protein q 
polypeptide (GNAQ)

9 Protein turnover ATPase H+-transporting lysosomal V1 subunit H and A, 
ubiquitin conjugating enzyme Ubch5, ubiquitin conjugat-
ing enzyme E2M, ubiquitin carrier protein
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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.

1 Brain Aging: A Critical Reappraisal

SN Category Example
10 Amino acid modification Protein-L-isoaspartate O-methyltransferase, methionine 

adenosyltransferase IIα, β-1,3-galactosyltransferase, 
glutamate decarboxylase 1

11 Kinases and phosphatases Protein kinase C isoforms (PKCβ1), PKCγ and PKCζ)
12 Stress response Stress 70 protein chaperone
13 Hormones Proenkephalin, somatostatin, cholecystokinin B receptor, 

chromogranin B (secretogranin1)
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 βtubulin III, neurofilament L chain, βActin
3 Glycolytic enzyme GAPDH
a Sivanandam and Thakur 2011
b Thakur and Ghosh 2007

Table 1.1 (continued)
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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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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 

M. K. Thakur et al.

Fig. 1.1  Schematic representation of transition from normal aging brain to pathological brain
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(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 (α-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.
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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.

Keywords Base excision repair • Brain • DNA damage • Aging • DNA polymerase β

M. K. Thakur, S. I. S. Rattan (eds.), Brain Aging and Therapeutic Interventions, 
DOI 10.1007/978-94-007-5237-5_2,  
© Springer Science+Business Media Dordrecht 2013

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

Umakanta Swain and Kalluri Subba Rao

U. Swain ()
School of Medical Sciences, University of Hyderabad 
Hyderabad 500046, India
e-mail: ksrbrain@gmail.com; ksrsl@yahoo.com

K. Subba Rao
Centers for Biotechnology and Innovative Research, Institute of Science  
and Technology, Jawaharlal Nehru Technological University 
Hyderabad 500085, India

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

20

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. 
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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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reductions, yielding highly reactive species including hydroxyl radicals, hydrogen 
peroxide, superoxide and singlet oxygen. Ionizing radiation can also generate re-
active radicals both by direct attack on DNA and by the radiolysis of H2O (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-oxoG), 
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 104–105 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 β (pol β), 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 

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 

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

10,000 Richter et al. (1988)

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)
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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. 2.1  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

                  

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

24

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. 2.2c). 
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. 2.2c 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 

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. c 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; c is significantly different from the 
corresponding values at adult. ***p < 0.001 (Adapted from Swain and Subba Rao 2011)

U. Swain and K. Subba Rao

                  

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

25

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 8-oxoguanine DNA-glycosylase 1 
(OGG1) sensitive sites in DNA of neurons by introducing human OGG1 in the as-
say on naked DNA after lysis was performed.

Human OGG1 initiates the repair of 8-oxoG 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 OGG1, there 
was a further increase in the tail movement, which must be due to the removal of 
8-oxoG residues accumulating in DNA with age. Incubation of the brain cells with 
human OGG1 represents the increase in the number of OGG1 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 OGG1 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 

Table 2.2  Measurement of OGG1 sensitive sites in young (Y, 7 days postnatal), adult (A, 6 
months) and old (O, ≥ 2 years) rat brain neurons by FLARETM comet assay. (Adapted from Swain 
and Subba Rao 2011)
Sample Tail moment

Mean ± SEM Net amount of OGG1 
sensitive seriesBuffer hOGG1

Young neurons  14.46 ±1.42  22.75 ±2.96 8.29
Adult neurons  94.76 ± 4.68 138.18 ± 11.04a*** 43.42
Old neurons 114.01 ± 3.00 175.64 ± 7.77b, c*** 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
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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 

Table 2.3  Measurement of UDG sensitive sites in young, adult and old rat brain neurons by 
FLARETM comet assay. (Adapted from Swain and Subba Rao 2011)
Sample Tail moment

Mean ± SEM Net amount of UDG 
sensitive sitesBuffer UDG

Young neurons  14.96 ± 1.70  22.77 ± 2.15  7.81
Adult neurons 115.71 ± 4.35 141.78 ± 9.24a*** 26.07
Old neurons 134.70 ± 5.91 185.34 ± 10.55b, c*** 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|
***p < 0.001
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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 is 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).

(ii) 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 β- or βδ-elimination, leaving a DNA SSB with a 3′-phospho-α,β-
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 β. Pol β 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 β 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 β, 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 β-elimination via its 3′-phosphodiesterase activity (Suh et al. 1997; Izumi 
et al. 2000). The 3′-P group generated by βδ-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 β in the previous step (iii), SP-BER is favored. In SP-BER, pol 
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β 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 β 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 β, and/or pol δ/ε 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 β 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 β (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 IIIα (LIGIII α) 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). XRCC1 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 λ (pol λ). Pol λ is a recently described 
eukaryotic DNA polymerase belonging to Pol X family. It is the closest homologue 
to pol β, sharing 32 % identity at the protein level. Based on three-dimensional 
structure modeling, Pol λ is predicted to have a pol β 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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DeRose et al. 2003). Recently, Gap-filling DNA synthesis and dRP lyase activities 
of pol λ 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 β 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 β 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. 

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

Fig. 2.3  Schematic representation of the mammalian base excision repair and single-strand break 
repair pathway
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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 β, 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 β 
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 

Fig. 2.4  Gap repair activity in ‘young,’ ‘adult’ and ‘old’ neuronal extracts and supplemented 
with recombinant pure rat liver pol β with 5′-PO4 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 β. 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)
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5′-PO4 on the downstream primer, and supplementation of aging neuronal extracts 
with both pol β and DNA ligase (Fig. 2.5). These studies thus demonstrated that 
aging neurons are unable to affect BER, due to deficiency of pol β and DNA ligase 
and fortifying the neuronal extracts from aged animals with these two factors can 
restore the lost BER activity.

While pol β 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 λ belonging 
to the same family as pol β does, the X-family. The structure and sequence homol-
ogy of pol λ are similar to pol β and in particular, pol λ 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 β 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 β 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 λ in rodent 
brain regions, we have noticed the presence of pol λ in brain extracts. Similarly, im-
munoprecipitated pol λ 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.

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

Fig. 2.5  Restoration of the gap repair activity in adult and old rat neuronal extracts when supple-
mented with limited amounts of pol β (0.2 units) and 20 units of T4 DNA ligase. All the experimen-
tal details and notations are as in Fig. 2.4. Only one gap duplex was used as substrate
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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 β 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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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 (p75NTR), is a member of the tumor necrosis factor (TNF) 
receptor family (Chao 2003). p75NTR 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 p75NTR 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 p75NTR 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 p75NTR 
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 α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, as 
well as GluR2/3 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-γ (PLC-γ) 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), Ca2+/calmodulin-dependent protein kinase IIα (CaMKIIα), 
type 1 inositol 1,4,5-trisphosphate receptor (IP3R1), 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 p75NTR 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 GluA1 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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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 β 
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 β which is a peptide of 39–42 amino acids derived from the 
precursor protein APP by the sequential actions of β and γ 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 Aβ. 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. α-, β- and γ- secretases (Zheng and 
Koo 2006). Although several forms of amyloid β peptide are present in AD brains, 
the one consisting of 42 amino acids (Aβ 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 β strand conformation (Hung et al. 2008; Nichols et al. 
2005). The accumulating body of evidence suggests that the soluble oligomers of 
Aβ 42 and not the monomers or the insoluble fibrils are responsible for the toxic-
ity of amyloid β peptide (Hung et al. 2008; de Felice et al. 2004). It is suggested 
that soluble oligomers of amyloid β 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 (F0, 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 Ca2 +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-κβ, 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 1α 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 1α 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 Aβ42 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, α-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 Fis1 and Drp1 fission related proteins and decreased levels of fusion 
regulating proteins like Mfn1, Mfn2 and Opa1 have been noticed in post-mortem 
AD brain (Manczak et al. 2006; Wang et al. 2008). Immunofluorescence studies 
have shown co-localization of Drp1 with intraneuronal Aβ oligomers and further 
increased S-nitrosylated Drp1 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 Aβ42 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 1α, 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 Aβ42 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 IV 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 Drp1 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 SHSY5Y, PC12, NT 2, Neuro 2a, etc. as also primary cultures of hippocampal 
neurons exposed to different amyloid β peptides, e.g. Aβ42, Aβ40, Aβ25–35 etc. 
for varying periods of time. Such models have demonstrated a range of toxic ac-
tions of oligomeric Aβ42 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 Aβ42 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 Aβ42 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 Aβ42 or other amyloid peptides have not only provided direct evidence 
of Aβ peptide interaction with mitochondria, but also indicated the possible mecha-
nisms underlying this phenomenon. Such studies have shown that Aβ42 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 Aβ peptide can inhibit cytochrome oxidase activity, a 
recent publication has shown that in isolated rat brain mitochondria Aβ42 fails to 
inhibit complex IV activity and further the toxic effects of oligomeric Aβ42 are 
more severe in aged brain mitochondria (Sinha et al. 2011). The mechanisms of 
mitochondrial bioenergetic impairment induced by Aβ42 or other similar amyloid 
peptides are not clearly worked out, but specific interactions with mitochondrial 
proteins like cycophilin D, ANT or UCP or ABAD (Aβ-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 Aβ 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 Aβ 
oligomers which could be important as potential therapeutic targets (Arispe et al. 
2007; Lal et al. 2007).

4.2.6   Mitochondrial Localization of Aβ Peptide: Mechanisms 
and Significance

The above description clearly brings out the central importance of Aβ peptide toxic-
ity on mitochondria in AD pathogenesis, but at the same time raises certain issues 
related to intracellular trafficking of APP and Aβ and their localization in mitochon-
dria. Although the major localization of APP is on plasma membrane from where Aβ 
is released extracellularly by the action of secretases, there is compelling evidence 
that in AD brain intracellular build up of Aβ 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 Aβ 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—lysosomal vesicles and it is conceivable that from such sources, intracel-
lular Aβ42 pool is created through actions of β and γ secretases (LaFerla et al. 2007; 
Pagani and Eckert 2011). The intracellular pool of Aβ peptide is further enriched by 
re-uptake of extra-cellular Aβ 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 Aβ (Bu et al. 2006; Pagani and Eckert 2011; LaFerla et al. 
2007). The entry and localization of Aβ 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 Aβ 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 Aβ peptides includ-
ing Aβ42 are generated in mitochondria in situ from mitochondria—associated APP 
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is not conclusively established and even though the presence of γ secretase in mi-
tochondria has been documented, β 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 Aβ 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 Aβ peptide traffick-
ing and the entry of the peptide into mitochondria is shown in Fig. 4.1.

4 Mitochondrial Dysfunction in Sporadic Alzheimer’s Disease …

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. 
Aβ is generated extracellularly from plasma membrane bound APP and re-enters the cell through 
diverse receptors. Intracellularly, Aβ may be generated from APP in one or more of the membra-
nous compartments. Aβ 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 Aβ within mitochondria leads to dysfunction of the organelle. The sites 
where oligomerization of Aβ 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))
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The accumulation of Aβ42 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 Aβ peptide with mitochondrial target proteins like cyclophilin D, ANT, 
UCP etc. could explain the toxic effects of aggregated Aβ 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 Aβ and ABAD interactions 
including the crystallographic structure Aβ-ABAD complex as also interactions  
of Aβ and cyclophilin D and Aβ 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 Aβ42 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 Aβ 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 
Aβ 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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tion of Aβ42 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 Ca2 + 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 c, 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 Ca2 + dysregulation caused by damaged mitochondria may lead 
to necrosis and therefore, it is unlikely that one exclusive pathway of cell death will 

4 Mitochondrial Dysfunction in Sporadic Alzheimer’s Disease …

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 
Aβ accumulation and finally triggers programmed cell death in AD brain
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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 Aβ 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 Aβ 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 Aβ 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 Aβ peptide over production (inhibitors 
of β and γ 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 Aβ 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, α-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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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 τ “tangles” and senile plaques formed mostly of the 
amyloid–β peptide (Aβ). Aβ is proteolytically derived from the large β–amyloid 
precursor protein (APP). Indeed, the amyloid plaques and τ tangles form the basis 
for the two currently–dominant models in the AD field—the “amyloid hypothesis” 
and the “τ hypothesis” (Sambamurti et al. 2006). According to the amyloid hy-
pothesis, the neurotoxicity of Aβ dimers and oligomers and/or damage caused by 
Aβ plaque aggregation is the primary cause of AD. According to the τ hypothesis, 
the aggregation of hyperphosphorylated τ leads to neuronal cell death and resulting 
neuropathology, and Aβ aggregation would be a result of cellular damage imposed 
by τ 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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(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 APOEε4 genotype. There are further 
associations with protein expression in addition to APP or PSEN1 such as the insu-
lin degrading enzyme (IDE), α2–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 APOEε4 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 

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-

lar genes such as 
APP718 V/M

Difficult/non-existent 
(future gene ther-
apy technique?)

SAD-Sporadic AD Environment, and 
other unknown 
factors

Head trauma, nutri-
tional imbal-
ance, metals, 
pestichemicals

Restore healthy 
environment

LAD-LEARn AD Gene × environment 
interaction

Somatic epitype? GSE 
epigenetic markers 
via the promoter 
sequences

Proper dietary supple-
ments (e.g., folate) 
during develop-
mental period
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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 Aβ 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 Aβ 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, Aβ peptide, and τ 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 Aβ 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 Aβ 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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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 
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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 (Dröge 
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 H2O2. Subsequently, CAT catalyzes the conversion of H2O2 
into H2O and O2. 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 (Dröge 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; Viña 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 6–12 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; Görtz 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 2006). 
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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 (125 ± 4 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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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 

6 The Importance of the Environment in Brain Aging: Be Happy, Live Longer!

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/CD1 female mice. Bright areas of high intensity signal correspond to 
cerebrospinal fluid and represent brain atrophy
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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 T2WI 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 66–96 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-
Fernández et al. 2008; Alonso-Fernández 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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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 α-
helix C, by Arg (in mot-1) is likely to extend the α-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, (e) 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 p53 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 
III 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 
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of the neurons. Large amounts of ATP are required by neurons for neurotransmis-
sion and maintenance of Na +, K + and Ca2 + ionic gradients across its cell membrane 
(Erecinska and Silver 1994). Furthermore, mitochondria are continuously being 
trafficked to regions of nerve cells that have particularly high metabolic demands, 
such as the synapses, nodes of Ranvier and myelination/demyelination interface 
(Chang and Reynolds 2006). Such mitochondrial delivery to the synapses has been 
shown to be critical for learning and memory functions (Tong 2007). Mitochondria 
are also central to intracellular Ca2 + homeostasis, steroid synthesis, generation of 
free radical species and initiation of cell death, aging, metabolic and degenerative 
diseases including brain pathologies and cancer (Kann and Kovacs 2007; Wallace 
2005). Calcium is a highly versatile intracellular messenger that drives membrane 
excitability, exocytosis of neurotrasmitters, vesicular trafficking, neurogenesis, me-
tabolism, crosstalk between signaling pathways and apoptosis/necrosis. Through its 
reversible binding that results in specific conformational changes to proteins, Ca2 + 
regulates kinases, phosphatases, proteases, transcription factors and ion channels. 
Mortalin plays essential role in mitochondrial biogenesis and maintains mitochon-
drial protein integrity. Recent studies have connected this mitochondrial chaperone 
both to neurogenesis and neurodegeneration processes. One of the functions of mi-
tochondria is to maintain intracellular calcium concentration through the interplay 
of its Na +/Ca2 + exchanger and Ca2 +-uniporter, with the sarco-endoplasmic reticu-
lum Ca2 +-ATPase and the plasma membrane Ca2 +-ATPase (Mattson 2007).

The adult brain retains at least two active germinal zones: the sub-granular zone 
of dentate gyrus that generates hippocampal interneurons and the forebrain sub-
ventricular zone that generates interneurons that migrate into the olfactory bulb 
(Temple and Qian 1995). The abundance of mortalin in neurons and its involvement 
in the processes of stress-resistance, bioenergetics and cell proliferation proposed 
it as a candidate player in the phenomenon of neurogenesis. Proteomic analysis 
of in vitro cultures of adult dorsal root ganglion (DRG) neurons by Willis et al. 
(2005) identified several cytoskeletal (β-actin, vimentin, etc.), chaperones (morta-
lin, Hsp60, Grp78/BiP, etc.), anti-oxidant (superoxide dismutase 1, peroxiredoxins 
1 and 6) and metabolic (phosphoglyceratekinase 1, alpha enolase, etc.) proteins 
being synthesized abundantly in the axons. The level of mortalin protein was found 
to decrease in senescent human fibroblasts and in aged worms (Kimura et al. 2007). 
Overexpression leads to the lifespan extension in both systems, suggesting that the 
decline in mortalin level and thus its function(s) are closely related to the fixed pro-
liferation potential of normal cells in vitro and longevity in vivo (Kaul et al. 2000c). 
In corollary, deletion mutations of SSC1, the yeast orthologue of mtHsp70, were 
lethal (Craig et al. 1989) and knockdown of mortalin with ribozyme or antisense 
inevitably led to cellular growth arrest (Wadhwa et al. 2003a, 2004). Worms treated 
with siRNA against Hsp-6 (hsp70F), a nematode orthologue of mortalin, caused 
a reduction in the level of ATP-2, Hsp60 and CLK-1, leading to abnormal mito-
chondrial morphology, lower ATP production and accelerated aging or progeria-like 
phenotypes (Kimura et al. 2007).

Massa et al. (1995) identified Grp75 from rat brain after exposure to metabolic 
stress. Subsequent cDNA cloning of this protein revealed its identity to mortalin. It 
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was shown to be enriched in neurons of the basal forebrain, reticular and subthalamic 
nuclei, globus pallidus and amygdala. Furthermore, the expression of mortalin was 
upregulated following focal brain ischemia in a distinctive fashion. With low level 
of injury, induction of mortalin was restricted to the area of injury; however, with 
extensive injury, mortalin was upregulated in regions even outside the ischemic foci 
(Massa et al. 1995). To elucidate the functions of this molecular biomarker of brain 
ischemia, Zheng et al. (2000) overexpressed mortalin in CHL cells in glucose-free 
medium in order to simulate metabolic energy stress and demonstrated that with 
the increased levels of intracellular mortalin lead to greater resistance to glucose-
deprivation. Furthermore, mortalin overexpression also resulted in decreased ROS 
production while maintaining cell viability during glucose deprivation in PC12 cells 
(Liu et al. 2005).

7.7  Mortalin in Neurodegenerative Diseases

Aging is associated with functional decline at molecular, cellular and organism 
level. Age-related brain pathologies are most frequently characterized by decreased 
protein degradation and accumulation of damaged proteins that result from decline 
in molecular repair. Unrepaired oxidized proteins initiate an exponential spread of 
molecular damage resulting in loss of their structural and catalytic functions of the 
proteome. While stress chaperones act as buffers assisting in refolding of denatured 
proteins and help in the degradation of the unrepaired proteins, they themselves are 
also vulnerable molecular targets of oxidative reactions and damaging free radicals 
generated in mitochondria. Two major neurodegenerative brain disorders, Alzheim-
er’s (AD) and Parkinson’s (PD) diseases, have recently been shown to be associated 
with functional inefficiencies of the mitochondrial chaperones.

Amyloid beta (Aβ) is known to poison the mitochondria in AD. Sub-lethal doses 
of Aβ peptide were shown to block mitochondrial import of mortalin and TOM20 
that could contribute to the Alzheimer’s pathology. In human AD brains, amyloid 
precursor protein (APP) also forms stable complexes with TOM40 and clogs the 
import complex (Devi et al. 2006). Using a proteomic approach combined with 
an immunological method for detecting protein carbonylation, Choi et al. (2004) 
reported AD-associated oxidative damage to mortalin, specifically in the hippocam-
pus. They also showed that the hippocampus, but not the cortex in young (6-month 
old) ApoE KO mice had ~2-fold greater amount of total oxidized proteins compared 
to age matched wild type mice. Another study reported that the different morta-
lin isoforms that were differentially phosphorylated in the hippocampi of human 
APOE4 targeted replacement (TR) mice compared with the APOE3 (control) TR 
mice. The predominant mortalin isoforms were differentially expressed in the hip-
pocampi of patients with AD (Osorio et al. 2007). Using a shotgun proteomics ap-
proach, Jin et al. (2006) found that the levels of mortalin significantly decreased 
in substantia nigra pars compacta in PD patients and in MES cells exposed to the 
mitochondrial Complex I inhibitor rotenone. In addition, nine candidate mortalin 
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binding partners, including acyl-CoA dehydrogenase family member 9, phosphate 
carrier protein, thymidine kinase 2 and Hsp60 were identified as potential mediators 
of PD (Jin et al. 2006). Studies on the rotenone-induced cellular PD model revealed 
that mortalin is a target for oxidative damage (Jin et al. 2006). In an independent 
study, in vitro exposure of PC12 cells to reactive dopamine quinone that led to se-
lective dopaminergic terminal degeneration also resulted in a rapid loss of several 
mitochondrial proteins including mortalin (Van Laar et al. 2008). Pathologic decline 
in mortalin level correlated with different stages of PD and Lewy body deposition in 
human brain (Shi et al. 2008). Furthermore, because of its abundance and “promis-
cuity” for client proteins, mortalin is highly susceptible to covalent modifications. 
Phosphorylation, oxidation and ubiquitination are among its documented post-
translational changes. Examples of mortalin’s cellular functions that are modulated 
by phosphorylation include its impact on centrosomal dynamics (Kuwabara et al. 
2006) and FGF-1 activity (Mizukoshi et al. 1999, 2001). Altered phosphorylation 
patterns of mortalin were also found in AD that are suggestive of its altered function 
in disease pathology.

AD and PD pathologies are often mimicked in cellular chemical models that 
induce ROS generation. Besides, other environmental toxicants that target mito-
chondria are also known to alter mortalin functions. Mercuric chloride, a transition 
metal known to induce acute renal failure, associated with tubular impairment, in-
duced mitochondrial deformities and altered both mortalin and Hsp60 expression 
in rat kidney (Goering et al. 2000; Stacchiotti et al. 2006). The toxicant tetrafluo-
roethylcysteine (TFEC), a by-product during the manufacturing of TeflonTM, is 
known to metabolize to an unstable difluorothioacetylfluoride (DFTAL) intermedi-
ate (Cooper et al. 2002) that covalently modifies some lysine residues of mortalin 
(Bruschi et al. 1993, 1998; Cooper et al. 2001). These covalent modifications may 
establish mortalin as a unique example of a “sick” chaperone. Sick chaperones ac-
centuate the molecular damage in an exponential manner and contribute to disease 
pathology (Macario and Conway de Macario 2007). However, regardless of the 
primary mechanism, sick chaperones could greatly contribute to the progression 
of neurodegeneration by participating in a vicious cycle that could result in the 
accumulation of metabolic errors. Lack of mortalin in worms was shown to result 
into progeria like phenotype in which worms showed decreased motility and mito-
chondrial abnormalities (Kimura et al. 2007). Most recently, in Aβ peptide model 
of AD, mortalin overexpression was shown to protect SH-SY5Y cells against Aβ-
induced neurotoxicity. Whereas mortalin-specific siRNA sensitized SH-SY5Y cells 
to Aβ-toxicity, mortalin overexpression inhibited the Aβ-induced depolarization of 
mitochondrial membrane potential and reversed the Aβ-induced reduction in cyto-
chrome c oxidase activity and ATP generation. Aβ-induced ROS and lipid peroxi-
dation were suppressed in mortalin overexpressing cells (Qu et al. 2011). In vivo 
study in which the overexpression of mortalin was achieved in rat brain reduced the 
infarct area resulted from middle cerebral artery occlusion and resulted in improved 
neurological outcome significantly as measured by neurological score, mitochon-
drial function, and levels of oxidative stress (Xu et al. 2009). Burbulla et al. (2010) 
identified novel PD-related mortalin mutations by genomic screening of PD pa-
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tients. Functional characterization of these mutations, their impact on mitochondrial 
homeostasis and influence on adjacent signaling pathways, revealed that whereas 
increased level of wild type mortalin has a positive effect on essential mitochondrial 
functions, the mutant mortalins lacked the cytoprotective effect. Mortalin silencing 
severely reduced mitochondrial membrane potential and increased production of 
ROS. Complementation of mortalin knockdown with wild type, but not the mutant, 
mortalin resulted in a complete rescue of these defects. Furthermore, skin fibro-
blasts from a carrier of the mortalin variant showed an altered mitochondrial mor-
phology, suggesting its structural role in mitochondria (Burbulla et al. 2010). Yang 
et al. (2011) also reported that the knockdown of mortalin in HeLa and HEK293T 
cells results in a collapse of mitochondrial membrane potential, abnormal accumu-
lation of ROS and alterations in mitochondrial morphology under H2O2-induced 
stress conditions. Furthermore, mortalin was shown to interact with Parkin, E3-
ubiquitin ligase gene that is involved in mitochondrial dynamics and mitophagy and 
is commonly mutated in autosomal recessive PD. It was suggested that in addition 
to the reduced expression level of mortalin observed in the affected brain regions of 
PD patients, it shows an altered interaction with a variety of PD-related mitochon-
drial proteins where it regulates the native folding and mitochondrial import under 
stressed conditions.

Taken together, it has become increasingly clear that multi-functionality of mor-
talin ranges from chaperoning, intracellular trafficking, mitochondrial import and 
ROS-management, regulation of apoptosis and stress response. In addition, its in-
teraction with specific proteins such as p53 and Parkin mediate its role in cancers 
and PD, respectively. Mortalin-based therapeutic strategies hold potential not only 
for the treatment of cancer but also for the neurodegenerative disorders.
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Abstract The suprachiasmatic nucleus (SCN) in hypothalamus contains a light-
entrained circadian clock, the master pacemaker that orchestrates mammalian circa-
dian rhythms in physiology and behavior. SCN consists of core circadian machinery 
genes that regulate melatonin synthesis in pineal from precursor neurotransmitter 
serotonin. The circadian melatonin signal functions as hands of the clock to inform 
all cells in the organism and in consequence the organism as a whole, about the pas-
sage of time and also regulate SCN through a feedback loop. Aging is associated 
with changes in several basic parameters of circadian rhythms leading to sleep dis-
turbances. The endogenous melatonin levels decline gradually with age. The mela-
tonin has been identified as an antiaging drug due to its multitasking role as rhythm 
synchronizer, an immunoregulator, an antioxidant- a potent free radical scavenger 
with beneficial effects on sleep as well as age related diseases. This review aims 
to summarize the current knowledge on the changes of the circadian system in 
advanced age and the therapeutic effects of antioxidant melatonin on such changes.

Keywords Antioxidant • Melatonin • Aging • Circadian rhythms • Suprachiasmatic 
nucleus

8.1  Circadian Time Keeping System: Biological Clock

Extensive physiological and behavioural studies have indicated that the circadi-
an pacemaker, the endogenous clock is characterized by a cycle with a period of 
approximately 24 h duration. Such clocks have been localized to discrete sites in 
central nervous system (CNS) and, in mammals, to the bilaterally paired supra-
chiasmatic nucleus (SCN) in hypothalamus (Jagota et al. 2000; Reiter et al. 2010; 
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Welsh et al. 2010). These clocks are periodically synchronized to the geophysical 
time. Photoperiod is the most dominant environmental zeitgeber (time giver) for 
the phase entrainment of the circadian oscillator. The photic information reaches 
SCN via the retinohypothalamic tract (RHT). The electrical information is con-
verted into chemical information that alters the phase of clock gene expression in a 
subset of SCN neurons which then regulates both synthesis and release of melato-
nin (hormonal message for darkness) from pineal. The time information from SCN 
passes to the pineal via a multisynaptic pathway for the synthesis of melatonin from 
serotonin (5-hydroxy tryptamine; 5-HT) (Fig. 8.1). This pathway is actually acti-
vated during night without light stimuli. In pinealocytes, tryptophan is converted 
into serotonin via 5-hydroxytryptophan. Then N-acetylation of serotonin by arylal-
kylamine N-acetyltransferase (AANAT) followed by methylation of the 5-hydroxy 
moiety by hydroxyindole-O-methyl-transferase (HIOMT) results in melatonin syn-

Fig. 8.1  Mammalian circadian timing system: melanopsin-containing ganglion cells in retina 
relay photic information via RHT to SCN by releasing glutamate and PACAP which act on CaMK 
and PKA via NMDA and PAC2 receptors respectively to increase P-CREB thus entraining and 
regulating clock gene expression clock proteins in SCN. The time information from SCN through 
GABA reaches PVN and then to SCG via ILCC. Then during night the time information trav-
els from SCG by NE to β-adrenergic receptors at pineal, stimulating AC resulting in increased 
cAMP which activate PKA and hence increased P-CREB activating AANAT resulting in mela-
tonin synthesis. The cAMP also triggers the expression of a negative transcription factor, ICER. 
Both blood and CSF melatonin acts on SCN via MT1 and MT2 receptors for resetting the circadian 
pacemaker. RHT retinohypothalamic tract, PACAP pituitary adenylate cyclase activating polypep-
tide, cAMP cyclic adenosine monophosphate, CREB cAMP response element-binding, P-CREB 
phosphorylated CREB, CaMK calmodulin kinase, PKA protein kinase A, GABA gamma-amino 
butyric acid, PVN periventricular nucleus, SCG superior cervical ganglion, ILCC intermediolateral 
cell column, NE norepinephrin, AC adenylate cyclase, AANAT arylalkylamine N-acetyltransferase, 
ICER an inducible cAMP early repressor
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thesis. Melatonin helps regulate other hormones and maintains the body’s circadian 
rhythm through its receptors. The rhythm of melatonin production is endogenous 
such that melatonin levels are high at night and low during the day (Reiter et al. 
2010; Yonei et al. 2010).

Melanopsin-containing ganglion cells in retina relay light information to the SCN 
via the retinohypothalamic tract (RHT) by releasing glutamate and pituitary adenyl-
ate cyclase activating polypeptide (PACAP) which causes entrainment of clock gene 
expression in the SCN. Information from SCN neurons passes to the periventricular 
nucleus (PVN) of the hypothalamus where they release gamma-amino butyric acid 
(GABA). The PVN gives message of darkness to pineal via intermediolateral cell 
column (ILCC) and superior cervical ganglion (SCG). The sympathetic nerve fibres 
from the SCG release norepinephrine (NE) which acts on both α1- and β-adrenergic 
receptors present on the pinealocytes. The β-adrenergic receptors stimulate adenyl-
ate cyclase (AC) and α1 adrenergic receptors potentiate the β- induced cAMP pro-
duction. Increased levels of cAMP lead to the activation of cAMP-dependent protein 
kinase A (PKA). The PKA phosphorylates a group of transcription factors such as 
cAMP response element-binding (CREB). Phosphorylated-CREB (P-CREB) binds 
to the cAMP-responsive elements (CREs) present on the cAMP response genes such 
as arylalkylamine N-acetyl transferase (Aanat) and stimulates its transcription lead-
ing to 100–150 folds increase in Nat mRNA levels and translation with 70 folds 
nocturnal increase in protein levels and also maintains the enzyme in its active form. 
Activation of anat results in a 10-fold increase in melatonin synthesis and secretion, 
approximately 5–6 h after the onset of night. The cAMP also triggers the expression 
of a negative transcription factor, an inducible cAMP early repressor (ICER) which 
competes with P-CREB for the CREs in the Aanat promoter. Aanat gene expres-
sion is suppressed when there is a decrease in P-CREB together with an increase 
in ICER. Increased ICER levels inhibit transcription of CRE-induced genes late in 
the night. The mechanism involved in photoperiodic control of pineal metabolism 
involves two important links: photoperiodic regulation of Aanat gene expression 
and HIOMT activity occurs at the transcriptional level (Simonneaux and Ribelayga 
2003). The mRNA levels of HIOMT exhibit circadian variation with a peak at mid-
light phase in in vivo as well as in vitro conditions. The SCN controls melatonin 
rhythm in the pineal by using inhibitory signal, GABA during day time and stimula-
tory signal, glutamate at night time. The decrease in melatonin synthesis at the end 
of the night depends on post-translational mechanisms triggered by termination of 
NE release from SCG terminals (Perreau-Lenz et al. 2005). Melatonin is transported 
into the blood and cerebrospinal fluid (CSF) of the third ventricle.

Melatonin receptors inhibit neuronal activity and phase shift circadian firing 
rhythms in the SCN (Dubocovich et al. 2003). Melatonin receptors are G protein-
coupled receptors with two types of G-proteins (Gi (inhibitory- activates K + chan-
nels, inhibits adenylate cyclase) and Go (inhibits Ca2 + channels)). G proteins acti-
vate AC which in turn activates second messenger molecules for regulation of vari-
ous physiological functions. In mammals, three types of melatonin receptor have 
been identified: MT1 (or Mel1A or MTNR1A), MT2 (or Mel1B or MTNR1B) and 
MT3 (or Mel1C or MTNR1C) (Sugden et al. 2004).
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Both blood and CSF melatonin acts on SCN via MT1 and MT2 receptors for 
resetting the circadian pacemaker and regulating circadian processes such as sleep 
(Reiter et al. 2010; Yonei et al. 2010). Melatonin when it binds to its receptors, 
there is an influx of Ca2 + which then activates calmodulin by binding to it. This 
Ca2 + calmodulin complex binds to Calmodulin kinase II (CaMKII) and activates it. 
CaMKII also gets autophosphorylated and phosphorylates intracellular targets such 
as tryptophan hydroxylase. SCN is rich in CaMKII and it is known to be involved in 
transmission of photic information and phase resetting of the circadian clock upon 
light exposure. Phosphorylation of CaMKII is rhythmic both under free-running 
and entrained conditions with peak levels during the subjective day (Agostino et al. 
2004).

The basic function or nature of an oscillatory system is to return the system 
when it moves away from its regular manner. This is achieved by involvement of 
positive and negative feedback loops. Several putative clock genes, clock, per1, 
per2, per3, bmal1, cry1 and cry2 are expressed abundantly in the SCN (Takahashi 
et al. 2008; Dibner et al. 2010; Welsh et al. 2010). The positive regulators include 
clock, bmal1 and rorα, whereas the negative elements comprise of per, cry and 
rev-erbα. All genes are expressed rhythmically except clock that is constitutively 
expressed. When CLOCK and BMAL1 reach critical concentrations, they dimerise. 
The CLOCK/BMAL1 hetrodimers then act at E-box elements to promote transcrip-
tion of Period (per1, per2, per3) and Cryptochrome (cry1, cry2) genes, leading to 
increased PER and CRY levels. PER and CRY in the cytoplasm are phosphorylated 
in the presence of caesin kinase 1 ε and δ, heterodimerize and then enter the nucleus 
and inhibit transcription of their own genes by interacting with CLOCK/BMAL1 
heterodimer complex. The clock proteins are regulated dynamically in both spatial 
(nuclear and cytoplasmic) and temporal (production and degradation) dimensions. 
Delays could be associated with transcription, translation, dimerization, nuclear 
entry of PER/CRY heterodimers. The main oscillatory clock proteins shuttling be-
tween nucleus and cytoplasm are degraded by ubiquitination and the proteasome 
pathway. Further, ubiquitin ligase complexes β-TrCP1 and FBXL3 are responsible 
for decline in cytoplasmic PER and CRY levels (Yagita et al. 2002). In addition to 
this core loop, negative feedback loop, with REV-ERBα acting on ROR elements to 
inhibit bmal1 transcription, also contributes to clock precision and robustness. Core 
clock output involves in addition to the central loop involving CLOCK/BMAL1, 
another indirect pathway, consisting of antagonistic regulation of PAR proteins and 
E4 BP4 (Mitsui et al. 2001). Thus daily cycling of clock gene mRNA, clock protein 
and other clock controlled genes and their protein products is characteristic of cir-
cadian systems (Welsh et al. 2010).

Interestingly, sirtuin 1 (SirT1) has been linked recently to the circadian rhythm 
machinery through direct deacetylation activity as well as through the NAD + sal-
vage pathway (Jung-Hynes et al. 2010). In addition, the post-translational modifi-
cations of clock proteins are important for ensuring the maintenance of circadian 
rhythms, as they can modulate the activity and turnover of major clock components 
(Bellet and Sassone-Corsi 2010).
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8.2  Age-Induced Circadian Rhythm Disruptions

Disruption of circadian rhythms is both the cause and the consequence of many 
diseases. Aging is the progressive deterioration in the behavioral, biochemical, 
physiological, morphological and anatomical aspects of an organism (Jagota 2005; 
Kirkwood 2005). Aging and circadian rhythms were linked initially by studies 
on circadian rhythms of release of hormones such as cortisol, thyroid stimulating 
hormone (TSH), melatonin, prolactin, growth hormone (GH) and sleep pattern of 
young and healthy elderly men. These alterations in the rhythmicity of these hor-
mones can be related to modification in the kinetics of the activation of signaling 
pathways in the SCN; a reduction in the amplitude of photic information from the 
retina to the clock as well as age-related changes within the clock mechanism of 
the SCN itself. Early onset of activity, i.e., phase advance has been also reported 
in hamsters and mice with aging. Some workers have reported altered locomotor 
and wheel running activity, feeding, drinking, and core body temperature (CBT) in 
old rats and decreased melatonin synthesis and its outflow (Mishima et al. 2001). 
Thus, the circadian clock properties and functioning are altered with aging with the 
desynchronization of rhythms and the efficacy of input and output pathways to and 
from the SCN. The diurnal rhythm of α1 adrenergic receptor expression, character-
istic of young rats, disappears by middle age (Smith et al. 2005). Aging results in 
neuronal deterioration, reduction of dendritic surface, decrease in protein levels as 
well as changes in the glucose rhythms. These changes lead to the aperiodic pattern 
of firing in the SCN neurons. Circadian disruptions associated with aging lead to 
poor health consequences and hastened senescence in elderly people. The decline in 
physiological function with aging may be associated with malfunctioning of various 
autonomic systems in the body. Aging is linked with the decreased robustness in the 
functioning of the circadian system in humans with reduced sensitivity of the SCN 
to retinal stimulations, loss of temporal coordination among bodily systems, lead-
ing to deficits in homeostasis and sub-optimal functioning of the physiology. Such 
alterations accelerate the aging process and contribute to senescence with neuronal 
degeneration of SCN leading to organic deterioration of the circadian oscillator and 
is characterized by loss of precision, decreased synchronization, a shorter period of 
the endogenous oscillator, reduced exposure to synchronizing stimuli such as light, 
or altered responsiveness to zeitgeber (Benloucifa et al. 2006; Gibson et al. 2009). 
Various studies on human aging show a decrease in pacemaker output and that 
the symptomatic expression of this abnormality is circadian rhythm sleep disorders 
(CRSD) (Fig. 8.2; Table 8.1) responsible for decrease in daytime alertness with a 
decline in actual sleep time, leading to system wide changes affecting physiology, 
e.g., digestion, mood and fatigue (Jagota 2005; Gibson et al. 2009). Temporal isola-
tion experiments revealed that there is a negative relationship between the period of 
clock and age of the individual. Interestingly about 80 % of subjects in the 50–80 
year age group have been found to show spontaneous internal desynchronization of 
rhythms that may affect sleep patterns and other aspects of aging (Wu et al. 2007). 
The phase advance in various rhythms with aging in older people such as sleep 
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Table 8.1  Age induced circadian rhythm disorders
Disease
Circadian rhythm sleep disorders (CRSD)
 Advanced sleep phase syndrome (ASPS)
 Delayed sleep phase syndrome (DSPS)
 Non 24 h sleep wake disorder: free running disorder (FRD)
 Sleep fragmentation (SF): irregular sleep wake pattern
Periodic leg movements in sleep (PLMS)
Sleep disordered breathing (SDB)
REM sleep behavior disorder (RBD)
Restless leg syndrome (RLS)
Narcolepsy
Alzheimer’s disease: sundowning
Insomnia
Chronic obstructive pulmonary disease (COPD)
Dementia: mild cognitive impairment (MCI)
Depression: affective disorders
 Mood disorders
 Unipolar affective disorder
 Bipolar affective disorder
 Seasonal affective disorder
 Major depressive disorder (MDD)
Cardiovascular disorders
Cancer
Congenital blindness
Metabolic syndrome

A. Jagota

Fig. 8.2  Circadian rhythm 
sleep disorders (CRSDs): 
ASPS advanced sleep phase 
syndrome, DSPS delayed 
sleep phase syndrome,  
FRD free running disorder, 
SF sleep fragmentation
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wake, body temperature and hormone rhythms have been reported. Sleep distur-
bance is also a frequent symptom in patients with age associated neurodegenerative 
diseases such as Parkinson’s disease (PD), Alzheimer disease’s (AD) and Dementia 
(Harper et al. 2005; Whitehead et al. 2008). Many AD patients also suffer from 
severe circadian system related behavioural disturbances such as daytime agitation 
and night restlessness that they are linked to mental decline. Cellular senescence 
has been reported to impair circadian expression of clock genes due to decrease in 
ability of cells to transmit circadian signals to their clocks. The impairment is asso-
ciated with decreased responsiveness of CREB-dependent signaling (Kunieda et al. 
2006). Altered sleep/activity patterns can affect the function of the central and pe-
ripheral oscillators leading to alterations in metabolism. Altered sleep patterns can 
lead to arrhythmic exposure to light and thus constant resetting of the central oscil-
lator which in turn may alter normal feeding patterns and desynchronize peripheral 
oscillators in metabolic tissues, such as liver and pancreas (Bellet and Sassone-
Corsi 2010). Aging has also been linked with onset of menopause accompanied 
with changes in biological rhythms. The biological rhythms appear compromised 
by the middle age. We have also previously reported age induced alterations in daily 
rhythms of 5-HT levels in brain as well as SCN starting at middle age (Jagota and 
Kalyani 2008, 2010).

8.3  Age-Induced SCN Dysfunction at Neurotransmitter 
Level

It has been reported that aging causes a diminished function with decrease in the 
concentration of various neurotransmitters in the brain leading to various behav-
ioural changes. The SCN contains one of the densest serotoninergic terminal plexus 
of the brain (Jagota 2006). Serotonin is an important neurotransmitter associated 
not only with circadian function but also with various physiological functions such 
as growth, neuroprotection, neurogenesis, behaviour abnormalities such as aggres-
sion, insomnia, depression, suicidal or criminal behaviour, loss of sex drive, despair 
and/or misery in elderly and modifications of the fine wiring of brain connections. 
In addition, serotonin metabolism plays an important role in regulation of food in-
take, reproduction, immunity, neurological function and anti-stress responses (Chen 
et al. 2007; Jagota and Reddy 2007; Yao et al. 2011).

The age related decline in brain serotonin levels has been reported in rats and 
monkeys (Kakiuchi et al. 2001) as well as human (Van Dyck et al. 2000). The age 
related alterations in serotonin have been related by some workers with psychiatric 
disorders such as depression, psychosis as well as neurodegenerative disorders such 
as PD and AD (Rehman and Masson 2001). We have previously reported progres-
sive decline with age in mean 5-HT levels in brain as well as SCN and reduced am-
plitude of daily rhythmicity with disintegration at middle age. Such changes in loss 
of daily serotonin rhythmicity in brain and SCN in aging rats were linked earlier to 
age related circadian and sleep disorders (Jagota and Kalyani 2008, 2010).
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As age induced decrease in serotonin levels has been linked to decrease in mela-
tonin levels which in turn influence serotonin levels through feedback mechanisms, 
leading to disturbed physiological function and senescence. Decreased serotonin 
levels have been also related to the decreased transport of precursor amino acid 
i.e. tryptophan across the blood-brain-barrier; diminished activity of the anabolic 
enzymes and/or enhanced activity of catabolic enzymes which could be responsible 
for lower serotonin levels in the aging brain (Hussain and Mitra 2000). Many work-
ers have reported the age related change in the morphology of serotonergic neurons 
in rat brain stem nuclei, frontal cortex, striatum, hypothalamus and in various brain 
regions, decline in melatonin and norepinephrine levels and MT1 melatonin recep-
tor in SCN (Wu et al. 2007). The age induced decreased serotonin levels could 
also be responsible for age related increased MAO-B levels and neurodegeneration 
(Toussaint et al. 2000). A similar change in neurotransmitter serotonin receptors 
5-HT7 and loss of sensitivity to the circadian effects of 8-OH-DPAT (Serotonin 
agonist) and decreased density of α-adrenergic receptors in SCN of aging hamsters 
have been reported. The functional activity of the SCN is also altered with a loss of 
day/night differences in vasoactive polypeptide mRNA levels of aged rats (Aujard 
et al. 2001).

The amplitude of release of neurotransmitters and neuropeptides declines and 
the rhythms of release become more erratic. Aging alters the rhythmic expression of 
vasoactive intestinal peptide (VIP) in the SCN though Arginine vasopressin (AVP) 
rhythm persists. Aging and AD have been reported to show degeneration of SCN 
with decrease in vasopressin levels as well as its mRNA level with decreased mela-
tonin levels (Doi et al. 2011).

8.4  Aging and Clock Gene Expression

The age related desynchronization and deterioration occurs at the level of individual 
cells and is related with decreased expression of several genes involved in the mo-
lecular machinery of the circadian clock. Both clock and bmal1 show reduced ex-
pression with aging. The involvement of bmal1 in the aging has been demonstrated 
by some workers through experiments such as that bmal1 null mutant mice show 
early signs of aging. It is an important protein required for normal tissue homeosta-
sis in mice (Kondratov et al. 2006). Interestingly, reductions in bmal1 expression 
are not yet linked with changes in Per1, Per2 and Cry1 amplitude in the aged SCN, 
thus indicating the involvement of downstream targets of bmal1 responsible for 
circadian disruption with advanced age (Asai et al. 2001). Mice mutant for Per1 
and Per2 showed early onset of aging with faster decline of fertility and loss of 
soft tissue (Lee 2005). Clock gene expression of peripheral tissues such as liver 
and heart has also been reported to decrease with aging. Some experiments have 
been reported to show no change in per1 and per2 in constant darkness and per1- 
driven luciferase with aging (Hofman and Swaab 2006). The existence of a complex 
interconnection between aging and individual components of the circadian clock 
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machinery has been highlighted by some workers (Antoch et al. 2008). Recently, 
SirT1 has been identified as regulator of aging, inflammation and metabolism (Bel-
let and Sassone-Corsi 2010). In addition, many studies provide strong evidence that 
the circadian clock and circadian rhythmicity regulate aging and cancer through 
circadian clock gene expression and their products as well as epigenetic modifica-
tions (Yu and Weaver 2011).

8.5  Age-Induced Disruptions in Melatonin Production

The circadian organization of body is mediated through the rhythmic release of var-
ious hormones, especially melatonin, and the secretion pattern change during aging 
so does the temporal organization of physiological and behavioural function. Inter-
estingly age has been associated with a gradual waning of the nocturnal melatonin 
rhythm in all species including humans examined to date. Since melatonin secretion 
decreases with aging, some workers called this condition as “pinealpause”. De-
creased melatonin leads to disturbances in the circadian pacemaker, which causes 
internal temporal desynchronization inducing a variety of chronopathologies and 
leads to generalized deterioration of health (Fig. 8.3). We have found reduced mela-
tonin levels with aging in both SCN and pineal in aging rats with loss of rhythmicity 
in middle age. Reduced melatonin concentration during aging, especially nocturnal 
levels, has been extensively reported in the pineal gland, plasma, CSF and urine as 
6-hydroxymelatonin. The variations in the nocturnal serum melatonin peak at the 
age of 60 with decline by 70 year of age onward has been reported by many work-
ers with change in timing of melatonin rhythm. Interestingly, older subjects enter 
sleep and awake earlier relative to their nightly melatonin secretory episode which 
indicates that aging is also associated with a change in the internal phase relation-
ship between the sleep-wake cycle and the output of the circadian pacemaker. The 
decreased melatonin levels with age have been related to increased calcification in 
pineal gland in human leading to disturbed circadian rhythmicity in the sleep-wake 
cycle. However, no relationship between plasma melatonin or the metabolite 6-hy-
droxymelatonin in urine has been reported by some workers (Pandi-Perumal et al. 
2005; Cardinali et al. 2008; Hill et al. 2011).

The peripheral melatonin levels have been reported to have auto-regulatory ef-
fects on receptor expression in the SCN, i.e. decreasing circulating melatonin lev-
els by pinealectomy increases melatonin receptor expression in the SCN, whereas 
a single melatonin injection results in decreased melatonin receptor expression in 
the SCN. The melatonin levels decrease in the course of aging and even more dra-
matically in AD. Interestingly, autoregulatory feedback loop has been reported to 
be disturbed during aging and AD due to degeneration of the SCN neurons (Wu 
et al. 2007).

There is decline in melatonin and its precursor serotonin with aging. Melatonin 
deficiency especially in relation to serotonin may be responsible for the promotion 
of aging in the organism. Disturbed circadian melatonin rhythms have profound ef-
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fects on the health and well-being of the elderly subjects (Poeggeler 2005; Wu et al. 
2007). Healthy elderly subjects showed earlier clock time for melatonin circadian 
rhythms, which could be responsible for advanced wake time, cortisol, body and 
temperature peaks (Smith et al. 2005). Circadian disruptions have been related to 
decrease in MT1 receptor in aged subjects and late stage clinical AD patients. Simi-
larly, alterations in circadian rhythms as well as production of the pineal hormone 
melatonin have been linked to aging and cancer risk (Wu et al. 2007).

8.6  Aging, Circadian Rhythms and Oxidative Stress

Age associated increase in oxidative stress or damage and inflammation are as-
sumed to be a central phenomenon of aging (Fig. 8.3). Their attenuation is an aim 
for both healthy aging and life extension. Though, how clocks influence aging is not 

Fig. 8.3  Therapeutic effects of antioxidant melatonin. The diagrammatic representation of senes-
cence induced decline in health and physiological functions responsible for circadian dysfunction 
leading to aging and effects of melatonin in restoring such functions leading to longevity

A. Jagota
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yet understood, there appears a relation between oxidative processes and reductive 
protection, detoxification, recharging and restoration (Rollo 2009).

Aging is linked with selective cell death in the brain. This could be associated 
with oxidative stress due to increased free radical generation and accumulation 
of reactive oxygen species (ROS) and nitrogen species (RNS) leading to onset of 
many age related neurodegenerative diseases. The gradual reduction with aging in 
melatonin, which functions as an autocoid, paracoid, hormone, antioxidant and a 
tissue factor could be responsible for accumulation of oxidatively modified mol-
ecules leading to mitochondria related disorders. Impaired mitochondrial dysfunc-
tion is regarded as the driving force for aging process with enhanced production of 
ROS. This could be responsible for possible accumulation of mitochondrial DNA 
mutations in postmitotic cells which are considered to be contributory factors to age 
related degeneration.

Melatonin has been reported to exist in higher plants (edible plants) and is inad-
vertently obtained from daily meals. Melatonin administration leads to sleep pro-
moting effect in addition to lowering deep body temperatures not only in those with 
rhythm disorders but also in healthy individuals from children to elderly people, 
shortens the time required to fall asleep; improves sleep. In addition, melatonin 
functions as an antioxidant and acts in bone metabolism. It has been reported to in-
hibit age related visceral adiposity. Melatonin inhibits lipid peroxidation and blocks 
the production of isoprostanes. It is involved in free radical (OH., O2., and NO.) 
scavenging (Poeggeler 2005). In addition, the endogenous melatonin also stimu-
lates the antioxidant enzymes such as glutathione peroxidase (GPx), superoxide 
dismutase (SOD) and catalase (CAT) as well modulates the daily rhythm patterns of 
glutathione levels in rat liver and brain (Baydas et al. 2002). Hence melatonin has 
its own antioxidant effect and also intensifies the activity of endogenous antioxi-
dant enzymes, which together exert a powerful antioxidant effect. Considering that 
melatonin is secreted during the night time and passes through the blood brain bar-
rier, it may play a preventive role against oxidation disorders of cerebral nerve cells 
during nocturnal sleep (Yonei et al. 2010). Recently, melatonin has been reported 
to regulate synthesis of 7α-hydroxypregnenolone which plays a central role in the 
circadian rhythms of activity (Tsutsui et al. 2009).

As melatonin has marked beneficial actions at cellular level particularly in mi-
tochondria, various modes of action have been identified at different levels, from 
anti-excitatory/anti-excitotoxic and anti-inflammatory effects to regulation of anti- 
and pro-oxidative enzymes and direct radical detoxification (Hardeland et al. 2012). 
The relationship between radical formation to circadian function has many aspects 
such as age associated decline in the amplitude of circadian oscillations and dys-
phasing due to progressive shortening of spontaneous circadian period resulting 
in phase advance as well as the steady decline in nocturnal rhythmic secretion of 
melatonin levels. The survival signal pathways have been reported to be activated 
by melatonin. One such pathway is the Bcl-2 pathway, which stabilizes mitochon-
drial function by anti-apoptotic Bcl-2 family modulators. Since melatonin can read-
ily reach the mitochondria due to its high lipophilicity, upon entry into the cell, it 
could become concentrated at a superficial position in lipid layers near the polar 
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heads of phospholipids, a key place to function as a free radical scavenger (Rebrin 
et al. 2005).

The oxidative stress, DNA damage, mitochondrial dysfunction and altered cel-
lular and subcellular activities of various organ systems are accompanied with 
mammalian aging (Judge et al. 2005). Decreased endogenous melatonin levels in 
aging may contribute to free radical-mediated brain aging (Reiter et al. 2010). The 
deteriorated free radical scavenging system due to oxidative/nitrosative stress in 
aged individuals plays a role in altered circadian rhythms pattern (Hardeland et al. 
2011, 2012). The altered circadian behavior of endogenous antioxidants and lipid 
peroxidation levels in blood of wistar rats has been reported during aging process 
(Nachiyar et al. 2011). The decreased antioxidant levels in aged individuals result 
in accumulation of ROS leading to lipid peroxidation of membranes by damaging 
polyunsaturated fatty acids present in the membrane phospholipids (Sohal 2002; 
Yoon et al. 2002). Thus free radicals generated during aging are detoxified by stim-
ulating the intracellular antioxidants glutathione, SOD, CAT and GPx through ad-
ministration of antioxidants such as lipoate (Arivazhagan et al. 2000) or melatonin 
(Mauriz et al. 2007; Baeza et al. 2010).

8.7  Effect of Exogenous Melatonin Administration on 
Age-Induced Circadian Disruption

Melatonin is a multitasking molecule. It is an endogenous synchronizer and has 
widespread integrative and regenerative effects with numerous functions as a free 
radical scavenger, potent antioxidant and an antiaging drug. Melatonin not only 
functions as a hormone and a circadian mediator for time information but also elim-
inates free radicals. Melatonin is used for the treatment of various diseases and 
disorders such as cancer, immune disorders, cardiovascular diseases, depression, 
seasonal affective disorder (SAD), CRSDs and sexual dysfunction. Melatonin has 
been found to act as a differentiating agent in some cancer cells and to lower their 
invasive and metastatic status.

Interestingly, melatonin as well as its metabolites (cyclic 3-hydroxymelatonin, 
AFMK and AMK) are highly effective in scavenging for variety of toxic radicals 
such as ONOO– (Peroxynitrite), O2.– (Superoxide anion), H2O2 (Hydrogen perox-
ide), 1O2 (Singlet oxygen), NO. (Nitric oxide), LOO. (Lipid peroxyl) and HClO 
(Hypochlorous acid), thus protecting cells from oxidative damage. Oxygen (O2) is 
the precursor for generating various free radicals in mitochondrial electron trans-
port chain (ETC). Melatonin is found to be successful in reducing cellular damage 
and death by detoxifying the free radical generated in ETC from O2. Melatonin 
therapy has been shown to improve sleep disturbances in the elderly, indicating that 
a complex interaction of decreased pacemaker output as well as responsiveness of 
effector systems to pacemaker outputs play a major role in aging (Miller et al. 2005; 
Davidson et al. 2008).
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Interestingly, melatonin has been reported to have actions which are non-ge-
nomic i.e. do not require a receptor or formation of a complex with another mol-
ecule. This receptor- independent action i.e. radical scavenging has been related to 
presence of melatonin in vicinity of a ROS when it is generated. As mitochondria 
are site of free radical production, it would be advantageous if concentrations of 
melatonin were high within the mitochondria. Martin et al. (2000) have reported 
higher concentrations of melatonin in mitochondria compared to other portions of 
cell or blood. Melatonin highly resists mitochondrial oxidative damage and cellular 
apoptosis, portends its use in clinical medicine to treat septic shock, neurodegenera-
tion, ischemia, ionizing radiation, toxin, heavy metal exposure, etc. Interestingly, 
a number of studies have compared melatonin with classic antioxidants such as 
glutathione, mannitol, vitamin C, vitamin E and reported that melatonin is a better 
antioxidant (Reiter et al. 2010).

In addition, melatonin has been reported to inhibit free radical formation in mi-
croglia exposed to amyloid β1-42 by preventing the phosphorylation of the p47 Nox 
subunit via the P13/Akt pathway, thus giving support to the hypothesis that melato-
nin has a protective effect at the level of radical generation (Srinivasan et al. 2011).

The exogenous administration of melatonin helps in resetting the circadian clock 
as the endogenous melatonin declines with age for several reasons (Revell et al. 
2006; Jagota and Kalyani 2008, 2010). External administration of melatonin is as-
sociated with treatment of cancer, age related and circadian rhythm disorders due to 
its potent antioxidant activity (Reiter et al. 2010). Various reports proved that mela-
tonin acts as an antiaging agent (Touitou 2001; Tajes et al. 2009; Reiter et al. 2010; 
Hardeland et al. 2012). We have recently reported effect of exogenous melatonin 
administration on age induced alterations in serotonin rhythms in SCN. Our stud-
ies indicated an age related decrease in the mean serotonin levels and daily 5-HT 
rhythmicity in SCN. Melatonin administration restored differentially altered sero-
tonin levels and amplitude of rhythmicity in variable age groups. Interestingly, we 
found age related loss of sensitivity of melatonin in restoration of 5-HT levels and 
its rhythmicity and that the restoration was relatively better in middle age groups 
(Jagota and Kalyani 2010).

The use of melatonin has received extraordinary attention as a novel pharma-
cological approach to treat circadian rhythm disturbances in aging and age related 
disorders such as PD, AD and dementia (Table 8.2). Melatonin has been shown to 
be effective in treatment of seasonal affective disorder and is being considered for 
bipolar and other disorders where circadian disturbances are involved. Studies have 
found that the use of melatonin can help entrain the circadian clock to environmen-
tal cycles and have beneficial effects for the treatment of certain forms of insomnia 
(Turek and Gillette 2004; Wade et al. 2007). In another study, researchers concluded 
that melatonin is effective in treating delayed sleep phase syndrome (Buscemi et al. 
2006).

Melatonin has been reported to increase survival and inhibit oxidative and amy-
loid pathology in a transgenic mouse model of AD. In AD patients, melatonin has 
been suggested to improve circadian rhythmicity, decreased agitated behaviour, 
confusion and sundowning in uncontrolled studies (Maurizi 2001; Zisapel 2001) 
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(Table 8.2). Recently, ramelteron, a potent agonist for the melatonin receptors has 
been reported in its efficacy towards management of chronic insomnia, sleep la-
tency, total sleep time, etc. (Spadoni et al. 2011).

Melatonin administration has been demonstrated to improve blood levels of neu-
tral fat, free fatty acids, total cholesterol and to reduce TNF-α by 50 % in experimen-
tal rat model of diabetes. Pinealectomy resulted in increased insulin resistance and 
induced hyperinsulinemia accelerating disease progression in type 2 diabetes. Thus, 
melatonin improves insulin resistance (Nishida et al. 2003). Long term administra-
tion of melatonin to middle aged and old humans and experimental animal models 
of hypercholesterolemia as well as diabetes reduces blood and liver cholesterol and 
LDL-cholesterol levels. In addition, treatment of peri- and postmenopausal women 
with melatonin increased HDL-cholesterol. Hence, melatonin favourably affects 
lipid metabolism also. Melatonin plays very important role in bone metabolism. 
It accelerates the proliferative differentiation of osteoblasts and increased collagen 
production and prevents osteoporosis and accelerates fracture healing. Melatonin 
administration has been related with prevention of brain damage during fetal and 
neonatal period (Yonei et al. 2010).

Circadian rhythms also affect the time dependent therapeutic efficacy and toxic-
ity of drugs by influencing both the pharmacokinetics and pharmacodynamics. As 
melatonin has been associated with chronotherapy, understanding and character-
izing the complexities of circadian rhythmicity will help in timely administration 
of chemotherapy agents in various age induced disorders (Jung-Hynes et al. 2010).

8.8  Summary and Conclusion

Senescence decreases the ability of cells to transmit circadian signals with decline 
in endogenous melatonin. The circadian dysfunction with aging is linked to human 
pathophysiology both as a contributing factor as well as consequence. Information 

Table 8.2  Therapeutic effects of melatonin administration on age induced circadian disorders
Disease Reference
Alzheimer’s disease (AD): decreased “sundowning,” improved sleep, 

slowing of the disease
Maurizi 2001

Advanced sleep phase syndrome (ASPS) Zisapel 2001
Sleep disturbances in PD: improvement in total night time sleep Dowling et al. 2005
Sleep problems in chronic obstructive pulmonary disease (COPD): 

improvement in sleep
Nunes et al. 2008

Rapid eye movement (REM) sleep behavior disorder and narcolepsy Billiard 2009
Delayed sleep phase syndrome (DSPS): synchronization of sleep-wake 

rhythm
van Geijlswijk et al. 

2010
Restless leg syndrome (RLS): significant improvement of leg discomfort Whittom et al. 2010
Mild cognitive impairment (MCI) in AD: improves sleep quality and 

cognitive performance
Cardinali et al. 2011
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collected here displays a window on therapeutic effects of melatonin with the po-
tential as rhythm synchronizer, an anti inflammatory, an antioxidant- a potent free 
radical scavenger and an antiaging drug with beneficial effects on sleep as well as 
age related diseases (Fig. 8.3). The sirtuins have emerged as potential therapeutic 
targets for treatment of human pathologies involving circadian dysfunction such 
as neurodegenerative, cardiovascular, metabolic diseases and cancer. As circadian 
rhythms also affect the time dependent therapeutic efficacy and toxicity of drugs, 
understanding and characterizing the circadian rhythmicity in gene expression in 
various tissues will play an important role in both optimizing the timing of drug 
administration and in the development of new therapeutics targeting the molecular 
clock. With the huge increase in the development of antibody and antisense oligo-
nucleotide based therapeutics, characterizing the circadian rhythmicity in mRNA 
and protein expression will become more prominent in the future. Thus, there is 
need for more basic and clinical research and lifestyle that can increase melatonin 
with age.
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Abstract Neurolipofuscin is considered a reliable biomarker of aging. Accumulat-
ing evidence indicates that it is not simply an inert, harmless, wear and tear pigment 
but it distorts the protein building machinery of the cell and interferes with the 
important autophagic process. Numerous forms of cellular stresses activate macro-
autophagy. Increased autophagic vacuoles (AVs) are associated with not only aging 
and ceroid disorders but also Alzheimer’s disease. Mitochondria may have means 
for specifically targeting macroautophagy degradation which would be particu-
larly important for the healthy long axons and distal terminals. The decomposition 
of mitochondrial material is not only an important source of lipofuscin, but is at 
the same time a key to the understanding of mechanism of aging. Lipofuscin may 
become indigestible because the proteins are ‘fixed’ via aldehyde bridges between 
amino groups. The increasing proportion of defective mitochondria and an ever 
decreasing supply of functional lysosomes are postulated to hasten the senescence 
and/or demise of the postmitotic cells. Oxidatively damaged mitochondria may 
contain some already peroxidized undegradable macromolecules. Brain aluminum 
content is known to increase with age Aluminum toxicity might be one of the under-
lying causes of Alzhemier’s disease. Accumulation of this element in aged neurons 
has been demonstrated along with increment of lipofuscin. Both aluminum and iron 
bind to transferrin receptor before crossing the blood-brain barrier via transferrin 
mediated endocystosis. High level of iron, concomitant with increased aluminum 
content, has been detected in the aged rat brain. Accumulating evidence indicates 
that chronic aluminum administration accelerates aging process. A number of 
antioxidants have been reported to decrease lipofuscin content of neurons. Cen-
trophenoxine facilitates elimination of lipofuscin. Also, citiolone retards lipofus-
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cinogenesis. Recently, some Ayurvedic herbal remedies, such as Maharishi Amrit 
Kalash, have been found to reduce lipid peroxidation and lipofuscin deposition. 
Administration of extract of Bacopa monnieri, which possesses strong antioxidant 
activity, has also successfully reduced lipofuscin content of neurons subjected to 
aluminum-induced lipofuscinogenesis. We thus conclude that accumulation of lipo-
fuscin, mitochondrial dysfunctioning and increased reactive oxygen species may 
be significant indicator of aging—perhaps even central to our understanding of the 
complex phenomenon of aging.

Keywords Neurolipofuscin • Aluminum accelerated-aging • Oxidative-stress • 
Antioxidants

9.1  Introduction

The age-dependent accumulation of lipofuscin in brain cells is one of the most con-
sistent features of aging (Glees and Hasan 1976; Hasan et al. 2009). Accumulation 
of lipofuscin may be the result of an imbalance between formation and removal 
mechanisms. Lipofuscin is often considered a hallmark of aging, showing an ac-
cumulation rate that inversely correlates with longevity (Terman and Brunk 2004). 
Aside from large lipid content, lipofuscin is known to contain sugars and metals, 
mercury, aluminum, iron, copper and zinc (Takutake 1997). In the aging human 
brain, deposits of lipofuscin are not uniformly distributed but are concentrated in 
specific regions of functional interest. Robust evidence suggests that lipofuscin is 
not benign but can distort and displace the endoplasmic reticulum, the protein build-
ing machinery of the cell. By interfering with the important autophagic process by 
which most worn out cellular components are degraded, it may prevent renewal of 
cells and advance the accumulation of damaged cellular constituents due to binding 
of transition metals, such as iron and copper. Lipofuscin also seems to sensitize ly-
sosomes and cells to oxidative stress. Of importance in pathogenesis of age-related 
macular degeneration, lipofuscin deposition interferes with the phagocytic activity 
of retinal pigment epithelial cells and also sensitizes their lysosomes to blue light 
(Terman and Brunk 2004). Additionally, it can impair the functioning of seemingly 
unrelated cellular systems, including the ubiquitin/proteasome pathway. The inhibi-
tion of proteasomal system is one of the major aspects of the cytotoxic effects of 
lipofuscin, which inhibits the proteasome by binding to surface motif (Hohn et al. 
2011). This membrane-bound cellular waste can neither be degraded nor ejected 
from the cell.

9.2  Perturbed Proteolytic Degradation

The protease inhibitor, leupeptin, has been shown to cause an accumulation of ly-
sosomally associated intracytoplasmic dense bodies resembling lipofuscin when 
administered intraventricularly to the brains of young rats (Ivy et al. 1989). These 
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findings support the idea that lipofuscin formation during normal aging involves 
perturbed proteolytic degradation.

9.3  Autophagic Vacuoles (AVs)

The term ‘autophagy’ is used specifically for the lysosomal degradation by a cell 
of its own components. One form, macroautophagy, in which AVs accumulate cy-
tosolic components including proteins, lipids and nucleic acids for degradation, 
provides the only means by which a cell can degrade its own large organelles such 
as mitochondria (Sulzer et al. 2008). Macroautophagy occurs by the formation of 
autophagosomes, double-membrane vesicles that sequester organelles, proteins or 
portions of the cytoplasm, which they fuse with lysosomes. As a result of this pro-
cess, the sequestered contents are degraded by lysosomal enzymes and recycled 
as source of energy. Autophagy may occur either as a general phenomenon, for 
instance, when cells lack nutrients and mobilize their energy reserves, or it can spe-
cifically target distinct cellular structures such as damaged mitochondria (“mitoph-
agy”) (Green et al. 2011). Numerous forms of cellular stresses activate macroau-
tophagy, and increased AVs are associated not only with aging and ceroid disorders 
but also in Alzheimer’s disease (Salminen et al. 2011). Macroautophagy consists 
of steps highly conserved from yeast to mammals, including (1) a triggering via 
inhibition of mTOR (mammalian target of rapamycin) or regulation of insulin re-
ceptor substrate-2 or extracellular signal-regulated kinases (ERKs) that activate the 
Vps34/beclin complex to promote the formation and elongation of the membrane 
forming the AV, (2) sequestration of cytoplasmic content for degradation, and (3) 
acidification and fusion of the AV with the lysosome for proteolytic degradation of 
its content by lysosomal hydrolases.

9.4  Sequestration of Cytoplasmic Content

Although macroautophagy was long considered a purely non-specific bulk degrada-
tion pathway, recent results suggest specific recognition of some cargo. Preferential 
targeting of proteins to AVs may occur by a form of polyubiquitination in which 
ubiquitin subunits are linked via their K63 residues, in contrast to polyubiquitina-
tion at the K48 site which confers delivery of a substrate to the proteasome (Tan 
et al. 2008). Mitochondria may have means for specifically targeting macroautopha-
gic degradation, which would be particularly important for the health of long axons 
and distal terminals. ‘Mitophagy’ of damaged and dysfunctional mitochondria can 
undergo degradation by an ERK2- dependent signaling pathway independent from 
mTOR (Zhu et al. 2007). There may be multiple substrate recognition/targeting 
mechanisms that target additional damaged organelles and pigment components to 
AVs, serving both for degradation and to sequester reactive catecholamine and lip-
ids away from the cyotosol.
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9.5  Lipofuscin (LF) Ontogeny

Contrary to the lysosomal hypothesis of lipofuscin formation supported by Sekhon 
et al. (1969), Glees and Hasan (1976) stressed that “The decomposition of mito-
chondrial material is not only an important source of lipofuscin, but is at the same 
time a key to the understanding of one mechanism of aging.” Their conclusion is 
now well supported by Gray and Woulfe (2005) in the following words. In neu-
rons, LF is generally thought to result from incomplete digestion of mitochondrial 
products. When mitochondria are exposed to UV, a non-degradable substance can 
be pelleted that has properties of LF pigment. A mitochondrial constituent, lipoic 
acid, is associated with neuronal LF in Alzheimer’s disease (Moreira et al. 2007). 
Lipofuscin’s principal lipid components are suggested to stem from reactions of a 
highly reactive lipid derivative, 4-hydroxy-2-nonenal, and malonaldehyde as well 
as an accumulation of dolichols (Ng Ying Kin et al. 1983). 4-Hydroxy-2-nonenal 
reacts with lysine, histidine and cystine residues to form so-called Michael adducts, 
Schiff-base cross-links, and fluorescent fluorophores, and has been reported to 
block proteasome activity (Okada et al. 1999). Peroxide and iron-mediated oxida-
tion may play important roles; cell cultures exposed to low oxygen or iron produce 
LF, whereas iron chelators and antioxidants block the pigment synthesis (Brunk 
and Terman 2002a). In contrast to the short lifetime of typical AVs, pigmented AVs 
accumulate over a lifetime (Sulzer et al. 2008).

9.6  Lipofuscin is Indigestible

Lipofuscin may become indigestible because the proteins are ‘fixed’ via aldehyde 
bridges between amino groups, a form of cross-link that is not a good substrate for 
lysosomal hydrolases (Gray and Woulfe 2005). A trimethyl lysine modification in 
subunit C is proposed to contribute to the resistance of ceroid pigment to degrada-
tion in Batten disease (Katz et al. 1995). It has been suggested that with advancing 
age there may be some slow ‘slippage’ as the rate of free radical damage increases, 
which could block AV/lysosome fusion, while protease activity decreases (Harman 
1989), leading to a buildup of indigestible material.

9.7  Evidence for Lysosomal Dysfunction in Aging

There is much evidence for disrupted lysosomal function over aging (Massey et al. 
2006), which may further contribute to pigment accumulation. As mentioned, Bat-
ten’s disease is caused by mutations of lysosomal proteases, e.g. CLN8 (cathepsin 
D) (Tyynela et al. 2000). The CLN2 mutation of a lysosomal serine protease ap-
pears to specifically inhibit lysosomal degradation of subunit C and possibly an 
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analogous subunit of the secretory vesicle ATPase (Tanner et al. 1997). In addition 
to mutations of lysosomal enzymes, pharmacologic inhibition of lysosomal prote-
ases with leupeptin produces AVs (Nunomura and Miyagishi 1993).

9.8  Inhibition of Lysosomal Fusion

The number of AVs increases when their fusion with lysosomes is disrupted, e.g., 
when microtubules are disrupted by colchicine. This may occur if organelle traffic 
through the axon is overcrowded, resulting in steady hindrance or problems in or-
ganelle transport. Sulzer et al. (2008) observed many instances in video microscopy 
of labeled AVs that appear to be stuck in axons, sometimes bouncing off each other 
as they attempt retrograde transport. Given the cross-talk between degradation path-
ways, so that inhibition of one pathway stimulates another, it may not be surprising 
that proteasome inhibition also induces LF (Terman and Sandberg 2002), perhaps 
via enhancing AV formation. The fusion of endosomes or AVs with lysosomes could 
be blocked by alkalinization within these organelles, as the acidic pH and the ATP-
driven vacuolar proton pump is required for the fusion of endocytic structures with 
the central vacuole (Peters et al. 2001).

9.9  The Free Radical Model of Lipofuscin Accumulation

The recent free-radical theory of aging, as set out by Harman in 1956, casts oxygen 
radicals produced by interaction of the respiratory enzymes involved in the direct 
utilization of molecular oxygen. Harman’s paper cites the work of Fenton, whose 
eponymous chemistry is based on the reactive properties of ferrous iron in the gen-
eration of the highly reactive hydroxyl radical (Fig. 9.1). Much subsequent work 
has localized this iron to mitochondria, residing in the cytoplasm or within autopha-
golysosomes, wherein damaged mitochondria are disassembled for recycling (Ter-
man and Brunk 1998). Regulation of mitochondrial division (fission) is poorly un-
derstood. However, it is likely to be impaired by oxidative damage to mitochondrial 
DNA and proteins. Mitochondria are the main source of reactive oxygen species 
formation, as well as the main target for free radical attack. Although mitochon-
drial fission is not absolutely dependent on mtDNA replication (as is the case for 
cell division which requires nuclear DNA replication); the amount of normal DNA 
per mitochondrion apparently must not be too low. Consistent with this, mtDNA-
depleted cells usually contain substantially enlarged mitochondria. Therefore, age 
dependent accumulation of mutations in mtDNA, perhaps especially in the control 
region for replication, may also diminish mitochondrial fission which latter could 
govern the appearance of abnormal, large mitochondria (Fig. 9.2). The cascade of 
events initiated by the hydroxyl radical is thought to culminate with the formation 
of aldehydes such as malondialdehyde (a quantifiable product of lipid peroxidation 

9 Neurolipofuscin in Aging and Aluminum-Induced Aging …

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

136

Fig. 9.1  Mitochondrial dys-
functioning and production 
of reactive oxygen species 
during aging which could 
promote increased accumula-
tion of lipofuscin granules in 
the aging brain

Fig. 9.2  Electron micrograph 
of perikaryon of a monkey 
lateral geniculate neuron 
showing long mitochondria 
in right half of a figure. The 
magnification indicator line 
on the left represents 1 µm 
(This figure is reproduced 
from Glees and Hasan 1976, 
with the permission of the 
authors)
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and a suitable proxy for reactive oxygen status within mitochondria). It is probably 
the aldehyde bridges linking amino groups that make the proteinaceous component 
of lipofuscin so refractory to lysosomal degradation. The mitochondrial-lysosomal 
axis theory of aging (Brunk and Terman 2002b) posits that the futile task of attack-
ing lipofuscin acts as a sink for lysosomal enzymes, impeding the degradation of 
damaged mitochondria. The increasing proportion of defective mitochondria and an 
ever-decreasing supply of functional lysosomes are postulated to hasten the senes-
cence and/or demise of the postmitotic cell. Lipofuscin granules are detectable in 
a small percentage of neurons in the brains of young children but become progres-
sively and markedly more abundant between the 2nd and 9th decade of life. This 
age associated increase in the sheer amount of lipofuscin in brain cells is attended 
by alterations in its biochemical composition. The topographic pattern of distribu-
tion of lipofuscin accumulation in the human brain is not uniform but displays a 
particular predilection for certain areas. Lipofuscin is present in virtually every type 
of neuron but is most abundant in the largest neurons. It is prominent in areas of the 
brain and spinal cord involved in initiating, monitoring, and controlling movement, 
including the inferior olivary nucleus, the dentate nucleus of the cerebellum, the 
globus pallidus, and the motor neurons in the anterior horn of the spinal cord and 
brainstem. The latter directly innervate muscles and provide the signals necessary 
for voluntary movement of the face, eyes, limbs and trunk. Lipofuscin abundance 
increases with age in the cerebral cortex. Conversely, neurons in certain brain areas 
appear to be resistant to age-associated lipofuscin accumulation, including neurons 
in certain regions of the hypothalamus involved in fluid balance and cardiovascular 
control.

Using electron microscopy, lipofuscin granules appear as osmiophilic, prefer-
entially, perinuclear and irregularly shaped profiles of variable electron density 
(Fig. 9.3). Another important property of lipofuscin is its broad fluorescence. Be-
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Fig. 9.3  On the left hand side, electron micrograph shows part of a nucleus on the right and lipo-
fuscin granules of variegated forms, mostly electron disks mingled with the mitochondrial profiles 
from lateral geniculate body of a monkey. Magnification 40,000×. On the right hand side part of a 
perikaryon of a monkey hippocampal neuron is depicted with a number of electron dense lipofus-
cin granules. Three of them possess electron lucid vacuoles. Magnification 40,000×. (This figure 
is reproduced from Glees and Hasan 1976 with the permission of the authors)
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cause of the difficulties inherent in the analysis of lipofuscin fluorophores, their 
nature and composition has not yet been fully defined. Nevertheless, test tube ex-
periments suggest that reactions between carbonyl (mainly aldehyde, resulting from 
lipid peroxidation reaction) and amino compounds produce Schiff bases that display 
autoflourescent properties. Mitochondria are the main site of ROS formation and 
also the main target of their attack (Harman 1956). Autophagocytosis of mitochon-
dria seems be a major contributor to lipofuscin formation. Oxidatively damaged mi-
tochondria may contain some already peroxidized, undegradable macromolecules. 
Moreover, such effete mitochondria are not only ferruginous (being rich in heme 
proteins) but also may generate larger amounts of superoxide than do functional 
mitochondria (Brunk and Terman 2002a). Their involvement in lipofuscinogenesis 
is supported by fact that a least one mitochondrial protein—ATP synthase subunit C 
(SCMAS) is a predominant component of lipofuscin.

9.10  Aluminum-Induced Lipofuscin

Humans are exposed to Aluminum (Al) from various environmental sources and 
interventions, e.g., ingestion of antacids and dialysis. Aluminum compounds enter 
our bodies through mouth, nose and skin. This metal can also be encountered in 
cookware, some foods, dust and other sources, including drinking water (Nayak 
2002). Aluminum sulphate is commonly used in water purification plants. Humans 
consume on an average 7,600 µg/day of Al from drinking water and food (Yoon and 
McNiven 2001). Evidences from clinical and animal model studies demonstrate 
that brain aluminum content increases with age (Struys-Ponsar et al. 1993). It may 
be either due to increased exposure with age or decreased ability to remove Al 
from the body (Markesberry et al. 1984). Al is a potent neurotoxic element, which 
has been suggested to play an important role in the degeneration of nerve cells of 
experimental animals as well as human brain. It has been implicated in several 
human neurodegenerative disorders, including Alzheimer’s disease (AD). Also, Al 
exposure is reported to be associated with memory loss, tremor, jerky movements 
and generalized convulsions (Zatta et al. 2003). Furthermore, a decline in visual 
memory has been reported in hemodialyzed patients who exhibited higher serum 
Al (Vander et al. 1991). Some researcher noted the striking similarity of dementia 
dialytica to Alzheimer’s dementia, so naturally they posited that Al toxicity might 
be the underlying cause of AD.

The possible mechanism of Al induced neurotoxicity has been related to cell 
damage via free radical production. Increased lipid peroxidation (LPO) is one of the 
major consequences of oxidative stress (Oteiza et al. 1993). Lipofuscin, a morpho-
logical biomarker of lipid peroxidation, represents an end-product of oxidative deg-
radation of lipids by free radical mechanism. This so-called age-pigment, contains 
derivatives of lipid peroxidation e.g., malondialdehyde (Jung et al. 2007) as well 
as metal ions, e.g., Cu, Fe, Zn and Al (Tokutake 1997). Excessive accumulation of 
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some metal ions (e.g., Fe, Cu, Zn, Mg and Mn) and competition between Al and 
these essential elements can, however, result in chronic or acute toxicity.

Studies on age associated and Al mediated toxic effects are very important as 
there are several reports that, on one hand the efficiency of the blood-brain barrier 
(BBB) may decline with advancing age (Mooradian 1988), and on the other hand, 
cognitive decline may account for functional and morphological changes in the cen-
tral nervous system (CNS) (Tripathi et al. 2011). In one of our previous studies, we 
found that Al was able to alter the energy pathways and was responsible for cogni-
tive decline in young rats (Tripathi et al. 2008) and these changes may correlate 
with the finding of Mahdi et al. (2008).

Although toxic effects of Al are well established, but its mechanism of action is 
poorly understood. Following oral administration, retention of Al is reported in the 
brain, bone, kidney, muscle and heart (Nayak 2002). Tripathi et al. (2009) observed 
accumulation of this metal in neurons showing ultrastructural changes. Interest-
ingly, Levesque et al. (2000) also reported similar electron microscopic findings 
in Al treated rat brain. Al, while in circulation, is reported to cause reduction of 
erythrocyte formation and diminution of their iron content (Nasiadek and Chmiel-
nicka 2000). It has been reported that Fe and Al bind to transferrin receptor before 
crossing the blood-brain barrier via transferrin-mediated endocytosis and thus enter 
into the brain, where they are retained for a prolonged period (Mooradian 1988). 
Tripathi et al. (2009) detected high Al content in the rat brain along with signifi-
cantly increased levels of iron and zinc in the frontal cortex (Fig. 9.4). It is notable 
that the Al accumulation in treated aged group was far greater than that of young 
rats. Moreover, it has also been observed reduced concentration of Se in both the 
aged and young Al treated rats, but these changes were insignificant when we com-
pared them with the young and aged control rats. Furthermore, our results showed 
that there was reduced concentration of Cu in Al treated aged rats. It may be recalled 
that Cu and Se are the cofactors of antioxidative enzymes SOD and GSHPx, re-
spectively. Therefore, any reduction in Cu and Se content may lead to reduction of 
antioxidative capacity of brain following Al administration. Our findings of incre-
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Fig. 9.4  The concentration of 
different metals (Al, Fe, Cu, 
Zn and Se) in frontal cortex is 
expressed as mean in six rats 
of each group (young control, 
young Al treated, aged 
control and aged Al treated). 
The significant ( p < 0.05) 
comparison using one-way 
ANOVA followed by Student 
Newman-Keuls post hoc test 
between young controls (■), 
young Al treated (*), 
aged control (▼) and aged 
control (●)
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ment of Al, Fe and Zn and decreased level of Cu and Se in the brain are in consistent 
with the observation of Zeeca et al. (2001). Taken together, they are in conformity 
with the hypothesis of Yokel (2006) that metal ion dysfunction in the brain is the 
hallmark of neurodegenerative changes. Furthermore, aged rats were more prone 
to Al-induced alterations in metal ion homeostasis, had elevated lipid peroxida-
tion and increased lipofuscinogenesis. The number and size of granules remarkably 
increased in Al treated aged rats (Fig. 9.5). Increasing intraneuronal accumulation 
of lipofuscin is the most consistent cytological change, which has been correlated 
with Al neurotoxicity and aging. It may be noted here that spongiform and clustered 
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Fig. 9.5  a Electron micrograph (EM) of part of a neuron of frontal cortex of young rat (prominent 
nucleus ( N) and nucleolus ( nu). b Micrograph of the frontal cortex of Al intoxicated young rat. 
Its perikaryon shows a number of variegated lipofuscin ( L) pigment granules in the vicinity of 
nucleus. c EM of aged rat showing cluster of three pleomorphic lipofuscin granules ( L) mingled 
with a few lysosomes ( Ly) and mitochondrial profiles. d EM showing a peripheral segment of 
perikaryon of a neuron with part of satellite oligodendrocyte ( OD) from frontal cortex of Al intoxi-
cated aged rat. A large number of pleomorphic irregular lipofuscin granules showing spongy form 
vacuolation ( SV) are seen
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lipofuscin granules were also found in the aged Al treated rats which had higher 
Al and Fe content quantitatively (Fig. 9.5d). Furthermore, changes observed in Al 
treated young rats resembled those of old control animals which indicate that Al is 
responsible for premature aging of animals. Lipofuscin in itself is a cytotoxic agent 
which may induce a variety of ultra structural changes, like cell vacuolization, mito-
chondrial swelling and demyelination in brain tissue (Deloncle et al. 2001). Hence 
an elevated Al content along with high neurolipofuscin levels may possibly play a 
role in the development of neurodegenerative disorders. Also, Deloncle et al. (2001) 
reported that after chronic administration of aluminum L-glutamate to rats, the ag-
ing process was accelerated. It is apparent that Al may play a role in the premature 
aging of animals.

9.11  Effects of Drugs on Neurolipofuscin

In recent years, significant attempts have been made to decelerate physiological ag-
ing by chemical intervention. These attempts have been in the form of studies, inter 
alia of tissue cultures, antioxidants, lipofuscin and cross-link inhibitors, hormones 
and compounds enhancing learning.

9.11.1   Antioxidants

As the rate of free radical reactions in cells are reduced by antioxidants, 2-mercap-
toethylamine (2 MEA) and butylated hydroxytoluene (BHT) are capable of trapping 
free radical intermediates. Harman’s (1989) observation that diets including these 
agents increase the mean lifespan of mice by 20–40 %, without affecting the maxi-
mum lifespan, is not surprising. Chronic Vitamin E deficiency, an antioxidant is 
known to produce accumulation of lipofuscin in neurons. Under certain conditions, 
it has also been shown that Vit. E will retard or temporarily inhibit pigment forma-
tion, although once formed its removal cannot be accelerated.

9.11.2   Lipofuscin inhibitors

Nandy and Bourne (1966) observed that meclofenoxate (centrophenoxine) de-
creased the amount of brain lipofuscin in aged guinea pigs; a marked elimination of 
the pigment was noticeable in animals under treatment for 12 weeks. Later electron 
microscopic investigations by Hasan et al. (1974) provided detail information re-
garding the drug induced diminution and dissolution of neuronal lipofuscin. Mag-
nesium orotate (100 mg/kg) also inhibited lipofuscin and a functional improvement 
was observed in the affected animals (Varkonyi et al. 1970).
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Deprenyl (selegiline) is an irreversible monoamine-oxidase B (MAO-B) inhibi-
tor which has antioxidant and neuroprotective effects (Kitani et al. 2002). Kiray 
et al. (2006) examined the effects of chronic deprenyl administration at a dose of 
1 mg/kg/day on spatial memory, oxidant stress markers and total neuron count of 
hippocampus CA1 region of aged male rats. Age-related deficits in learning and 
memory are associated with hippocampal structural and biochemical changes. In 
their study, they showed that the total number of neurons in the CA1 hippocampus 
region was significantly higher in deprenyl-treated rats. The correlation between 
spatial memory performance and total number of CA1 neurons was significant. 
Their results indicated that the effect of deprenyl on spatial memory may be related 
to the prevention of age-dependent neuronal loss. Although apoptosis may play a 
role in the normal aging process, both apoptosis and aging were affected by oxi-
dant stress. As deprenyl has antioxidant and anti-apoptotic effects, it may decrease 
or delay the age-related neuronal death. Apoptosis is suggested to be considerable 
in normal aging and neurodegenerative disorders. Kiray et al. (2006) showed that 
deprenyl treatment significantly decreased lipid peroxidation in all brain regions 
investigated by them.

Some other pharmacological products, such as potassium orotate (25 mg/day) 
removed lipofuscin from neurons of nucleus reticularis gigantocellularis (Low et al. 
1974). Also, nordihydroguaiaretic acid (NDGA), a natural antioxidant, observed to 
partially correct and/or prevent vitamin E deficiency symptoms in chicks restricted 
pigment accumulation in natural death mutant of Neurospora Crassa (Munkres and 
Rana 1978). A free radical scavenger, citiolone (N-homocysteine thiolactone) has 
also been observed to retard pigment accumulation and favour its removal (Aloj 
Totaro and Pisanti 1981). Patro et al. (1992) made a comparative study of the under-
mentioned four neuritropic agents for their lipofuscinolytic activity. Dimethylamin-
othanol, chlorpromazine, centrophenoxine and encephabol depleted the lipofuscin 
in Purkinje neuronal area by 21 %, 27 %, 42 % and 61 %, respectively, after 3 
months of treatment.

9.12  Effect of Ayurvedic Herbal Remedies

Unfortunately, not much work has been done on the effects of Ayurvedic herbal 
remedies in this thrust area of research. Vohra et al. (2001) reported the effects of 
Maharishi Amrit Kalash (MAK), an Ayurvedic herbal mixture, on two biomark-
ers of aging, lipid peroxidation and lipofuscin, in aging guinea pig brain. Brain 
regions studied were cerebral cortex, hypothalamus, cerebellum and spinal cord. 
Treatment with MAK (500 mg/kg body weight/day for 2 months) reduced the lipid 
peroxide and lipofuscin pigment significantly in brain regions and also helped in 
restoring normal oxygen consumption in the older animals. They concluded that 
their results indicated antioxidant properties of MAK. Later, Vohra et al. (2002) 
investigated age-dependent alterations in a dark Purkinje neuronal population of 
guinea pigs (10 months and 32 months old) and rats 3 months, 6 months, 12 months, 
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15 months and 28 months. Dark neurons are considered a manifestation of neuronal 
injury and although they cover various grades of damage, their mode of formation 
is not yet clear. Their electron microscopic analysis revealed a significant increase 
( P < 0.05) in the number of dark Purkinje neurons with age in both guinea pigs and 
rats. Treatment of guinea pigs with MAK (500 mg/kg body wt/day for 2 months) 
significantly inhibited ( P < 0.05) the activity of cathepsin-D and lipid peroxidation, 
and decreased the number of dark neurons. Their findings suggest that the number 
of dark neurons increases with age and MAK prevents the conversion of light to 
dark Purkinje neurons due to its inhibitory effects on cathepsin-D activity and an-
tioxidant properties.

9.12.1   Administration of Bacopa monnieri extract

The whole plant ( B. monnieri) was dried in shade and then powdered. The powder 
was extracted with distilled water. The aqueous extract was discarded and the resid-
ual plant material was extracted thrice with 90 % ethanol. The residue obtained after 
removing the solvent was dried in vacuo and macerated with acetone to give a free 
flowing powder. The Bacopa extract so prepared contained 40 % bacosides esti-
mated as bacoside A by high pressure thin liquid chromatography (Deb et al. 2008). 
Tripathi et al. (2011) directly introduced a dose of B. monnieri extract, 40 mg/kg 
body weight with 100 mg AlCl3/kg body wt into the rat pharynx via a feeding can-
nula to the experimental group for 90 days. Their results clearly demonstrated that B 
monniera inhibits anticholinergic enzyme AChE, almost to the same extent as done-
pezil, and this may be responsible for protection of synaptic morphology leading to 
enhancement in the behavioral performance (Singh and Dhawan 1997). An elevated 
AChE activity in cerebellum was observed following Al administration and this 
may be directly correlated with cholinergic sign and symptoms (Kaizer et al. 2008). 
It may be pointed out that loss of cholinergic neuronal activity is one of the cardinal 
features of dementia. Tripathi et al. (2011) found elevated lipid peroxide levels in 
Al treated rats. Earlier it has been reported that the increased lipid peroxidation and 
protein oxidation in Al neurotoxicity may be due to the accumulation of excess iron 
and it may further lead to an increase in Fe catalyzed Fenton reaction resulting in 
generation of more reactive oxygen species (ROS) (Tripathi et al. 2008). Tripathi 
et al. (2008) also detected elevated lipofuscin levels in Al treated rats. Increased 
lipifuscinogenesis is one of the well known biomarker of neuronal aging (Jung et al. 
2007). Earlier Kumar et al. (2008) had also reported that increased Al and lipofus-
cin concentration could deleteriously affect the neurons, leading to depletion of 
antioxidants. However, Tripathi et al. (2008) reported that in B. monnieri treated rat 
cerebellum, there was significantly reduced level of lipid and protein peroxidation 
products and reduced lipofuscin content (Fig. 9.5b). They also detected levels of 
the enzymes involved in antioxidant defense, viz. SOD, CAT and GPx in Al treated 
rats. These findings are consistent with the earlier reports (Tripathi et al. 2011), 
which also documented a significant decrease in the activities of SOD and CAT in 
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brain after Al insult. Additionally, they noted a significant reversal in above stated 
changes by the co-administration of B. monnieri. These biochemical modifications 
indicate that B. monnieri possesses strong antioxidative property and it also acts as 
an anti-aging agent.
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Abstract The search for interventions to improve or slow down the age-associated 
decline in cognitive abilities has interested human beings forever. Out of the vari-
ous environmental factors that are known to facilitate healthy aging process, dietary 
restriction (DR) seems to be the most promising regimen as it is known to prolong 
the lifespan, attenuate aging and prevent and/or delay the onset of numerous age 
associated diseases in model systems. In our recent studies, we have provided a 
scientific evidence for cognition and motor coordination enhancing properties of 
late onset short term intermittent fasting DR (IF-DR) regimen in aging rats. The 
improvement in motor coordination and memory task by IF-DR in aging rat brain 
was further linked to reversal/decline in protein and DNA damage by reducing 
mitochondrial ROS generation. The promise of dietary interventions to enhance 
plasticity can open a new line of non-invasive treatments to improve age-related 
functional impairments. The life-style interventions such as dietary restriction could 
be used to improve mental health and quality of life during normal aging. Further, 
the implementation costs of these strategies are rather economical and affordable 
almost to everyone. Moreover, late onset short term DR has the ability to resist cog-
nitive decline and neurodegeneration, and hence may be a potential intervention to 
partially reverse age-related impairment of brain functions.
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10.1  Introduction

Aging is an inevitable universal phenomenon involving a series of complex mo-
lecular mechanisms, which accompany decline in many physiological functions of 
the body and pose a major risk for many neurodegenerative diseases. With the rap-
idly growing population of elderly people and associated increase in incidence of 
dementia and cognitive decline, a major challenge facing mankind is how to ensure 
healthy brain aging. The research in biogerontology has provided us with insights 
into the possible interventional therapies against challenging age-related patholo-
gies. This review focuses on the interventional regimens/therapies principally con-
tributing to disease prevention and/or reversing the age related changes once they 
have occurred. Several studies suggest the critical link between aging and diseases 
like cancer, atherosclerosis, cardiovascular defects, cataract, diabetes, dementia, 
stroke, Alzheimer and neurodegeneration along with deceleration in cognitive func-
tions accompanied by memory loss (Matsumoto et al. 2000; Farooqui and Farooqui 
2009; Lee and Wei 2012).

Age-associated neuropathologies are mainly due to enhanced oxidative stress, 
neuronal degeneration and inflammation, glutamate excitotoxicity and many other 
factors (Hamilton et al. 2001). The key repair mechanisms depend on the level of 
antioxidants, tissue repair by neurite associated proteins, improved brain plasticity 
marker’s expression, angiogenesis and role of growth factors. Mechanisms may 
seem vivid and unclear but the free radical theories or mitochondrial damage theo-
ries provide an insight to the targets that need to be taken care of. The therapeutic 
interventions currently being tested in animal models as well as being put to prac-
tice on human subjects are environmental enrichment, pharmacological interven-
tions, physical activity/exercise, calorie/dietary restriction etc. It may be further 
suggested that the simultaneous focus of animal model studies on “biological” and 
“behavioral” mechanisms that contribute to the potential beneficial effects of life-
style interventions may have greater clinical applications.

10.2  Lifestyle Interventions—Road to Healthy Brain 
Aging

An ideal solution for healthy aging and delaying the onset of age associated pa-
thologies lies in the implementation of lifestyle interventions such as caloric/dietary 
restriction, pharmacological, environmental enrichment, physical activity, etc. In a 
recent study, Chakravarty et al. (2012) suggested that the life style habits of middle 
age determine disabilities and mortalities associated with later life. Several recent 
studies have confirmed the potential beneficial role of physical activity and envi-
ronmental enrichment in improvement of life expectancy and healthy aging (re-
viewed by Volkers and Scherder 2011; Charansonney 2011; Scali et al. 2012). Indi-
viduals living in an enriched environment with physical and social activity, perform 
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much better on cognitive tests compared to animals in impoverished environment. 
Sedentary and lonely people show decline in cognitive functioning as compared 
to physically and socially active people. Another well focused and established in-
tervention is physical activity or exercise, which when appropriately undertaken 
is one of the most successful anti-aging interventions known to delay aging and 
improving general health status and fitness. The physically active aged individuals 
showed better cognitive performance and growth factor gene expression compared 
to their counterparts (Yaffe et al. 2001; Barnett 2012). Exercise has been reported to 
provide protection against many fatal diseases like atherosclerosis, diabetes, cancer, 
ischemic heart disease (Jolliffe et al. 2000; Piepoli et al. 2004). The physical exer-
cise offered beneficial results and enhanced hippocampal neurogenesis, synaptic 
plasticity (Farmer et al. 2004), neurotransmission (Cotman and Berchtold 2002), 
and improved learning and memory by neurotrophic factors like brain-derived neu-
rotrophic factor (BDNF), nerve growth factor (NGF) and fibroblast growth factor-2 
(FGF-2) in the hippocampus of the brain, which are known to be involved in the 
brain plasticity functions and learning and memory activities.

Epidemiological studies also verify that exercise reduces the risk of stroke and 
stimulates brain recovery after injury in rats and humans. Similarly, voluntary wheel 
running has been found to increase angiogenesis in the motor cortex, cerebellum 
and hippocampus of the rat (Swain et al. 2003; Lopez-Lopez et al. 2004). In a recent 
study by O’Callaghan et al. (2009), it was suggested that there is a link between 
functional neuronal plasticity and improved expression of neurotrophin BDNF, thus 
indicating the ability of brain to respond positively to the physical exercise across 
lifespan. Another aspect of physical exercise also includes environmental enrich-
ment, which is often related with intelligence. The animal studies prove that the 
animals maintained in enriched environment exhibit increased synaptic plasticity 
along with the resistance of neurons against injury. Environmental enrichment in-
creases new cell numbers in aged animals (Kempermann et al. 2002) and has been 
reported to stimulate synaptic plasticity and synaptic strength.

Genetic manipulation may be another useful intervention and some possible 
candidates are like mutating genes involved in insulin pathways (Tatar et al. 2003; 
Liang et al. 2003), increasing expression of antioxidant genes (Mitsui et al. 2002), 
heat shock genes (Munoz 2003) or sirtuins (Tissenbaum and Guarantee 2001) which 
have been reported for increasing longevity. Shimokawa et al. (2008) reviewed the 
concept of conserved mechanisms that influence aging and the possible role of lon-
gevity genes or signals like FoxO transcription factors that contribute to DR. The 
identification of longevity genes evoked a new understanding of the possible role 
of genes or SNPs on the longevity or longevity influencing factors. The notion that 
longevity genes confer resistance to stress or attenuate accrual of tissue damage is 
important but identification of longevity signals that would stand against odds like 
ROS generation, macromolecular damage and mitochondrial function preservation 
is still a question of concern and needs to be addressed critically.

Besides, few potential pharmacological interventions have also been identified 
including antioxidants (Melov et al. 2000) and compounds that modulate protein 
deacetylase activity (Howitz et al. 2003; Wood et al. 2004). Despite the discrep-
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ancies with dosage and administration modes, few drugs have been successfully 
reported to extend lifespan in animal models, e.g. propargylamines (Kitani et al. 
2002), though the only worry is applicability to humans with no side effects. Simi-
larly, sirtuins have recently gained much attention due to their impact as physi-
ological targets for treating age associated diseases (Lappalainen 2011). Sirtuins 
interact with metabolic pathways and have been proposed to act as potential targets 
of caloric restriction as well as pharmacological interventions. It is suggested that 
sirtuins may also provide a novel approach to exercise physiology. Quercetin, a 
natural polyphenolic flavonoid that induces sirtuins also has potential health ben-
efits, which may be useful for disease prevention.

10.3  Dietary Restriction and Healthy Brain Aging

Aging is a complex, heterogeneous, and multifactorial phenomenon, which is the 
consequence of multiple interactions between genes and environment. The spec-
tacular advances in functional genomics in the recent past have greatly accelerated 
the research on the effects of environmental factors as interventional strategies for 
healthy lifespan (Qiu et al. 2010; Fontana et al. 2010b; Katewa and Kapahi 2010). 
Life expectancy of the world population has increased dramatically during the last 
century and it is expected that the number of older adults will rise, while the number 
of youths will decline in the near future. This demographic shift has considerable 
public health and economic implications since aging is associated with the devel-
opment of serious chronic diseases (reviewed by Omodei and Fontana 2009). In 
non-human and human primates, CR regimen without under nutrition is known 
to reduce abdominal obesity as well as protect against diabetes, hypertension and 
cardiovascular diseases.

The most reliable and effective anti aging intervention in almost all organisms 
studied so far to extend mean and maximum lifespan is dietary restriction. Besides 
being anti aging regimen, the ongoing studies also suggest it as potent anti cancer 
therapy (Suttie et al. 2005) as well as effective against many traumatic injuries 
(Kumar et al. 2009) or diseases like cardiovascular (Ripple et al. 2009) or immune 
functions deficits (Volk et al. 1994). It is well known that DR can retard the ag-
ing process in organisms ranging from yeast to non-human primates as well as de-
lay the onset of many age-related diseases including neurodegenerative disorders. 
Knowledge gained from DR research in animal models may help to translate this 
information to design new therapeutic approaches for disease prevention strategies 
in humans. Signaling pathways induced by DR/CR are therefore potentially new 
therapeutic targets for neurodegenerative diseases. Many recent reviews have sum-
marized the evidence on key biological mechanisms underlying the beneficial ef-
fects of DR/CR based on our current understanding, with particular emphasis on 
the recent impact of CR on neuroprotection, and on the emerging development of 
pharmacological agents that target signaling pathways induced by CR. DR seems to 
possibly work by establishing an adaptive conditioning response that maintains the 
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survival mode in the organism, focusing on the energy conservation, which causes 
shift in metabolic status from growth to maintenance activities and hence promotes 
anti aging effects.

DR may be implemented either as a reduction of total nutrient intake without 
causing malnutrition or restriction of major dietary components (protein, lipid or 
carbohydrates). Another regimen which is based on the temporal variations of food 
intake (intermittent fasting) has recently gained much attention of gerontologists. 
Understanding the molecular mechanisms of how DR slows aging and age-associ-
ated diseases has gained pace in the last few years. Though there are queries about 
various aspects of DR regimen like duration, short or long term and onset or initia-
tion age, young, middle or in aged animals, the beneficial effects still stand. DR 
regimen was capable to prevent an age-related decline in the expression of genes 
involved in fatty acid oxidation (Park et al. 2006; Zhu et al. 2007; Solomon et al. 
2008), including decreased body temperature, decreased heart rate and blood pres-
sure, and decreased glucose and insulin levels (Mattson 2003; Kaur et al. 2008).

Of all the other interventional strategies being explored, DR is the most robust 
nongenetic, non-pharmacological intervention known to increase active and healthy 
lifespan in a variety of species. Although the exact molecular mechanism(s) re-
mains to be elucidated, the significant popularity of the regimen stems from the 
wide beneficial effects on the energy related molecules like cytochrome oxidase 
(Cerqueira et al. 2011) and creatine kinase (Shinmura et al. 2007) and stress chap-
erons, HSP-70, GRP-78 and Gadd153, brain plasticity related molecules and oxida-
tive status of cell (Mattson et al. 2001, 2003; Kaur et al. 2008; Sharma et al. 2010). 
DR causes decrease in the ROS production and attenuates the accrual of age as-
sociated oxidative damage in brain, liver, heart and skeletal muscle (Gredilla et al. 
2001; Sanz et al. 2005; Lopez-Lluch et al. 2006; Singh et al. 2011). Evidence further 
supports that DR can mitigate mitochondrial dysfunction by increasing antioxidant 
activities (Sharma et al. 2010; Goto et al. 2002; Radak et al. 2002; Araki and Goto 
2004; Goyary and Sharma 2008), mitochondrial respiration and turnover (Nisoli 
et al. 2005; Hepple et al. 2006; Miwa et al. 2008) enhancing removal of damaged 
mitochondria. The beneficial effect of DR further extends on the reduction of mito-
chondrial free radical generation and proton leak and enhanced activity of complex 
IV in aged rats, suggesting the compensatory loop helping efficient enzyme activity 
and decrease in ROS generation (Gredilla et al. 2001; Ayala et al. 2007; Singh et al. 
2011).

Emerging data from our lab has focused mainly on the potential beneficial effects 
of late onset intermittent fasting dietary restriction (IF-DR) regimen to improve age 
associated impairment of brain functions. IF-DR regimen initiated in late age for 
short term (12 weeks) was seen to compensate for age related increase in oxida-
tive stress and induction of stress chaperone HSP-70. Age associated decline in the 
neuronal and synaptic plasticity related molecules like synapsin 1, synaptophysin, 
calcineurin and CamKinase were found to be effectively restored in rats on IF-DR 
regimen in the middle and late age (Kaur et al. 2008; Sharma et al. 2010; Singh et al. 
2011). Results are summarized in Fig. 10.1. Further the beneficial effects of DR 
were found to be effective against reactive gliosis as indicated by decreased expres-
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sion of GFAP, an astrocytic marker along with upregulation of NCAM and PSA-
NCAM, markers of neuronal plasticity (Kaur et al. 2008). Our studies on animal 
model of IF-DR regimen simultaneously focused on “biological” and “behavioral” 
mechanisms to establish the potential beneficial effects of this lifestyle interven-
tion, which may have greater clinical applications and can be easily implemented in 
human subjects. Also based on the previous theories linking oxidative stress, mito-
chondrial dysfunction, behavioral performance and synaptic plasticity, we observed 
correlation of the DR regimen with various regulatory or stress response pathways 
with learning, memory and brain plasticity, all crucially important for healthy aging.

Fig. 10.1  Summary of the potential beneficial effects of intermittent fasting dietary restriction 
regimen. (Sharma et al. 2010; Singh et al. 2011)
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Another important pro-longevity factor reported for mediating lifespan exten-
sion by DR regimen is sirtuins, protein deacetylases or ADP ribosyltransferases 
(Lin et al. 2000). SIRT1 has been reported to be directly linked to the mammalian 
aging and can regulate physiological processes like stress response and energy me-
tabolism, known to be affected by aging and moderated by DR (Tissenbaum and 
Guarantee 2001; Rogina and Helfand 2004; Guarantee 2006; Haigis and Guarantee  
2006; Schwer and Verdin 2008). Recent literature reports sirtuins as key antiaging 
genes in different model organisms which is attributed to their NAD-dependence, 
thus linking to the metabolic activity of cells. Similarly, mammalian sirtuins have 
been associated with stress resistance and many of the metabolic pathways such as 
adipogenesis, gluconeogenesis, and insulin and glucose homeostasis are reported 
to play an important role as an antiapoptotic factor in the survival of neurons (Luo 
et al. 2001, Motta et al. 2004).

The experimental regimen DR particularly depends on the reduction of the calo-
ries per se and not upon the reduction of consumption of dietary components, so 
besides the success of IF-DR regimen, the applicability to humans stills remains 
the question of concern. Colman et al. (2009) carried out a 20-year longitudinal 
study in non-human primates and reported that CR improves health span in rhesus 
macaques. They divided adult rhesus monkeys into two groups which were given 
either control or CR diet (30 % reduction of total food). The important observations 
of this study are that the CR animals looked subjectively younger and showed a 
statistically significant decrease in the impairment of muscle function with age, 
glucose homeostasis and incidence of neoplasia and cardiovascular disease. Fur-
ther, caloric restriction was also seen to reduce the age-associated brain atrophy in 
regions believed to regulate motor behavioral function.

Some recent studies have also examined the long-term effects of CR on human 
subjects. Fontana et al. (2010b) compared three groups including (a) 28 human 
volunteers who had consumed a CR diet for an average of 6.9 ± 5.5 years, (b) endur-
ance runners who ran an average of 48 miles per week who had been training regu-
larly for an average of 21 years and (c) sedentary controls (regular exercise < 1 h 
per week). Both interventions i.e. CR and endurance exercise resulted in significant 
reduction in body weight, BMI, total body fat, lower fasting level of insulin as well 
as higher insulin sensitivity as compared to controls. This study further reported that 
the individuals in the CR group also had lower levels of fasting glucose, high serum 
level of adiponectin and free fatty acids and lower serum levels of inflammatory 
mediators including IL-6, TNFR-I and TNFR-II.

Another landmark study has been reported by Lefevre et al. (2009) which sug-
gested that CR might reduce the risk factors for cardiovascular disease and memory 
decline in humans. The Comprehensive Assessment of Long-Term Effects of Re-
ducing Intake of Energy (CALERIE) research team is looking at effects of short-
term (6 months) CR on risk factors for cardiovascular disease. The study included 
36 individuals who were assigned randomly to one of three groups: (a) controls, (b) 
25 % calorie restriction and (c) CR + EX (12.5 %CR + 12.5 % increase in energy 
expenditure via structured aerobic exercises). The study reported that CR, with or 
without exercise, showed significant changes in several risk factors usually associ-
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ated with cardiovascular health, including the ratio of total cholesterol to HDL cho-
lesterol and systolic blood pressure. Another recent study examined the effect of CR 
on memory function (Witte et al. 2009). Fifty normal to overweight elderly subjects 
were divided into three groups: (a) consuming a 30 % CR diet, (b) one consuming 
an increased proportion of unsaturated fatty acids and (c) served as control. The CR 
diet led to a significant (20 %) increase in verbal memory score, as well as decrease 
in fasting plasma levels of insulin and C-reactive protein.

Mild DR mediated stress whether due to restriction of meal size or frequency 
is based on the hormetic effects of DR, which is known to increase the cellular 
stress resistance. The recent data from our lab suggests that late onset short term IF-
DR regimen has the potential to retard age associated detrimental effects on brain 
functions, which involve decline in cognitive and motor performance as well as 
oxidative molecular damage to protein. DR may be used as a novel approach for 
therapeutic intervention in several diseases after information is made available by 
clinical trials on the effects of mild dietary stress on human health. To add strength 
and support to the hypothesis, the idea of DR mimetics has also been introduced, 
with which one can induce DR like state with resistance to the aging associated pa-
thologies and improving late life health. To ascertain link between meal frequency 
and healthy aging, we need to conduct more well designed studies on human sub-
jects using intermittent fasting paradigm e.g. skipping meals regimens especially 
dinner at least on alternate days and study the beneficial effects on health predictors.
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Abstract In this review, we will briefly introduce preventive strategies represented 
by selected plants which are also popularly used by different traditional medicines 
and have scientific evidences of possible alternative therapeutic value for neuro-
protection. Among these commonly used in most traditional medicines of China 
and India are Gingko biloba, Panax ginseng, Curcuma longa, Withania somnifera 
(WS) etc. In addition, scientific evidences of usefulness of Vitis vinifera (Grapes) 
as red wine, Coffee sp and Camelia sinensis (Tea) will be discussed. Here, we will 
also discuss in detail the possible use of WS as potential candidate for treatment of 
AD. Clinical trials and animal research supported the use of WS for treatment of 
anxiety, cognitive and neurological disorders, senile dementia, Alzheimer’s (AD) 
and Parkinson’s disease (PD), and as antioxidant and anti-inflammatory agent. This 
might be important in suggesting therapeutic implications of WS in neurodegenera-
tive disorders.

Keywords AChE • Withania somnifera • Co-localization • Neurodegeneration • 
NADPH-d • Alzheimer’s • Parkinson’s disease

11.1  Introduction

Aging is a complex physiological process that involves both morphological and bio-
chemical changes occurring, with the passage of time, in single cells and the whole 
organism. Among the many theories proposed to explain the mechanism of aging at 
the molecular level, the oxidative stress or free radical hypothesis has received wide 
support. Biochemically, oxidative stress is defined as a disturbance in the cell oxida-
tion/reduction (redox) status, leading to the production of partially reduced oxygen 
intermediates, more reactive than molecular oxygen in its ground state, termed as 
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reactive oxygen species (ROS). ROS production and oxidative damage to biomac-
romolecules (nucleic acids, lipids and proteins) initiate the development of age-
dependent degenerative diseases. This represents a condition in which the function 
and/or structure of affected tissues or organs progressively deteriorate over time, 
such as cardiovascular and neurodegenerative diseases. Neurodegenerative disease 
is mainly defined as a deterioration of the intellectual and cognitive faculties which 
are generally associated with aging and/or age associated disorders (AD, PD).

The human brain accounts for less than 2 % of the body weight, it consumes 
about 20 % of the oxygen available through respiration. Therefore, because of its 
high oxygen demand, the brain is the most susceptible organ to oxidative damage 
(Bajra 2004). Additionally, the high amount of polyunsaturated fatty acids (PUFAs) 
present in neuronal membranes makes the brain tissues particularly susceptible to 
lipid peroxidation reactions, resulting in the formation of cytotoxic aldehydes, such 
as malondialdhyde (MDA) and 4-hydroxynonenal (HNE) leading to cell degenera-
tion.

11.2  Alzheimer’s (AD) and Parkinson’s (PD) Disease

Alzheimer’s is today’s the most prevalent disorder in the elderly population. It is 
characterized by progressive and irreversible memory loss, cognitive deterioration 
and personality changes, usually with an onset after 65 years of age. Though mem-
ory impairment appears in the early stages of the disease but motor and sensory 
functions are not affected until later stages. Parkinson’s is the second most common 
age-related neurodegenerative disease. PD is a movement disorder characterized by 
resting tremors, bradykinesia, extrapyramidal rigidity and loss of postural reflexes 
i.e., disturbance in walking or equilibrium. Incidence rates of AD and PD increase 
exponentially with age. According to the World Health Organization (WHO), neu-
rodegenerative diseases will become the world’s second leading cause of death by 
the middle of this century, in fact overtaking cancer (Menken et al. 2000). It is also 
predicted that by 2050 the number of AD patients in the US only, could range from 
11 to 16 million (Hebert et al. 2003). PD affects approximately 1 % of population 
aged 65–69 years and the prevalence increases to 3 % in the 80 year old or above 
group. According to an estimate, by 2030 in Western Europe, the number of PD 
cases will be double from 4.5 to 9 million and the prevalence varies in different 
ethnic and geographic groups (Dorsey et al. 2007).

11.3  Neuropathology of AD and PD

Although AD and PD differ in their clinical symptoms as well as disease course, 
but both are basically provoked by a progressive loss of neurons in different brain 
areas. Furthermore, they are characterized by the aggregation of intracellular pro-
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teins (Shastry 2003) as the presence of extracellular senile plaques and intracellu-
lar accumulation of neurofibrillary tangles (NFTs) in the brain of AD patients has 
been observed. Senile plaques are composed of fibrillar amyloid β (Aβ) peptides 
produced by cleavage of the Aβ precursor protein (APP), whereas NFTs consist of 
hyperphosphorylated microtubule associated tau protein (Pβ). Selective neuronal 
loss is particularly severe in specific cerebral areas—the neocortex, hippocampus, 
limbic system and subcortical areas (Selkoe 2001). On the contrary, PD is character-
ized by the selective degeneration of dopaminergic neurons located in the pars com-
pacta of the substantia nigra. One of the main neuropathological hallmarks of PD is 
the aggregation of the intracellular protein β -synuclein, to form intracytoplasmic 
inclusions (Lewy bodies) in these neurons (Agorogiannis et al. 2004).

The etiology of both the diseases is multifactorial, with a complex combination 
of genetic and non-genetic components. Oxidative damage is believed to be one of 
the leading cause of neuronal degeneration in both AD and PD (Nikam et al. 2009a, 
b). Though the exact mechanism of AD is still unknown, several lines of evidence 
suggest that oxidative stress is implicated in Aβ -induced neurotoxicity, besides 
apoptosis and inflammation. Studies have suggested a close relationship between 
cerebral biometal (Fe, Cu, Zn) and AD pathology also as these redox-active met-
als and Aβ peptides interact to elevate oxidative stress in brain tissues. In PD, the 
mechanisms involved in selective degeneration of dopaminergic neurons in the ni-
grostriatal system are not clearly known, though evidence suggests that oxidative 
stress may arise from the metabolism of dopamine, producing free radical species 
(Jenner 2004). Compared to the rest of brain, the subtantia nigra pars compacta is 
exposed to a higher rate of ROS formation and to higher levels of oxidative stress 
(Yuan et al. 2007).

11.4  Current Pharmacological Intervention for AD  
and PD

There is no cure for AD and PD and current therapies provide only symptomatic 
improvement by either replacing the levels or controlling the metabolism of neu-
rotransmitters involved in the disease or to restore their imbalance. Cholinesterase 
inhibitors are still the first line prescript drug available for patients with mild to 
moderate AD. By inhibiting the hydrolysis of acetylcholine in the synaptic cleft, 
these drugs restore the levels of the neurotransmitter in the affected neurons (Pers-
son et al. 2009). Memantine was approved for moderate to severe cases, which acts 
as a specific, non- competitive N-methyl-D-aspartate (NMDA) receptor antagonist, 
counteract the excitotoxicity of glutamate, the major excitatory neurotransmitter in 
the brain (Terriot et al. 2004). Anti-inflammatory and antioxidant therapies were 
also proposed as possible preventive strategies. In case of PD, current therapeutic 
approach for the symptomatic treatment includes Levodopa (L-DOPA) which is 
converted to dopamine in the body, thus replenish the decreased dopamine levels in 
affected tissues (Lewitt 2008; Olanow et al. 2009).
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11.5  Neuroprotective Strategies

The term neuroprotection refers to the strategies to protect the central nervous sys-
tem (CNS) against neuronal injury due to trauma, stroke or aging resulting into 
chronic neurodegenerative changes in the nervous system. Such age related changes 
are characteristic of the AD and PD. Oxidative damage is believed to be one of the 
leading causes of such neuronal degeneration in both AD and PD. Among various 
current strategies used, herbal medicines represent valuable resource for antioxi-
dant defence that can counteract the imbalance of the cell redox homeostasis and 
keep the ROS levels under the cytotoxic threshold. Antioxidant defenses also com-
prise vitamins and nonenzymatic scavengers abundant in food and medicinal plants 
(Prior and Cao 2000). As complementary or alternative therapy, herbal medicine 
refers to the medical use of plant organs—leaves, stems, roots, flowers, fruits and 
seeds for their curative properties. Herbal preparations contain complex mixture of 
several active components (phytochemicals), including phenylpropanoids, isopren-
oids and alkaloids, which have different biological activities and responsible for its 
medicinal properties. It is often difficult to determine which component of the herbs 
has such neuroprotective biological activity (Suk 2005; Mclatchey et al. 2009).

11.5.1   Ginkgo biloba L.

Chinese term Ginkgo meaning silver apricot. The use of this plant in traditional 
medicine can be traced back to approximately 5,000 years to the origins of tra-
ditional community medicines (TCM). Modern Chinese pharmacopoeia has also 
introduced Ginkgo leaves as treatment for vascular insufficiency and to improve 
longevity. Since 1965, German physicians have prescribed G. biloba for the treat-
ment of cognitive dysfunctions, dementia and AD. In the early 1970s, the standard-
ized extract of G. biloba leaves EGb 761 was isolated and was widely prescribed 
in Europe and US for the symptomatic treatment of AD, cerebral insufficiency (a 
nonspecific age related deterioration of mental functions), improvement of cere-
bral blood flow and memory (Birks and Grimley 2009). EGb 761 contains 24 % 
of flavonoids and 6 % of terpenic lactones. The flavonoid fraction is composed of 
three flavonols—quercetin, keampferol and isorhamnetin, whereas terpenic deriva-
tives are represented by diterpenic lactones, the ginkgolides A, B, C, J and M, and 
a sesquiterpenic trilactone, the bilobalide. Bilobalide can reduce damage caused by 
global brain ischemia and excitotoxicity-induced neuronal death (Chandrasekaran 
et al. 2003).

Neuroprotective action of EGb 761 is due to combination of antioxidative, anti-
amyloidogenic and anti-apoptotic activities, by virtue of the blend of its bioactive 
phytochemicals (Yao et al. 2001; Luo et al. 2002). The neuroprotective efficacy 
of the extract was assessed by different clinical studies. In a randomized, double-
blind, placebo-controlled trial of patients, treatment groups received over a 24-week 

M. Bhatnagar et al.

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

163

period an oral daily dose of 160 mg EGb 761 or 5 mg donepezil (a cholinesterase 
inhibitor), whereas the control group was treated with a placebo. Study (Syndrome 
Kurz Test, SKT, Mini-Mental State Examination, MMSE, and Clinical Global Im-
pression, CGI) showed that both EGb 761 and donepezil were more effective in 
improving the cognitive function of patients with mild to moderate AD. In an analy-
sis reviewing many randomized, double blind, placebo- controlled clinical studies, 
patients diagnosed with AD received 120–240 mg/day of EGb 761 for 3–6 months. 
Two phase III clinical trials, the GEM (Ginkgo Evaluation of Memory) study in US 
and the Guid Age study in France, focused on evaluation of EGb 761 efficacy in 
the prevention of AD in more than 3,000 patients older than 70 years. Both studies 
were randomized; double blind, placebo-controlled trials (DeKosky et al. 2006). In 
another study, EGb 761 was administered in a dose of 120 mg twice daily and the 
incidence of all-cause dementia was used as primary outcome. Secondary outcome 
included the rate of cognitive decline, the incidence of cardio- and cerebrovascular 
events and mortality. In another study, the efficacy of 240 mg daily dose of EGb 
761 was evaluated, with the incidence of AD during a 5-year follow up period as 
primary outcome. This study was the largest clinical trial carried out in Europe on 
the prevention of AD (Vellas et al. 2006).

11.5.2   Panax ginseng

Panax ginseng Ginseng (Chinese rènshē n = man root) is another important herbal 
plant, refers to the shape of the root resembling the leg of a man. It is one of the 
most widely used herbs in TCM for boosting Qi (energy). It is an anti-aging herb, 
employed for thousands of years as a tonic and revitalizing agent. Several species 
within the Panax genus are growing in North- Eastern Asia. P. ginseng or Asian 
ginseng are among the most commonly used species in Korean traditional medi-
cine and Japanese traditional medicine. Other important species are Vietnamese 
ginseng ( P. vietnamensis), Siberian ginseng ( Eleutherococcus senticosus Maxim. 
which is not a true ginseng) and American ginseng ( P. quinquefolius L.) (Yun 2001). 
Ginseng root is characterized by the presence of ginsenosides (triterpenic saponin 
complexes). Ginseng is considered as an adaptogenic herb. Adaptogens are able to 
increase the body’s resistance to stress, trauma, anxiety and fatigue by modulating 
the immune functions. Furthermore, it improves memory, learning performance and 
motor activity. Ginseng may provide protection against neurodegeneration by mul-
tiple mechanisms. In an experimental study, it was reported to attenuate Aβ – and 
glutamate-induced toxicity, enhancing clearance of Aβ by stimulating the phago-
cytic activity of microglia and promoting neuron survival by increasing the levels 
of neurotrophic factors (Chen et al. 2006). These data show that ginseng acts on 
different stages of the neurodegenerative diseases. Studies in human subjects have 
also shown the efficacy of ginseng in treatment of AD. In a clinical trial, patients 
aged 50 years or older with mild to moderate AD related dementia were randomized 
into three groups, two treatment groups received an oral daily dose of 9 or 4.5 g 
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of Korean red ginseng for 12 weeks. The high-dose ginseng group showed scores 
higher than the control group ones, while differences between low-dose ginseng 
and placebo were not significant (Joo et al. 2008, Heo et al. 2008). Apart from 
AD, Ginseng has also shown protective effects against PD in several cell culture 
and animal studies. Both ginsenosides and root extracts are able to promote neuro-
nal cell survival by reducing the neurotoxicity induced by toxins or parkinsonism 
mimetics, such as 1-methyl-4-phenyl-1,2,3,6-tetra- hydropyridine (MPTP) and its 
active metabolite 1-methyl-4-phenylpyridinium (MPP + ) in rodents. These neuro-
toxins induce oxidative stress and lead to cell death of dopaminergic neurons, as 
in PD (Van Kempen et al. 2003). In other studies, ginsenosides, besides protecting 
neuronal cells, have shown neurotrophic effects promoting neurite overgrowth (Ru-
dakewich et al. 2001).

11.5.3   Curcuma longa L.

Curcuma longa or Turmeric is the dried rhizome. It’s a spice used in curry, and 
widely used as flavouring agent in many food preparations, particularly in India. 
The bright yellow colour of turmeric is due to curcumin, the main bioactive con-
stituent. Turmeric has been used for thousands of years in Ayurvedic and Chinese 
medicine as well. Curcuminoids is a group of polyphenols including mainly cur-
cumin, demethoxycurcumin and bisdemethoxycurcumin. Components of turmeric 
are currently undergoing scientific evaluation for numerous potential benefits due 
to their anti-inflammatory, antiproliferative, pro-apoptotic, antioxidant, antiviral 
and antidiabetic activity. Numerous molecular targets of curcumin have been iden-
tified over the years, including cyclooxygenase (COX)-2 and lipoxygenase (LOX) 
(Strimpakos and Sharma 2008).

Based on epidemiological studies, a hypothesis has been raised that the wide 
use of Curcuma among Indians may be responsible for the significantly lower 
prevalence of AD in India compared to US. In a transgenic animal model of AD, 
supplementation with a low dose of curcumin (160 ppm) for 6 months reduced 
indices of both inflammation and oxidative stress. In particular, the levels of pro-
inflammatory cytokine IL-1β, of oxidized proteins and of Aβ peptide decreased 
significantly (Linn et al. 2001). Anti- amyloidogenic activity of curcumin was ex-
tensively reported in in vitro and animal models (Uno et al. 2004). The possible 
binding of curcumin to the redox-active metals iron and copper suggests alternative 
neuroprotective mechanism of the substance (Yang et al. 2005). The combination 
of non-steroidal anti-inflammatory drugs (NSADs) and curcumin attenuated oxida-
tive damage, cognitive deterioration and Aβ peptide deposition in both cell culture 
and animal model. In the same study, anti-inflammatory activity of curcumin was 
observed, due to the inhibition of cytokine production and microglia activation and 
increase of phagocytosis index (Cole et al. 2004). Because the process of inflam-
mation plays a major (detrimental) role in the pathogenesis of the most chronic ill-
nesses including neurodegenerative diseases, the therapeutic potential of curcumin 
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as anti-inflammatory agent in the prevention and treatment of chronic disorders 
has been recently highlighted (Aggarwal and Harikumar 2008). In fact, activation 
of microglial cells in CNS results in the production of pro-inflammatory mediators 
that propagate neuronal injury exacerbating neurodegenerative diseases. In rat, cur-
cuminoid pigments suppressed NO production by LPS-activated microglia (Zhang 
et al. 2008). In a model of global cerebral ischemia, induced in Mongolian gerbils 
by transient occlusion of common carotid arteries, administration of curcumin by 
intraperitoneal injections (30 mg/kg body weight) for 2 months attenuated isch-
emia-induced neuronal death and glial activation. The decrease of lipid peroxida-
tion, mitochondrial dysfunction and apoptotic indices were other biochemical re-
sponses mediated by curcumin.

11.5.4   Vitis vinifera L. (Grape) and Red Wine

Phytochemicals in Grape include phenylpropanoids, isoprenoids (responsible for 
the wine flavouring) and alkaloids (such as indolic compounds). Studies were re-
cently focusing on the biological activity of particular grape polyphenols, such as 
the stilbene resveratrol and flavonoids (Pervaiz 2003). Population-based control 
studies have provided the substantial evidence that a regular (daily or possibly 3–4 
times weekly) intake of moderate amounts (two glasses/day) of red wine (made 
from V.vinifera) is associated with a lower risk of developing dementia and AD 
(Pinder 2009). The Framingham Study evaluated the association between the type 
of alcoholic beverage and incidence of ischemic stroke, showing a protective effect 
of wine consumption among subject aged 60–69 years. In general, protective effects 
of grape polyphenols against neurodegenerative diseases can be ascribed to their 
anti-amyloidogenic, antioxidant and anti- inflammatory activity (Blanchet et al. 
2008). The daily administration of resveratrol (50 or 100 mg/kg) for 1 or 2 weeks 
to adult male mice significantly prevented the nigrostriatal dopaminergic neuron 
depletion, after the acute treatment with the neurotoxin MPTP injected intraperi-
toneally (Rivière et al. 2008). In different cell lines stably transfected with human 
amyloid protein (APP), resveratrol was shown to promote the intracellular degrada-
tion of Aβ peptides via a mechanism that involves the proteasome, without direct 
inhibition of the enzymes β- and γ-secretases implicated in the Aβ protein synthesis. 
Neuroprotective effects of three major grape polyphenolic constituents (resveratrol, 
quercetin and catechin) were assessed in cultured mixed (glial/neuronal) cells of 
rat hippocampus. Treatment with polyphenols reduced the cytotoxicity induced by 
both the NO free radical donor sodium nitroprusside (SNP) and intracellular ROS 
accumulation (Bastianetto et al. 2000). In a mouse model of AD, the moderate con-
sumption of Cabernet Sauvignon promoted the non-amyloidogenic processing of 
APP mediated by β-secretase, thereby preventing or delaying the generation of Aβ 
peptides. More recently, a grape seed polyphenolic extract significantly prevented 
Aβ protein oligomerization, by inhibiting the Aβ protein aggregation into high-mo-
lecular-weight oligomeric Aβ species, both in vitro and in Tg 2,576 mice. Besides, 
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when orally administered to these animals, the extract attenuated the cognitive de-
terioration typical of AD.

11.5.5   Coffee (Coffea spp.)

Coffee is native to Yemen and Ethiopia. The genus Coffea (Rubiaceae family) in-
cludes two main species: C. arabica L., and C. canephora L. (syn. C. robusta L.). 
Caffeine, a methylxanthine, is the most important bioactive constituent of the coffee 
known to provide neuroprotection. Other structurally similar xanthine alkaloids are 
theophylline and theobromine, found primarily in tea and chocolate, respectively. 
As regards pharmacological activity, methylxanthines act as adenosine-receptor an-
tagonists. In particular, caffeine is a nonspecific, competitive blocker of adenosine 
A1 and A2A receptors, distributed throughout the central nervous system (Cauli and 
Morelli 2005). According to human epidemiological studies, caffeine, as well as 
other adenosine A2A receptor antagonist, may play a role in preventing or delaying 
the onset of AD. A case control study involving subjects aged 50 years with prob-
able diagnosis of AD and sex-matched controls found that individuals consuming 
two cups of coffee (approximately 200 mg of caffeine) per day for 20 years were at 
a significantly lower risk of developing the disease than those that consumed less 
caffeine (Maia and Mendonca 2002). These results were in accordance with previ-
ous studies in which coffee consumption was consistently protective against PD 
for men and women in the absence of estrogen therapy (Ascherio et al. 2001). It is 
noteworthy that acute intake of high doses of coffee (five cups of coffee, approxi-
mately 500 mg of caffeine, at one sitting) results in activation of stress responses, as 
demonstrated by increased plasma levels of cortisol, β -endorphin and epinephrine, 
in turn raising heart rate, blood pressure and releasing free fatty acids from storage.

11.5.6   Tea (Camellia sinensis Kuntze)

Three predominant types of tea: green, black and oolong are popular. Green tea is 
the least processed and thus provides the most antioxidant polyphenols, particularly 
catechins (epigallocatechin, epigallocatechin-3-gallate), flavonols (myricetin, quer-
cetin, kaempherol) and proanthocyanidins (Khokhar and Magnusdottir 2002). Be-
ing catechins, particularly epigallocatechin- 3-gallate (EGCG), 10–20 times more 
concentrated than flavonols in normally brewed tea (Kuriyama et al. 2006), seem 
to be responsible for most of the health benefits of tea. Green tea drinkers appear 
to have lower risk for a wide range of diseases, from simple bacterial or viral infec-
tions to chronic degenerative conditions including cardiovascular disease, cancer 
and stroke (Coimbra et al. 2006). As regards protection against AD and PD, green 
tea catechins, until recently thought to work simply as antioxidants, are now known 
to invoke a wide spectrum of neuroprotective cellular mechanisms. These include 
iron chelation, scavenging of free radicals, activation of signaling pathways, and 
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regulation of mitochondrial function to avoid excessive production of free radicals 
(Mandel and Youdim 2004). As reported above, iron accumulation in specific brain 
areas and free radical damage to brain cells are considered the major damaging fac-
tors responsible for a wide range of neurodegenerative disorders including AD and 
PD. In the brain, epigallocatechin-3-gallate (EGCG) has been shown to act as an 
iron chelator, binding to and removing iron, thus preventing it from contributing to 
the production of free radicals. In addition to removing iron, EGCG also increases 
the activity of two major antioxidant enzymes, superoxide dismutase (SOD) and 
catalase, further helping to decrease free radical damage (Weinreb et al. 2004). An-
other active compound in green tea, epicatechin (EC), reduces the formation of β 
-amyloid protein and of the consequent plaque-like deposits in the brain, charac-
teristic of AD. The protective effects of black and green tea extracts and their main 
constituents, epigallocatechin gallate and epicatechin gallate have been shown in 
an in vitro system of cultured neurons. In the presence of these extracts, neurons 
survived to the toxic effect of β -amyloid protein. Green tea polyphenols have also 
demonstrated the ability to affect cell signaling pathways, in particular the MAPK 
pathways, which are triggered by oxidative stress. MAPK signaling pathways in 
brain cells are thought to play a critical role in neurodegenerative diseases.

Although no human studies on AD have yet reported benefit from tea consump-
tion, population studies have shown that simply consuming two or more cups of 
green tea daily reduces the risk of cognitive decline and PD. A study at Japan’s 
Tohoku University, using a Mini-Mental State Examination (a well-accepted stan-
dardized test for measuring cognitive function) on 1,003 subjects over age 70, re-
searchers showed that drinking more than two cups per day of green tea reduces 
chances of cognitive impairment in both men and women by 64 % (Haque et al. 
2006). Those drinking green tea experienced significantly less mental decline than 
those drinking the least. In particular, those drinking more than two cups a day had 
54 % lower risk of age- related decline in memory, orientation, and ability to follow 
commands and attention as compared with elderly Japanese who drank less than 
three cups a week. Those drinking four to six cups of green tea a week (one cup a 
day) had a 38 % lower risk of decline in brain functions. As reported in the previous 
section, tea also contains caffeine, although half that found in coffee (Khokhar and 
Magnusdottir 2002). The amount of caffeine that ends up in a cup of green tea var-
ies according to the amount of tea used and the length of time the leaves are infused 
(Perva-uzunalic et al. 2006). When green tea is brewed, its caffeine combines with 
catechins in the water, reducing the caffeine’s activity compared to coffee or cocoa. 
In addition, L-theanine, which is only found in tea plants and some mushrooms, 
directly stimulates the production of alpha brain waves, calming the body while 
promoting a state of relaxed awareness.

11.5.7   Withania somnifera Dunal (WS)

Withania somnifera Dunal (WS) is known as Ashwagandha or Indian ginseng. It 
has been commonly used in Indian traditional medicines for over 3,000 years and 
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categorized as Rasayana drug in Ayurveda. Rasayna drugs are known to augment 
defense against diseases, arrest aging, revitalize the body in debilitated condition, 
increase the capability of the individual to resist adverse environmental factors and 
create a sense of mental wellbeing. Animal research (Bhatnagar et al. 2005; Gupta 
and Rana 2007; Bhatnagar 2009) supported the use of WS for treatment of anxiety, 
cognitive and neurological disorders, senile dementia, Alzheimer’s and Parkinson’s 
disease and as antioxidant and anti-inflammatory agent. It has also been used to 
treat stress, insomnia and age related disorders including neurodegeneration (Gupta 
et al. 2003; Mishra et al. 2000). The biologically active constituents in WS are alka-
loids (ashwagandhin, cuscohygrine, anahygrine, topine etc.), steroidal compounds, 
including ergostane type steroidallactones, withaferin A, withanolides A–Y, with-
asomniferin A, withasomnidienone, withasomnierose A–C, withanone etc. Other 
constituents include saponins containing an additional acyl group (Sitoindoside 
VII and VIII), and withanolides with a glucose at carbon 27 (sitoindoside IX and 
X) (Ganzera et al. 2003). It has been reported that phenolic compounds present in 
the root of WS contribute to the overall antioxidant activity of the plant (Prakash 
et al. 2007). Our laboratory (Jain et al. 2001, Bhatnagar et al. 2009), has reported 
neuroprotective actions of WS root extract which were correlated with its antioxi-
dant property and ability to inhibit lipid peroxidation both in vitro and in vivo. 
Bhattacharya et al. (2000) suggested that glycowithanolides present in WS protect 
against lipid peroxidation due to its antioxidant action. In addition, withanolides 
and sitoindosides (VII–X) also enhance catalase and glutathione peroxidase activi-
ties in rat frontal cortex and straitum (Bhattacharya et al. 2001).

11.6  Neuroprotective Mechanism of Withania somnifera

In this review, we have mainly discussed possible neuroprotective mechanism of 
WS in the brain degenerative disorders. In the brain, peroxynitrite is a strong non 
radical prooxidant produced during metabolism of nitric oxide (NO), which me-
diates neuronal damage. NO, synthesized by the enzyme, neuronal nitric oxide 
synthase (nNOS) is a neuromodulator in hippocampus and cortex. nNOS forms 
NO from L-arginine in the presence of molecular oxygen. Several earlier reports 
have indicated that nNOS is identical to neuronal NADPH diaphorase (NADPH-d). 
Histochemical localization of NADPH-d staining in mouse hippocampus fully co-
incides with both histochemical NADPH-d and immunocytochemical nNOS stain-
ing in rat hippocampus. In the hippocampus, a number of NADPH-d positive cell 
bodies and dense fibers are present in CA1, CA2 and CA3 subfields and also in the 
Oriens, pyramidal layer and stratum radiatum. In the dentate gyrus as well, number 
of NADPH-d positive neurons are found in polymorphic layer (Matsushita et al. 
2001). Small amount of NO synthesized during neuronal activity mediates diverse 
physiological functions which include neuronal differentiation, neuronal survival, 
and synaptic plasticity. Excessive production of NO has also been implicated in a 
number of pathophysiological conditions including stress (Mcleod et al. 2001) and 
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glutamate mediated neurotoxicity. De Oliveira et al. (2000) reported that exposure 
to stress can lead to enhanced nNOS expression, which is a glutamate mediated 
process. Neurotoxic effects of NO depend upon its redox state and are likely to 
be mediated by its free radical nature. NO reacts readily with superoxide (O2-) 
to produce peroxynitrite (ONOO-), which can oxidize iron–sulphur clusters, zinc 
fingers and protein thiols, thereby contributes to cellular energy depletion (Stamler 
1994). In hippocampus, activity of nNOS is mainly regulated by glutamate and 
serotonin (Harwey et al. 2006). Release of glutamate and serotonin is modulated by 
glucocorticoids (GC); thus GC can activate nNOS by altering release of these two 
neurotransmitters. GC play defensive role during stress, but sustained elevated level 
of GC during chronic stress can lead to neurodegeneration. Hippocampus is most 
vulnerable to GC induced neurodegeneration because of presence of high concen-
tration of GC receptors. Several studies suggest that inhibitors of the neuronal NO 
synthesizing enzyme (nNOS) may be useful as neuroprotective agents in treatment 
of neurodegenerative diseases. Considering the neuroactive properties of WS root 
extract and to understand the possible mechanism of neuroprotection, we studied 
the effects of WS root extract on NADPH-d activity, Choline acetyl transferase 
(ChAT) activity, serotonin level in hippocampus and serum GC level in mice ex-
posed to chronic restraint stress. Results showed that exposure to restraint stress can 
lead to activation of significant proportion of NADPH-d positive neurons, decrease 
in ChAT activity and serotonin level in the hippocampus. Stress also elevated cor-
tisone level. These effects of stress were significantly reversed in animals treated 
with WS root extract.

Hippocampus is known to mediate stress, learning and memory, LTP and antide-
pressant behavioral effects (Joca and Guimaraes 2006). Stress induced production 
of NO in hippocampus can negatively alter above functions. NO also facilitates the 
release of several neurotransmitters including gamma-aminobutyric acid (GABA), 
glutamate, biogenic amines and neuropeptides (Prast and Philipu 2001). Thus NO 
can modulate neuronal excitability, firing and neurotransmitter release. Excessive 
production of NO in brain and other tissues mediates injury in diverse disease states. 
NO toxicity is likely to be mediated by its free radical nature. NO can readily react 
with superoxide (O2-) to produce peroxynitrite (ONOO-) which mediates much of 
the toxic effects of NO. It is well reported that various physiological and physical 
stressors produce changes in the expression of nNOS in different brain areas. In 
the present study, a significant increase in nNOS positive neurons in hippocampus 
is shown in adult mice exposed to chronic restraint stress. The rational behind us-
ing restraint stress was the reported evidences that restraint stress can potentially 
stimulate nNOS in other brain regions as well viz., limbic region, hypothalamus 
and dorsal raphe nucleus (Echeverry et al. 2004; Masood et al. 2004; Okere and 
Waterhouse 2006). Generation of NO by nNOS is regulated directly or indirectly, 
by at least three other neurotransmitters i.e., glutamate, serotonin and acetylcholine. 
Glutamate by acting on NMDA receptor causes Ca + + influx and activates nNOS 
as NO generation is a Ca + +/Calmodulin dependent process. NMDA receptor and 
nNOS are found to be linked physically through a molecular scaffold protein PSD-
95. Stress induces glutamate release in the brain and excitotoxic neurodegenerative 
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effect of glutamate in chronic stress is mediated by increased expression of nNOS. 
It has been suggested that, in hippocampus, nNOS is under tonic inhibition by se-
rotonergic neurons. An increased nNOS activity was observed when 5-HT2 recep-
tor was inhibited by ritanserin in rats exposed to forced swimming (Harwey et al. 
2006). Furthermore, serotonin depletion may result in excessive production of NO 
and neurodegeneration. Release of both, glutamate and serotonin is altered by glu-
cocorticoids (corticosterone in rodents). Excessive production of glutamate during 
stress is associated with glucocorticoid release and stress induced elevation in ex-
tracellular glutamate release is attenuated by adrenalectomy. Hippocampal neurons 
are particularly sensitive to glucocorticoid level and are involved in termination of 
corticosterone secretion at the end of stress due to the presence of both type I and 
type II glucocorticoid receptors. Activity of glutamatergic neurons is also regulated 
by cholinergic neurons. In a study, exogenous ACh added to superfusion fluid inhib-
ited the Ca + + dependent K + evoked release of glutamate in a concentration depen-
dent manner in rat hippocampus. It has been proposed that impaired serotonin level 
during stress is mediated by hypercortisolemia, acting on the high concentration 
of glucocorticoid receptors in the hippocampus (Campbell and Macqueen 2004). 
It has also been suggested that stress induced changes in hippocampal glutamate 
mechanism may precede changes in serotonin function (McEwen et al. 2002).Tak-
ing together these findings, we postulate that nNOS inhibitory property of WS is 
possibly mediated by suppression of glucocorticoid release and activation of cho-
linergic neurons and not by acting on glutamatergic or NOergic neurons. It has been 
reported that defined extract of WS do not directly affect the glutamatergic markers. 
Treatment with defined extract from WS does not affect NMDA and AMPA gluta-
mate receptor subtypes in any cortical or sub cortical regions. Sitoindosides VII–X 
and withaferin A have been shown to modulate brain functions by binding with cho-
linergic receptors in the rat. WS extract can also reverse the reduction in choliner-
gic markers in rats (Bhattacharya and Muruganandam 2003). Schliebs et al. (1997) 
also suggested that defined extract from WS may affect preferentially, events in the 
cortical and basal forebrain cholinergic signal transduction cascade. Treatment with 
WS extract upregulates cortical muscarinic acetylcholine receptor expression. Both, 
low glucocorticoid level and acetylcholine release, in turn downregulates activity 
of glutamatergic neurons in the hippocampus while, stress induced impairment of 
serotonin release is attenuated by low glucocorticoid level. Modulation of release 
of these three neurotransmitters i.e., acetylcholine, glutamate and serotonin by WS 
in all probability contributes to inhibition of nNOS in extract treated stressed mice. 
Our results support this postulate as we have observed decreased glucocorticoid 
level and increased ChAT activity following WS treatment in stressed animals. 
These results confirm and extend previous findings and explain the nNOS inhibi-
tory properties of WS. In summary, it is proposed that neuroprotective properties 
of WS are owing to neurochemical alterations of specific neurotransmitter systems. 
WS extract can also suppress glucocorticoid release in chronic stress. This pur-
ported new role of WS can be exploited for treatment of neurodegenerative disease 
like Alzheimer’s, which is caused by a decline in ACh level as well as in oxidative 
stress. WS can inhibit the production of free radicals like peroxynitrite.

M. Bhatnagar et al.

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

171

Bhatnagar et al. (2009) have investigated the effects of fresh leaf juice of WS 
on enzymes acetylcholinesterase (AChE) and nicotinamide adenine dinucleotide 
diaphorase (NADPH-d) activity in vivo and in vitro to support our earlier observa-
tions, and to also understand the potential therapeutic mechanism of the WS in AD 
or related diseases. We reported that WS root extract can increase ACh level by 
increasing ChAT expression, and serotonin level in hippocampus (Bhatnagar et al. 
2009). ACh in turn inhibits NO producing enzyme NADPH-d. The grey side of this 
study was that effect of WS extract on AChE was not studied. Also there was a lack 
of data on correlation between distribution of cholinergic neurons and NOergic neu-
rons in various fore brain regions including hippocampus to support our hypothesis 
that ACh inhibits NADPH-d activity. Study revealed that WS fresh leaf juice signif-
icantly inhibits not only AChE activity but also NADPH-d activity which is clearly 
evident from histochemical, biochemical and in vitro observations. Counting of 
NADPH-d positive cell bodies in these areas also showed significant reduction in 
number of NADPH-d positive cell bodies in WS treated brain when compared with 
control brain. To prove that WS inhibits both AChE and NADPH-d, we attempted to 
co-localize both AChE and NADPH-d in same tissue sections. Results showed that 
AChE and NADPH-d cell bodies co-localizing both the enzymes not only showed 
reduced reactive enzyme intensity but also their number in forebrain areas after WS 
treatment as compared to cell bodies positive for either AChE or NADHP-d.

Reduced AChE activity thus suggested increased ACh, while reduced NADPH-d 
activity demonstrates decrease in NO. To further confirm that elevated ACh inhibits 
NO production, in vitro study was carried out. Primary hippocampal cell culture 
was exposed to glutamate in the presence and absence of ACh and then nitrite pro-
duction was measured (Fig. 11.1).

Glutamate was used to elevate production of NO in cultured cells. It is well 
documented that nNOS is physically linked to NMDA glutamate receptors and ac-
tivation of nNOS is positively correlated with NMDA receptor activation. Results 
showed significantly low nitrite level in glutamate treated cells which were incu-
bated with ACh as compared to cell which were not. This confirms that NO produc-
tion decreases in the presence of ACh.

One of the characteristics of AD is cholinergic deficit (Talesa 2001; Melo et al. 
2003). Post-mortem studies have shown that AD brains are characterized by low 
ChAT, while AChE, a principal cholinesterase in brain which hydrolyzes endog-
enous neurotransmitter Ach (Talesa 2001), was shown to be increased within and 
around amyloid plaques to promote the assembly of amyloid beta peptides (Aβ) in 
the fibrils and to increase the toxicity of the peptides. Thus most accepted strate-
gies for treatment of AD is the use of cholinesterase inhibitors. Inhibition of AChE 
results in increase in ACh level, which led to functional improvement of cholinergic 
synapses, reduced neuronal degeneration and enhanced regional synthesis of neuro-
trophic molecules. Thus many plant extracts—Galantamine, Huperzine-A, Ginkgo, 
Ashwagandha etc., which characteristically inhibit cholinesterase have been used as 
drug against early symptoms of AD in traditional medicinal system (Vinutha et al. 
2007; Chowdhry et al. 2004).
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NO is also an intra and extra-cellular mediator of cell functions and is diffusible 
free radical cellular messenger. Kluchova et al. (2000) suggested that NO may play 
a role in control of cholinergic neuronal activity at synapses. Law et al. (2001a) 
have shown that aberrantly expressed nNOS in brain results in rise in NO that can 
be toxic due to its free radical properties. Law et al. (2001b) have also shown that 
Aβ increases NO release which decreases neuronal viability. In our study, as neu-
rons showing co-localization of both the enzymes are less in WS treated brain as 
compared to control brain, a possible regulatory interaction of WS on AChE and 
NADPH-d can be envisaged. Based on these studies, we have suggested a mecha-
nism of the inhibitory effects of WS.

11.7  Conclusions

Post-mortem studies in AD patient brain have shown clear links between the disease 
and deficiency of neurotransmitter Acetylcholine (ACh). In AD along with chronic 
shortage of ACh, high Nitric oxide (NO) was also reported. High NO is deleterious 

Fig. 11.1  Flow chart to 
explain possible mechanism 
of neuroprotective action of 
Withania somnifera (WS)
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to neuronal cells and contributes to disease progression. Until recently, reversal of 
the deficiency by alleviating the level of neurotransmitters, use of agonists or the 
inhibition of the enzymes involved in the removal of the neurotransmitter at syn-
apses, are the treatments used for AD and related diseases. But these treatments are 
not ideal and provide only symptomatic relief. A variety of natural products or their 
derivatives have shown the desired effects and some of these have been brought 
into clinical use to treat various degenerative disorders. Though the presence of 
receptors or transporters for phytochemicals in brain tissues remains to be ascer-
tained, compounds with multiple targets appear as a potential and promising class 
of therapeutics for the treatment of CNS diseases. Our results are in agreement that 
WS inhibits AChE and thereby enhances cholinergic neurotransmission in corti-
cal and basal forebrain areas. Study also suggests that WS directly inhibits AChE 
but inhibition of NADPH-d is indirect. WS mediated inhibition of both AChE and 
NADPH-d could have therapeutic implications in AD which is characterized by 
reduced ACh and elevated NO.
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Abstract Hypoxia and ischemia resulting in reduced oxygen delivery to brain tis-
sues is reported to cause neurodegeneration in both in vitro and in vivo models. 
Similar decrease in partial pressure of oxygen occurs on ascent to high altitude, 
a situation referred to as hypobaric hypoxia that limits oxygen availability to the 
brain. Our studies on human subjects reveal decrease in vigilance and response 
time along with decreased cerebral oxygenation which is both altitude and dura-
tion dependent. Alterations in evoked potentials and change in hedonic matrix were 
also observed following exposure to high altitude environment. Investigations in 
animal models exposed to simulated altitude showed occurrence of oxidative stress, 
neurodegeneration and memory impairment. This hypoxic response of neurons is 
multi-factorial and involves complex signaling pathways thereby limiting the thera-
peutic efficacy of several antioxidants in ameliorating hypobaric hypoxia–induced 
memory impairment. Animals exposed to hypobaric hypoxia show depletion in 
the antioxidant status along with increased free radical generation. Neuromorpho-
logical studies revealed neurodegeneration and dendritic atrophy in the hippocam-
pus. Altered neurotransmitter synthesis, release and metabolism have also been 
observed along with occurrence of calcium overload in hypoxic neuronal cells. 
These changes in the hypoxic brain find an analogy with the aging related changes 
that include decreased conduction rate, generation of free radicals, protein oxidation 
and cellular apoptosis. Administration of N-acetyl cysteine to animals exposed to 
hypobaric hypoxia showed considerable improvement in memory functions along 
with decrease in free radical generation. Acetyl-L-Carnitine administration during 
hypobaric hypoxia also improved the cognitive capabilities in animal models. Our 
investigations revealed a multifactorial action of Acetyl-L-Carnitine that included 
improved mitochondrial bioenergetics, neurotrophin mediated signaling and anti-
oxidant status. The implications of these compounds as anti aging and anti-senes-
cence interventions, however, need to be investigated.
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12.1  Introduction

The brain is not only situated at the anterior most region of the body, but also 
regulates an array of physiological functions through its complex wired neuronal 
networks. It directly or indirectly influences the central, peripheral and autonomic 
responses which govern an individual’s psychological, physical and physiological 
responses to internal and external stimuli. The brain comprises of billions of neu-
rons and glial cells that work in unison to form complex circuits for storing and 
processing of information. These closely coordinated miniature electrical circuits 
operate through tightly regulated opening and closing of ion channels which could 
be ligand-gated or voltage-gated. Maintenance of a potential gradient across the 
neuronal membrane which is imperative for transmission of impulse through these 
neuronal circuits involves utilization of large amount of ATP. This high energy re-
quirement makes brain metabolically the most active organ in human body. This 
probably also explains the reason why neurodegenerative disorders like Alzheim-
er’s, Parkinson’s, Amyotrophic Lateral Sclerosis are all associated with aging brain. 
Derailments in higher order cognitive functions and early dementia are considered 
to be preliminary symptoms of an aging brain. Interestingly, aging is often associ-
ated with vascular dementia and reduced oxygen supply to the brain. Several psy-
chological, physiological and biochemical manifestations during aging appear to 
be similar to hypoxia and ischemia. However, aging related neurodegeneration is 
a slow and progressive phenomenon spanning over years, while hypoxia is a more 
severe insult on the neurons resulting in their immediate death. Hence, understand-
ing the mechanisms of hypoxic neurodegeneration which is a much severe stress 
in comparison to aging could surely provide some valuable insights into strategies 
for preventing neurodegeneration during aging. Besides that, it could also help in 
understanding the effect of episodes of hypoxic stress during young and adult stages 
of an individual’s life on neuronal aging at old age.

12.2  The Brain Function in Low Oxygen

The brain has the highest oxygen and glucose dependency and consumes 20 % of 
the total oxygen for generation of ATP through the aerobic mechanisms (Halliwell 
1992). Decreased supply of oxygen to the brain during conditions of hypoxia and 
ischemia therefore results in neurodegeneration. A unique situation of global de-
crease in oxygen supply to the brain is encountered during ascent to high altitude. 
The reduction in partial pressure of oxygen on ascent to high altitude leads to 
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decreased oxygen saturation of arterial blood and compromised oxygen delivery 
to tissues (Peacock and Jones 1997). This condition, referred to as hypobaric hy-
poxia, not only limits human performance (Pugh 1964; West 1988, 2002) but also 
triggers several physiological, sensory and neurobehavioral alterations (Houston 
et al. 1987; Hornbein 1992). The effects of hypoxia are greatly influenced by 
rate of ascent and duration of stay at high altitude. The range of altitude has been 
distinguished into: (1) Intermediate altitude (1,500–2,500 m), where physiologi-
cal changes are detectable due to hypobaric hypoxia, but arterial oxygenation re-
mains above 90 %. However, altitude illness is possible, (2) High altitude (2,500–
3,500 m), where altitude illness is commonly observed due to rapid ascent above 
2,500 m, (3) Very high altitude (3,500–5,800 m), where arterial oxygenation falls 
below 90 %. Altitude illness is common and marked hypoxemia can occur due 
to exercise, (4) Extreme altitude (> 5,800 m), where successful acclimatization 
cannot be achieved, progressive deterioration follows and hypoxemia occurs at 
rest. It is assumed that long term stay for humans is not possible above 5,500 m, 
although moderate altitudes can sometimes be tolerated without supplementary 
oxygen (Hackett and Roach 2001). Beginning with the balloon flights in the latter 
half of the nineteenth century, extensive literature has described the subtle effects 
of hypoxia on the brain and CNS (West 2004). Much early work by McFarland 
(1937) documented the effect of hypoxia on mental performance at high altitude. 
On the basis of observations and tests of sensory, motor and cognitive function, 
McFarland observed that individuals taken rapidly (hours) to 4,000–4,500 m ex-
hibited impairment in both simple and complex psychological performance. Mo-
tor functions, such as handwriting, were also impaired but to a lesser extent, and 
sensory modalities were affected little if at all. Investigators have documented 
decrements in performance on a variety of neuropsychometric tests for cognitive 
and motor functions after sudden exposure to even relatively moderate hypoxia 
(2,000–4,500 m) (Stickney and Van Liere 1953; Ernsting 1978).

Changes in a visual-positioning test performed during light work have also 
been reported at an altitude as low as 1,500 m (Denison et al. 1966). A study 
in humans has shown that 15 adults (29–37 years old), tested under high alti-
tude conditions (4,500 and 5,050 m), displayed difficulties in recalling word 
lists, specifically those words that came early in the list (primacy effect). In this 
study, memory recall remained impaired 45 days after descent from high altitude 
(Pelamatti et al. 2003). There is further evidence that memory impairment may 
last several months after returning to the lowlands. A number of other studies have 
shown that verbal and visual short-term memory capacity and recall is impaired 
at altitudes starting at 2,500 m (Cavaletti et al. 1987; Regard et al. 1989; Hopkins 
et al. 1995). Acute exposure to hypoxia (few minutes) at altitudes above 6,500 m 
is known to cause severe neurobehavioral dysfunctions and loss of consciousness 
in non-acclimatized individuals. These studies suggest that a critical impairment 
in higher cognitive functions is the earliest and most insidious consequence of 
exposure to high altitude.
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12.3  Neuronal Response to Hypoxia

Various cell types in the brain and CNS show differential susceptibility to hypoxic 
insult, with the neurons dying of hypoxia long before glial cells and among glia, 
oligodendrocytes before astrocytes (Wang et al. 2002). Rats exposed to hypobaric 
hypoxia reveal occurrence of oxidative stress, neuronal degeneration and dendritic 
atropy (Titus et al. 2007; Maiti et al. 2006). The mechanisms pertaining to hypo-
baric hypoxia induced neurodegeneration appear to be multi-factorial and may in-
volve oxidative stress, neurotransmitter alterations, altered bioenergetics, altered 
neuromorphology and disturbed ionic homeostasis. Several studies have indicated 
towards the occurrence of glutamate excitotoxicity in hypoxic and ischemic stress 
(Won et al. 2002; Hemi et al. 2003). Hypoxia has been reported to cause robust 
calcium influx into neuronal cells through the NMDA receptors, thus mediating 
excitotoxic cell death (Khodorov et al. 1996; Hota et al. 2008). Calcium mediated 
free radical generation through activation of PhospholipaseA2 (PLA2), Xanthine 
Oxidase and Monoamine Oxidase by Calcium Calmodulin complex has also been 
reported in the hippocampus following hypoxic insult (Barhwal et al. 2009a). Expo-
sure to hypobaric hypoxia also results in alterations in cholinergic transmission and 
altered corticosterone that could contribute to the memory impairment (Hota et al. 
2009; Muthuraju et al. 2009).

12.4  The Aging Neuron

Aging has been classically considered as a process of slow deterioration of neuronal 
functions associated with degradation and altered recycling of long-lived proteins, 
macromolecular aggregates, and damaged intracellular organelles. Conversely, it is 
now evident that neuronal aging is a biological process tightly controlled by evo-
lutionary highly conserved signaling pathways. Importantly, genetic mutations that 
enhance longevity significantly delay the loss of synaptic connectivity and, there-
fore, the onset of age-related brain disorders (Bano et al. 2011). The molecular 
mechanisms pertaining to neuronal degeneration are similar to hypoxic cell death 
in several aspects and involve dysregulation in calcium homeostasis, altered mi-
tochondrial activity and cellular bioenergetics (Wang and Michaelis 2010) and al-
terations in cellular redox status such as increased generation of mitochondrial oxi-
dants, altered GSH status, and increased protein oxidation. Cholinergic neurons of 
the basal forebrain complex have been described to undergo moderate degenerative 
changes during aging, resulting in cholinergic hypofunction that has been related to 
the progressing memory deficits with aging (Schliebs and Arendt 2006). Morpho-
logically, both hypoxic insult and aging result in reduction of spine numbers and 
synaptic dysfunction (Hota et al. 2009; Bano et al. 2011). Aging however differs 
from hypoxic neurodegeneration on the basis of genetic determinants that serve as 
an internal trigger for cell death. Age-dependent accumulation of partially deleted 
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mitochondrial DNA and altered transcriptome activity and synthesis of mitochon-
drial proteins have been suggested to contribute to aging and the development of 
age-associated diseases (Fukui and Moraes 2009).

12.5  Oxidative Stress in Hypoxia and Aging

The biological process of aging is associated with impairment of cellular bioener-
getic function and increased oxidative stress (Escames et al. 2010; Floyd et al. 2002; 
Calabrese et al. 2001). The mitochondrion is considered the most important cel-
lular organelle to contribute to the aging process, mainly through respiratory chain 
dysfunction and formation of reactive oxygen species, leading to damage to mito-
chondrial proteins, lipids and mitochondrial DNA (Paradies et al. 2011; Calabrese 
et al. 2001). In addition to the changes in electron transport chain, ions like calcium 
and iron also play a key role in mediating free radical generation and oxidative 
stress. Alteration of calcium homeostasis in the aging brain results in calcium ion 
sequestration into the mitochondria. This calcium overload perturbs the redox state 
of mitochondria and causes oxidative stress (Foster 2007; Toescu and Verkhratsky 
2007; Biessels and Gispen 1996). Several studies indicate that the sensitivity of 
mitochondria to Ca2 +-induced PTP opening is greater in the aged compared to the 
young mature brain (Toman and Fiskum 2011). Post-translational modifications of 
proteins due to oxidative and nitrative stress have also been associated to the aging 
brain (Grimm et al. 2011).

Oxidative stress and related biochemical factors that play a major role in ag-
ing and related neurodegenerative disorders also appear to influence the neuronal 
survival in hypoxia. Free radical generation and oxidative damage to bio-molecules 
have been invariable associated to hypoxic exposure. Studies conducted in both 
in vitro and in vivo models of hypoxia and ischemia show increase in lipid per-
oxidation and DNA damage (Hota et al. 2007; Barhwal et al. 2008). This is also 
associated with decrease in antioxidant enzyme activities and depletion of cellular 
antioxidants (Blum and Fridovich 1985; Barker et al. 1996). The oxidative stress in 
hypoxic brain is primarily attributed to glutamate excitotoxicity and deregulation of 
calcium ion homeostasis. Increased release of glutamate in the excitatory synapses 
along with upregulation of N-methyl-D-aspartate (NMDA) receptors results in ro-
bust influx of calcium into the cells (Hota et al. 2008). Increased expression of L 
type calcium channels during hypoxic exposure has also been reported to exert an 
additive calcium overload in neuronal cells (Barhwal et al. 2009a). The calcium in 
turn activates several pro-oxidant enzymes viz., xanthine oxidases, monoamine oxi-
dases, cytosolic phospholipase A2 and cyclooxygenase (COX-2) leading to genera-
tion of free radicals. Calcium also mediates leakage of electrons from the mitochon-
dria and opening of the permeability transition pore (PTP) that triggers apoptosis.

Though the mechanisms pertaining to free radical generation and oxidative stress 
appear to be similar in both aging and hypoxia, a presumed difference between the 
two is that oxidative stress is considered to be a cause of aging but a consequence 
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of hypoxia. There has been a growing consensus regarding acceleration of aging 
due to lipid peroxidation and post translational modification of proteins. On the 
other hand, hypoxia has been portrayed as a trigger for oxidative stress that in turn 
causes neurodegeneration. However, with the recent reports on role of free radicals 
as signaling molecules and regulation of the expression of transcription factors and 
protein activity through oxidation and carboxylation, the notion on oxidative stress 
being a consequence needs to be redefined. This is evident from the fact that sub-
units of NMDA receptor that contribute to the calcium overload in neuronal cells 
during hypoxia are themselves regulated by a free radical mediated mechanism 
(Hota et al. 2010). Besides that, the fact that there is an increase in lipid peroxida-
tion, protein oxidation, DNA damage and accumulation of oxidized biomolecules 
in neurons exposed to hypoxia also raises a concern that hypoxic exposure could 
accelerate aging.

12.6  Nrf-2 Regulated Antioxidant Systems in Hypoxia 
and Aging

The fate of the neurons is dictated by an intricate balance between the oxidative 
stress and intracellular antioxidant systems in both hypoxia and aging. Overwhelm-
ing of the antioxidant defense systems by excess generation of free radicals acts as 
a trigger for the onset of aging and hypoxia mediated neurodegeneration. In recent 
years, it has been realized that peroxiredoxins may be the most important perox-
ide free radical removal systems (Rhee et al. 2005). They are a family of peroxi-
dases that reduce H2O2 and organic peroxides. They are homodimers and contain 
no prosthetic group: the redox reactions are dependent on cysteine at the active 
sites. Thioredoxin-1 (Trx-1) is one such peroxiredoxin which is a small 12 kDa 
multifunctional protein having a redox-active disulfide/dithiol within its active site 
sequence, -Cys-Gly-Pro-Cys- and operates together with NADPH and thioredoxin 
reductase as a protein disulfide-reducing system (Holmgren 1985). In addition to 
peroxiredoxins, various phase II detoxification enzymes and antioxidants work 
together to reduce damage caused by oxidative stress. Many reports indicate that 
phase II detoxification enzymes and antioxidant genes are regulated by an anti-
oxidant responsive element (ARE), which is located within the promoter regions 
of these genes (Huang et al. 2000; Lee et al. 2003). The ARE activity is regulated 
by an array of transcription factors including NF-E2-related factor2 (Nrf2). Nrf2, 
belonging to the basic leucine zipper family of proteins, is an important candidate 
involved in the transcriptional regulation of ARE motifs (Itoh et al. 1997). The 
genes regulated by ARE include glutathione-S-transferase (GST), NAD(P)H qui-
none oxidoreductase-1 (NQO1), Heme oxygenase-1 (HO-1), Glutamate-cysteine 
ligase (GCL), ferritin-L, metallothionin-1 and UDP-glucuronyl transferase (UGT) 
(Favreau and Pickett 1995).
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In unstressed cells, Nrf2 is sequestered in the cytosol by Keap1 which is crucial 
for targeting Nrf2 for ubiquitination and degradation. However, Nrf2 may also ex-
ist in the nucleus under homeostatic resting conditions for basal transcription of 
Nrf2 mediated genes. When cells are exposed to oxidative or electrophilic stress, 
Nrf2 appears to be liberated from the Keap1-Nrf2 complex and translocates into 
the nucleus (Nakaso et al. 2003; Kobayashi et al. 2006), thereby activating Nrf2 
dependent gene transcription. Thus, Keap1 negatively regulates Nrf2 stability by 
targeting Nrf2 for ubiquitination by Cul3 and subsequent degradation by the protea-
some pathway (Fig. 12.1).

Several antioxidant compounds like Acetyl-L-Carnitine provide neuroprotection 
in hypoxia by eliciting Nrf2 mediated transcription of ARE regulated antioxidant 
genes through a pERK mediated mechanism (Barhwal et al. 2009b). Acetyl-L-Car-
nitine has also been found to be effective in ameliorating aging related neuronal 
death. Nrf2 mediated improvement in D1 receptor function of renal neurons has 
also been reported in old rats subjected to exercise (Asghar et al. 2007). Similarly, 
phytochemicals like plumbagin significantly reduce the amount of brain damage 
and ameliorate associated neurological deficits in focal ischemic stroke by activat-
ing Nrf2/ARE pathway. In addition to augmenting the antioxidant status in neuronal 
cells, Nrf2 also regulates expression of xenobiotic detoxifying (phase II) enzymes 
(Zhang et al. 2012). Removal of the xenobiotic compounds, on the other hand, 
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Fig. 12.1  Schematic diagram depicting regulatory role of Nrf2 during normoxic and oxidative 
stress. Supplmentation of ALCAR during hypoxia, results in degradation of Cul3 through pERK 
mediated mechanisms resulting in stabilization of Nrf2. (Barhwal et al. 2009)
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slows the aging of neuronal cells. Hence drugs mediating Nrf-2 upregulation could 
be beneficial in delaying aging and ameliorating hypoxia related cognitive impair-
ments.

12.7  Mitochondrial Mechanisms of Neurodegeneration in 
Hypoxia and Aging

Both hypoxia and aging have been associated with cell death in several susceptible 
regions of the brain. Two distinct mechanisms of cell death have been characterized, 
i.e. apoptosis and necrosis (Kerr et al. 1972). Necrosis and apoptosis may occur 
either distinctly or simultaneously within a damaged region of the brain, and are 
related to the magnitude of the toxic stimuli. Acute insults such as hypoxia, stroke, 
trauma, and infection cause harsh, usually focal injuries to the central nervous sys-
tem. In general, such severe injuries to the brain result in rapid necrosis in the core 
regions, although in most cases apoptosis is also observed (Honig and Rosenberg 
2000).

Apoptosis is a tightly controlled cell death process involving definite enzyme 
cascades, which keeps the content of the dying cell intracellular. It is initiated by 
both physiological and pathological stimuli. On the contrary, necrosis refers to rela-
tively uncontrolled cell death and is generally correlated with injury (Sastry and Rao 
2005). The cell’s decision to die from necrosis or apoptosis is dictated at least in 
part by the abundance of intracellular energy stores. Whereas, apoptosis requires a 
minimal amount of intracellular ATP, necrosis is generally accompanied by its total 
depletion (Nicotera et al. 1998). Thus necrosis may be viewed as an accidental type 
of cell death. Necrosis is not genetically predetermined and normally occurs within 
a short period following a triggering insult (2–4 h). Necrosis has been invariably 
associated with immediate cell death following hypoxic or ischemic insult. Though 
it is not directly correlated to aging, necrotic cells can accelerate the aging process 
of neurons in their vicinity by causing neuroinflammation and oxidative stress.

Apoptosis, depending upon the origin of the activator molecule, is categorized 
into extrinsic and intrinsic pathways. In the extrinsic pathway (also known as “death 
receptor pathway”), apoptosis is triggered by an extracellular ligand-induced acti-
vation of death receptors at the cell surface. Such death receptors include the tumor 
necrosis factor (TNF) receptor-1, CD95/Fas (the receptor of CD95 L/FasL), as well 
as the TNF-related apoptosis inducing ligand (TRAIL) receptors-1 and -2. Several 
inflammatory cytokines belonging to the interlukin family also play a key role in 
mediating death receptor mediated apoptosis. Aging processes stimulate secretion 
of proinflammatory cytokines IL-1β and IL-18 that may contribute to age-related 
cognitive decline in the growing elderly population (Mawhinney et al. 2011). Be-
sides that, the beneficial or detrimental transcriptional response of the inflammatory 
mediator TNFα, that activates a signaling cascade involving NFκB translocation to 
the nucleus, is also governed by the age of the neurons (Patel and Brewer 2008).
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In the intrinsic pathway (also called “mitochondrial pathway”), apoptosis results 
from an intracellular cascade of events in which mitochondrial permeabilization 
plays a crucial role (Scaffidi et al. 1998). Activation of a specific class of prote-
ases, the caspases (“cysteine protease cleaving after Asp”), is required for the rapid 
and complete manifestation of apoptotic features. However, not all caspases are 
required for apoptosis and the process generally results from the activation of a 
limited subset of caspases, in particular, caspases-3, -6, and -7 (Fuentes-Prior and 
Salvesen 2004). These are the “executioner” caspases that mediate their effects by 
cleavage of specific substrates in the cell.

The release of pro-apoptotic factors occurs through the permeabilization of the 
mitochondrial membrane. The opening of the permeability transition pore causes 
swelling of the mitochondrial matrix, which results in mitochondrial uncoupling, 
rupturing of the mitochondrial outer membrane, and release of pro-apoptotic pro-
teins into the cytosol leading to apoptosis (Yang and Cortopassi 1998). Altered cal-
cium ion homeostasis resulting due to robust influx of extracellular calcium during 
hypoxic insult is known to play a key role in opening of the permeability transition 
pore. Aging and aging related neurodegenerative disorders have also been associ-
ated with calcium mediated toxicity and cellular apoptosis. The entry of calcium ion 
into the mitochondria occurs through an electrogenic uniporter, now known to be 
a channel, and is pumped out again by a Na +/Ca2 + antiporter (Gunter et al. 2000). 
The activity of the Na +/Ca2 + antiporter saturates as mitochondrial matrix calcium 
increases, whereas the uniporter acts as a channel and is thus not saturated with 
increasing extramitochondrial calcium concentration. Consequently, as the extrami-
tochondrial calcium concentration increases beyond a certain value, the mitochon-
dria can no longer regulate their matrix calcium concentration, and mitochondrial 
calcium overload ensues (Gunter et al. 2000). When the overload is accompanied 
by a combination of other factors, most notably oxidative stress, high phosphate 
concentrations and low adenine nucleotide concentrations, the mitochondria un-
dergo a permeability transition i.e. a pore opens in their inner membrane, known as 
the ‘mitochondrial permeability transition pore’ (MPTP), causing the membrane to 
become nonspecifically permeable to any molecule less than 1.5 kDa in size. This 
results in proton leak, and thus the mitochondria become uncoupled and are no lon-
ger able to maintain a pH gradient or membrane potential. As a result, mitochondria 
not only become incapable of ATP synthesis, but also now actively degrade ATP, 
as the proton-translocating ATPase reverses. Left unchecked, this inevitably leads 
to a loss of metabolic and ionic integrity of the cells, and ultimately to cell death 
(Halestrap 2004). Altered cellular bioenergetics in aging related neurodegeneration 
is attributed to the decreased activity of Complexes I, II and IV leading to chronic 
inflammation and triggering of apoptotic cell death pathways (Menardo et al. 2012). 
Hypoxic stress has also been associated with reduced Complex I and Complex IV 
activity. Interestingly, supplementation of Acetyl-L-Carnitine that is known to im-
prove mitochondrial biogenesis and ATP generation has been found to be beneficial 
in both hypoxia and aging.
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12.8  Role of Antioxidant Supplementation in Preventing 
Hypoxic Neurodegeneration

Antioxidant supplementation has been a widely accepted prophylactic strategy 
for both hypoxia and aging. Antioxidants like carnosine, melatonin and herbal 
extracts of gingko have been reported to reduce aging related changes in the brain. 
Antioxidants like N-Acetyl Cysteine and Acetyl-L-Carnitine, on the other hand, 
have been reported to ameliorate hypoxia induced neurodegeneration. Studies 
carried out by Barhwal et al. (2007) have shown improved working and reference 
memory of hypoxic rats supplemented with Acetyl-L-Carnitine. The nootrophic 
effect of Acetyl-L-Carnitine is due to its ability to augment NGF-TrkA mediated 
neurotrophin signaling mechanisms and stabilization of Nrf-2 through ERK me-
diated mechanisms. This probably explains the role of Acetyl-L-Carnitine as an 
antioxidant despite its inability to directly quench the free radicals. Besides that, 
Acetyl-L-Carnitine also mediates mitochondrial biogenesis resulting in buffering 
of calcium ions into nonfunctional mitochondria during hypoxic stress. Alpha 
lipoic acid and ascorbic acid supplementation also protect neurons from oxidative 
stress mediated cell death by directly quenching the free radicals. However, the 
efficacy of these antioxidants in delaying aging related cognitive impairment and 
prevention of age related neurodegenerative disorders remains to be conclusively 
proved for human population.

12.9  Implications of Hypoxic Research for Aging Related 
Cognitive Impairment

Though the causative factors for hypoxia and aging related cognitive impairment 
appear to differ distinctly, the down stream events resulting in compromised neu-
ronal activity during both these conditions are similar to a great extent. The patho-
physiology in both these conditions is invariably associated with oxidative stress, 
altered calcium ion homeostasis and mitochondrial dysfunction. Inflammatory 
responses and activation of microglia play a key role in both aging and hypoxic 
neuronal damage. At the molecular level, the hypoxia inducible factor (HIF) is the 
master regulator for hypoxia-induced gene expression. Recent studies displayed 
age-related changes in the HIF system that might explain reduced ability to cope 
with hypoxia in elderly. Conversely, oxidative damage to sub cellular components 
following hypoxic insult could accelerate aging and age associated neurodegenera-
tive disorders. Future research on the effect of hypoxia on genomic and proteomic 
changes in the neuronal cells and the effect of these changes on aging could surely 
help in identifying prophylactic and therapeutic targets for delaying aging and age 
related cognitive impairment.
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Abstract Memories for emotionally arousing and fearful events are remembered 
well in general. This memory enhancing effect is mediated by stress hormones 
which are released during and shortly after exposure to the events and reflects a 
highly adaptive process that enables the retention of relevant information. However, 
in susceptible individuals, exposure to stressful events may result in post-traumatic 
stress disorder (PTSD) where traumatic memories are vividly expressed. Stress has 
an important influence on the brain throughout the lifespan. For instance, stress 
during the early postnatal period impairs spatial learning and memory processes but 
enhances emotional memory formation later in life. Prolonged exposure to cortico-
steroids is also thought to promote hippocampal aging and the onset of Alzheimer’s 
disease. Understanding how stress affects memory is therefore crucial to understand 
the development of stress-related psychopathology. In this chapter, mechanisms that 
underlie the effects of (early life) stress on memory formation as well as potential 
approaches to target the effects of stress on memory formation will be addressed.

Keywords Stress • Memory • Spatial learning • Fear conditioning • Synapses • 
Hippocampus

13.1  Introduction

In our daily life, we are regularly exposed to emotionally arousing and stressful 
experiences that can range from small displeasures to major life events such as the 
loss of relatives. Exposure to stressful events activates several systems that help to 
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respond to these challenging conditions (Kim and Diamond 2002; De Kloet et al. 
2005). Ultimately, these actions are aimed to restore the disturbed equilibrium. 
The response to a stressful experience is therefore highly adaptive and might even 
be beneficial for the survival of individuals. Exposure to stressful experiences in 
vulnerable individuals, on the other hand, can increase the risk to develop psy-
chopathological diseases across the lifespan such as depression and post-traumatic 
stress disorder (PTSD) (Yehuda 2009). In depression and PTSD, the mechanisms 
that can promote behavioral adaptation to stressful events are often dysregulated 
(De Kloet et al. 2005).

The ability to acquire, store and retrieve information (i.e. learning and memory) 
can be considered as one of the most important forms of behavioral adaptation. 
As such, remembering emotionally arousing and fearful events can be viewed as a 
highly adaptive process. In this chapter, the mechanisms that promote the memory 
of (acute) stressful events will be addressed. Second, the persistent effects of stress 
during early life on learning and memory processes will be summarized. We will 
briefly address the relationship between stress and aging. Since effects of stress may 
have detrimental effects on learning and memory processes, potential therapeutic 
approaches will be discussed that might potentially restore or normalize learning 
and memory processes. The focus of this chapter will be on animal studies, unless 
stated otherwise.

13.2  Neuro-endocrine Responses to Stress

Upon exposure to stressful events, the locus coeruleus (LC) becomes rapidly ac-
tivated. In the LC, the majority of noradrenergic neurons are located, which proj-
ect to other brain areas, such as prefrontal cortex, cerebellum, amygdala and hip-
pocampus all of which are critically involved in learning and memory processes 
(Foote et al. 1983; Roozendaal et al. 2009). Noradrenergic projections affect neuro-
nal function via activation of α-adrenergic and β-adrenergic receptors. In addition, 
stressful events stimulate the hypothalamus–pituitary–adrenal (HPA) axis which 
leads to a slow increase in the release of glucocorticoid hormones from the adre-
nal cortex (corticosterone in most rodents; cortisol in humans). These hormones 
enter the brain and bind to two subtypes of discretely localized receptors, i.e. the 
mineralocorticoid receptor (MR) and glucocorticoid receptor (GR), which (like ad-
renergic receptors) are expressed in regions that are critical for memory formation 
such as hippocampus, amygdala and prefrontal cortex. Mineralocorticoid receptors 
are occupied when hormone levels are low and exert their effects classically via the 
genome. Glucocorticoid receptors have a tenfold lower affinity for corticosterone, 
become substantially activated when hormone levels rise after stress and exert slow 
genomic actions in cells carrying the receptor (De Kloet et al. 2005). Importantly, 
recent evidence has revealed that corticosteroid hormones can also regulate synap-
tic function via non-genomic effects, both via activation of MRs and GRs (Orchinik 
et al. 1991; Karst et al. 2005; Groc et al. 2008; Karst et al. 2010; Di et al. 2005; 
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Venero and Borrell 1999; Wiegert et al. 2006). This yields a completely new picture 
how glucocorticoids can regulate cellular function: the resultant cellular responses 
to the surge of corticosterone after exposure to a stressful event are determined by 
the dynamic interaction between corticosteroid hormones binding to MRs and GRs, 
via their coordinated genomic and non-genomic actions.

From the functional point of view, it is important to realize that there is an over-
lap in the time domains during which neurotransmitters and hormones—such as 
noradrenaline and corticosteroid hormones—are released after exposure to stress-
ful experiences (Joëls and Baram 2009). This is particularly relevant since these 
compounds can interact to modulate behavioral responses and neuronal activity 
(Joëls et al. 2011). In interaction with a number of other compounds—such as (nor) 
adrenaline, corticotropin releasing hormone, endocannabinoids—corticosteroid 
hormones via their receptors alter neuronal activity in areas that play central roles in 
the storage of relevant information and promote behavioral adaptation (Roozendaal 
et al. 2006; Roozendaal et al. 2008; Campolongo et al. 2009) (Fig. 13.1).

13.3  Acute Stress and Memory Formation

Numerous studies have shown that the most vivid memories tend to be of emotion-
ally arousing events (Cahill and McGaugh 1998; McGaugh 2000). This may be 
beneficial from the evolutionary point of view since it promotes the memory forma-
tion of potentially relevant events. Noradrenaline and corticosteroid hormones, via 
their receptors, play an important role in the memory enhancing effects of stress 
and emotion. Noradrenaline enhances memory formation of emotional events via 
the brain β-adrenergic receptors (β-ARs) both in humans and rodents: post-training 
applications of noradrenaline or β-ARs agonists promote memory consolidation in 
various memory tasks such as inhibitory avoidance task, fear conditioning and in 
Morris water-maze learning (Hu et al. 2007; Roozendaal et al. 2009). Activation of 
α-adrenergic receptors also enhances memory, presumably by enhancing the actions 
of β-adrenergic actions (Ferry et al. 1999a, b).

Corticosteroid hormones, via MRs have been implicated in the appraisal process 
and response selection (Oitzl and de Kloet 1992; Sandi and Rose 1994). However, 
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Fig. 13.1  Exposure to 
stressful events results in the 
release of several neuro-
modulators such as cortico-
trophin releasing hormone 
(CRH), glucocorticoids and 
noradrenaline. Together, they 
promote the consolidation of 
relevant information
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recent evidence indicates that activation of MRs is also important for the storage 
of spatial and fearful information (Berger et al. 2006; Zhou et al. 2010; Zhou et al. 
2011). Corticosteroids have also been reported to promote long-term consolidation 
of information via activation of GRs (Oitzl and De Kloet 1992; Sandi and Rose 
1994; Pugh et al. 1997a, b; De Kloet et al. 1999; Joëls et al. 2006; Roozendaal et al. 
2009). Accordingly, a point mutation in the mouse GR impairs memory forma-
tion in the Morris water maze task (Oitzl et al. 2001). While these studies point 
to a genomic mode of action, recent evidence suggests that membrane-associated 
GRs also promote long-term memory in an object recognition task via chromatin 
modification (Roozendaal et al. 2010). Thus, it is likely that both non-genomic as 
well as genomic actions of corticosteroid hormones promote the storage of relevant 
information. Besides these well-described effects of stress and glucocorticoids on 
consolidation processes, these hormones also affect memory retrieval mechanisms 
(de Quervain et al. 1998; de Quervain et al. 2000) and extinction processes (Brinks 
et al. 2009) which ultimately favor consolidation of relevant information and facili-
tate behavioral adaptation (De Kloet et al. 2005; Schwabe et al. 2010).

Several lines of evidence indicate that corticosteroids and noradrenaline work in 
concert for optimal memory performance both in humans and rodents (De Quervain 
et al. 2009; Roozendaal et al. 2009). In rodents, the presence of noradrenaline is cru-
cial for facilitation of emotional memory (Quirarte et al. 1997) and corticosterone 
can enhance noradrenergic effects on memory formation. For example, post-train-
ing corticosterone administration enhances spatial and aversive memory forma-
tion, which can be blocked by administration of a β-adrenergic receptor antagonist 
(Roozendaal et al. 2006). Similarly, corticosterone administered to naive (aroused) 
rats enhances object recognition, an effect that can be blocked by the β-adrenergic 
receptor antagonist propranolol. In agreement, corticosterone was ineffective in 
animals which were extensively habituated (Okuda et al. 2004). Conversely, corti-
costerone is only effective in enhancing memory formation in well-habituated rats 
when the release of endogenous noradrenaline is enhanced (Roozendaal et al. 2006).

Also at the mechanistic level, corticosterone and noradrenaline interact. For ex-
ample, they rapidly regulate AMPA receptor function which is critical for memory 
formation (Kessels and Malinow 2009). More specifically, there are optimal com-
binations at which noradrenaline and corticosterone interact to regulate AMPAR 
function, AMPA receptor surface expression and AMPA receptor phosphorylation 
(Krugers et al. 2010; Zhou et al. 2011). Finally, activation of β-adrenergic receptors 
and corticosterone interact at the network level (Pu et al. 2007). For instance, in the 
dentate gyrus, application of the β-adrenergic receptor agonist isoproterenol just 
prior to and during high-frequency stimulation causes robust synaptic potentiation. 
The onset of synaptic facilitation is increased by co-application of corticosterone 
to isoproterenol. This indicates that synaptic potentiation is most prominent when 
both stress hormones are present at the time when synaptic activation occurs. Taken 
together, emotionally arousing events are remembered well, and the release of stress 
hormones during these events promotes the formation of emotional memories, and 
facilitates cellular and molecular mechanisms that underlie learning and memory 
formation.
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13.4  Early Life Stress and Memory Formation

While remembering emotionally arousing and fearful events may be beneficial, 
exposure to stress may also have negative impact on individuals. In particular, ex-
posure to stressful experiences during the early postnatal period i.e. when the brain 
is still developing—may result in altered brain development, affect cognitive per-
formance and alter the risk to develop psychopathology such as seen in depression 
and anxiety (Hackman et al. 2010). These studies indicate that negative exposures 
during the early life period can persistently affect brain development, brain function 
and learning and memory processes. In animal models, the consequences of early 
life experience can be examined in detail. Here we will address how maternal care 
and maternal deprivation affect brain development, synaptic plasticity and spatial 
and emotional learning and memory processes.

In rodents, early postnatal stress is usually induced by disturbing the mother 
(dam)–infant relationship during the first 2 weeks of life. Throughout this period, 
the presence of the mother is the most important environmental factor for the pup, 
and disturbing the mother-pup interaction provides a major stress experience. Dur-
ing approximately the first two weeks after birth, the hypothalamo-pituitary-adrenal 
axis is still developing and mild to moderate stressors usually do not result in el-
evated corticosterone levels in the offspring. This period is called the stress hypore-
sponsive period (SHRP) and lasts between postnatal day 0–12 (mice) or 3–14 (rats). 
For the SHRP, the presence of the dam is essential (Levine 2002). The SHRP is 
thought to serve a protective function, preventing high glucocorticoid levels during 
early postnatal development and results from a decreased sensitivity of the pituitary 
to CRH and of the adrenal cortex to ACTH (Dent et al. 2000).

Handling pups during the early postnatal period results in lower stress-induced 
corticosterone levels due to an enhanced negative feedback of the HPA-axis (Plotsky 
and Meaney 1993; Meaney et al. 1993). This beneficial effect of early handling 
is attributed to increased levels of maternal care in response to nest disturbance 
(Francis and Meaney 1999) and is accompanied by increased spatial cognitive per-
formance later in life (Meaney et al. 1988). Subsequent studies revealed that also 
natural variations in the amount of licking and grooming (LG) and active “arch-
back” nursing (ABN) by the dam during the first postnatal week tightly regulate 
activation of the HPA-axis, brain development and cognitive processes (Hackman 
et al. 2010). When compared to animals that received high levels of maternal care 
(high-LG/ABN), adult animals which received low levels of LG/ABN display (i) 
enhanced activation of the HPA-axis upon exposure to a stressful experience, (ii) 
enhanced anxiety, and (iii) impaired spatial learning (Liu et al. 1997; Francis et al. 
2000; Liu et al. 2000; Weaver et al. 2006).

Recent studies have shown that dendritic complexity and spine number are re-
duced in several hippocampal subfields of young-adult low-LG/ABN animals when 
compared to high-LG/ABN animals, and that synaptic potentiation in the hippocam-
pal formation is reduced in offspring of low-LG/ABN animals (Champagne et al. 
2008; Bagot et al. 2010). Similar findings were observed in young-adult offspring 
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that was exposed to maternal deprivation for 24 h on postnatal day 3 (Oomen et al. 
2010). These studies suggest that early life adversity has negative consequences for 
hippocampal development and spatial cognitive processes, which is in agreement 
with other observations in rodents (e.g. Brunson et al. 2005; Rice et al. 2008; Wang 
et al. 2011).

Interestingly, cognitive processes are not necessarily impaired by negative early 
life experiences per se. For example, animals which are exposed to early life adver-
sity (either less maternal care or maternal deprivation) display enhanced contextual 
fear conditioning responses (Champagne et al. 2008; Bagot et al. 2009). In addi-
tion, synaptic potentiation in deprived as well as low-LG/ABN animals is greatly 
enhanced by application of stress hormones (noradrenaline and/or corticosterone). 
These observations may point to a possible adaptive programming of early life ad-
versity, i.e. animals which were raised in a stressful environment develop the ability 
to remember stressful events better later in life (Champagne et al. 2008; Bagot et al. 
2009; Oomen et al. 2010). At this moment, it remains to be investigated exactly how 
negative early life experiences enhance memory formation of emotional events.

13.5  Stress in Relation to Aging

Dysregulation of the HPA-axis has also been observed in relation to aging, both in 
rodents and humans (Lupien et al. 2009). More specifically, aged rats show elevated 
basal corticosteroid levels (Landfield et al. 1978; Issa et al. 1990) and in humans 
mean diurnal levels of cortisol become higher with aging (Raskind et al. 1994). In-
terestingly, both in rodents and humans, there are large variations among subjects. 
In general, elevated corticosteroid levels correlate negatively with hippocampal 
volume and cognitive performance of the individual (Lupien et al. 1998).

It was proposed that the dysregulated HPA-axis function results from a self-
propelling cascade (Sapolsky et al. 1986). In this view, small aberrations in corti-
costeroid level negatively impact on the survival of hippocampal neurons, so that 
the inhibitory tone that these cells normally exert on the HPA-axis activity is dis-
turbed. As a consequence, the HPA-axis will be disinhibited, causing even higher 
levels of corticosteroid hormone levels which threaten the survival of hippocampal 
cells even more. The way in which corticosteroids could increase vulnerability of 
hippocampal principal cells is by their effect on calcium influx (Joëls and Karst 
2012). Phil Landfield and colleagues proposed that L-type calcium currents, which 
cause considerable calcium influx into hippocampal cells upon depolarization are 
enhanced with aging (Campbell et al. 1996; Thibault and Landfield 1996; Toescu 
et al. 2004). Similarly, L-type channels are also a target for glucocorticoids (Kerr 
et al. 1992; Chameau et al. 2007), so that the over-exposure to corticosteroid hor-
mones may accelerate the process of aging (Fig. 13.2). Most of the available data 
on calcium currents and glutamate signaling support this, although in some cases 
corticosteroid actions may also deviate from the natural aging process (Landfield 
et al. 2007).
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13.6  Potential Therapeutic Approaches to Target 
Memory Formation

As mentioned earlier, the capacity to remember emotionally arousing events so well 
may be a highly adaptive process. On the other hand, it might also increase the 
risk to develop psychopathology, such as in post-traumatic stress disorder (PTSD) - 
where these memories are vividly expressed - and anxiety. Recent evidence emerged 
that retrieval and re-activation of fearful events renders these memories labile and 
protein synthesis is required after reactivation to re-consolidate the memory trace 
(Nader et al. 2000). Reconsolidation has been demonstrated in various tasks and 
species (Eisenberg et al. 2003; Nader et al. 2000; Sangha et al. 2003), including 
humans (Kindt et al. 2009; Schiller et al. 2010). Evidence that stored memories can 
be turned into a labile state has opened new avenues to reduce excessive fears. For 
example, in healthy individuals, it was shown that extinction training in the recon-
solidation window persistently attenuates the expression of fear, both in animals 
(Monfils et al. 2009) and humans (Schiller et al. 2010).

The notion that stress hormones such as noradrenaline and corticosterone regu-
late the formation of these memories might open therapeutic approaches to reduce 
the expression of fearful memories using pharmacological approaches. Several stud-
ies have now examined whether targeting stress hormones and their receptors affect 
retrieval of emotional information. Pharmacological treatment with β-adrenergic 
receptor antagonists during re-exposure has been reported to affect the subsequent 
expression of fear for a considerable period of time in rodents and humans (Debiec 
and Ledoux 2004; Kindt et al. 2009; Soeter et al. 2011). Moreover, blockade of MRs 
prior to reactivation of memories strongly reduces the expression of contextual fear, 
implying that MRs in particular play an important role in retrieval of emotional in-
formation and subsequent fear expression (Zhou et al. 2011). Interestingly, a recent 
study reported that blocking GRs after reactivation was effective in suppressing fear 
(Pitman et al. 2011). This suggests that both corticosteroid receptor types could be 
targeted when trying to interfere with emotional memories.

As discussed before, exposure to negative life experiences during the early post-
natal period has persistent negative consequences for spatial learning and memory 
processes. There is evidence that these effects can also be modulated. For example, 
the reduction in spatial memory performance in animals that received less maternal 
care during the first postnatal week, can be prevented by raising pups from low-LG 
mothers by high LG-mothers (Liu et al. 2000) as well as by environmental enrich-
ment (Bredy et al. 2003). Whether these treatments also affect the memory forma-
tion of fearful events is currently not known. With respect to the age-associated hip-
pocampal damage and cognitive impairment, it was shown that keeping glucocorti-
coid levels of rats low during middle-age effectively protects against the presumed 
glucocorticoid-dependent exacerbation of the aging process (Landfield et al. 1978). 
Anti-glucocorticoids are therefore interesting candidate-drugs to be tested for their 
efficacy in attenuating age-related cognitive decline.
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Taken together, there is substantial evidence that emotionally arousing events 
can be facilitated by the release of stress-hormones. Targeting these hormones and 
their receptors may prevent the expression of excessive fearful memories. Stress-
ful experiences during the early postnatal period can persistently (and negatively) 
affect spatial memories; effects which can also (at least in part) be reversed by post-
stress manipulations.

References

Berger S, Wolfer DP, Selbach O, Alter H, Erdmann G, Reichardt HM, Chepkova AN, Welzl H, 
Haas HL, Lipp HP, Schütz G (2006) Loss of the limbic mineralocorticoid receptor impairs 
behavioral plasticity. Proc Natl Acad Sci U S A 103:185–200

Bagot RC, van Hasselt FN, Champagne DL, Meaney MJ, Krugers HJ, Joëls M (2009) Maternal 
care determines rapid effects of stress mediators on synaptic plasticity in adult rat hippocampal 
dentate gyrus. Neurobiol Learn Mem 92:292–300

Bredy TW, Humpartzoomian RA, Cain DP, Meaney MJ (2003) Partial reversal of the effect of ma-
ternal care on cognitive function through environmental enrichment. Neuroscience 118:571–
576

Brinks V, de Kloet ER, Oitzl MS (2009) Corticosterone facilitates extinction of fear memory in 
BALB/c mice but strengthens cue related fear in C57BL/6 mice. Exp Neurol 216:375–382

Brunson KL, Kramár E, Lin B, Chen Y, Colgin LL, Yanagihara TK, Lynch G, Baram TZ (2005) 
Mechanisms of late-onset cognitive decline after early-life stress. J Neurosci 25:9328–9238

Cahill L, McGaugh JL (1998) Mechanisms of emotional arousal and lasting declarative memory. 
Trends Neurosci 21:294–299

Campbell LW, Hao SY, Thibault O, Blalock EM, Landfield PW (1996) Aging changes in voltage-
gated calcium currents in hippocampal CA1 neurons. J Neurosci 16:6286–6295

Campolongo P, Roozendaal B, Trezza V, Hauer D, Schelling G, McGaugh JL, Cuomo V (2009) 
Endocannabinoids in the rat basolateral amygdala enhance memory consolidation and enable 
glucocorticoid modulation of memory. Proc Natl Acad Sci U S A 106:4888–4893

Champagne DL, Bagot RC, van Hasselt F, Ramakers G, Meaney MJ, de Kloet ER, Joëls M, Kru-
gers H (2008) Maternal care and hippocampal plasticity: evidence for experience-dependent 
structural plasticity, altered synaptic functioning, and differential responsiveness to glucocorti-
coids and stress. J Neurosci 28:6037–6045

Fig. 13.2  The incidence to 
develop age-related cognitive 
deficits increases over lifes-
pan. Exposure to stress (early 
life stress or chronic stress 
later in life) may enhance 
the vulnerability to develop 
cognitive decline

H. J. Krugers and M. Joels

                  

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

199

Chameau P, Qin Y, Spijker S, Smit AB, Joëls M (2007) Glucocorticoids specifically enhance L-
type calcium current amplitude and affect calcium channel subunit expression in the mouse 
hippocampus. J Neurophysiol 97:5–14

Debiec J, Ledoux JE (2004) Disruption of reconsolidation but not consolidation of auditory fear 
conditioning by noradrenergic blockade in the amygdala. Neuroscience 129:267–272

Dent GW, Okimoto DK, Smith MA, Levine S (2000) Stress-induced alterations in corticotropin-
releasing hormone and vasopressin gene expression in the paraventricular nucleus during on-
togeny. Neuroendocrinol 71:333–342

Di S, Malcher-Lopes R, Halmos KC, Tasker JG (2003) Nongenomic glucocorticoid inhibition 
via endocannabinoid release in the hypothalamus: a fast feedback mechanism. J Neurosci 
23:4850–4857

Eisenberg M, Kobilo T, Berman DE, Dudai Y (2003) Stability of retrieved memory: inverse cor-
relation with trace dominance. Science 301:1102–110415

Ferry B, Roozendaal B, McGaugh JL (1999a) Involvement of alpha1-adrenoceptors in the basolat-
eral amygdala in modulation of memory storage. Eur J Pharmacol 372:9–1616

Ferry B, Roozendaal B, McGaugh JL (1999b) Basolateral amygdala noradrenergic influences on 
memory storage are mediated by an interaction between beta- and alpha1-adrenoceptors. J 
Neurosci 19:5119–5123

Foote SL, Bloom FE, Aston-Jones G (1983) Nucleus locus ceruleus: new evidence of anatomical 
and physiological specificity. Physiol Rev 63:844–914

Francis DD, Meaney MJ (1999) Maternal care and the development of stress responses. Curr Opin 
Neurobiol 9:128–134

Francis D, Diorio J, Liu D, Meaney MJ (2000) Nongenomic transmission across generations of 
maternal behavior and stress responses in the rat. Science 286:1155–1158

Groc L, Choquet D, Chaouloff F (2008) The stress hormone corticosterone conditions AMPAR 
surface trafficking and synaptic potentiation. Nat Neurosci 11:868–870

Hackman DA, Farah MJ, Meaney MJ (2010) Socioeconomic status and the brain: mechanistic 
insights from human and animal research. Nat Rev Neurosci 11:651–659

Hu H, Real E, Takamiya K, Kang M, Ledoux JE, Huganir RL, Malinow R (2007) Emotion enhanc-
es learning via norepinephrine regulation of AMPA-receptor trafficking. Cell 131:160–173

Issa AM, Rowe W, Gauthier S, Meaney MJ (1990) Hypothalamic-pituitary-adrenal activity in 
aged, cognitively impaired and cognitively unimpaired rats. J Neurosci 10:3247–3254

Joëls M, Baram TZ (2009) The neuro-symphony of stress. Nat Rev Neurosci 10:459–466
Joels M, Karst H (2012) Corticosteroid effects on calcium signaling in limbic neurons. Cell cal-

cium 51:277-283
Joëls M, Karst H Joels M, Pu Z, Wiegert O, Oitzl MS, Krugers HJ (2006) Learning under stress: 

how does it work? Trends Cogn Sci 10:152–158
Joëls M, Fernandez G, Roozendaal B (2011) Stress and emotional memory: a matter of timing. 

Trends Cogn Sci 15:280–288
Karst H, Berger S, Turiault M, Tronche F, Schutz G, Joels M (2005) Mineralocorticoid receptors 

are indispensable for nongenomic modulation of hippocampal glutamate transmission by cor-
ticosterone. Proc Natl Acad Sci U S A 102:19204–19207

Karst H, Berger S, Erdmann G, Schütz G, Joëls M (2010) Metaplasticity of amygdalar responses to 
the stress hormone corticosterone. Proc Natl Acad Sci U S A 107:14449–14454

Kerr DS, Campbell LW, Thibault O, Landfield PW (1992) Hippocampal glucocorticoid recep-
tor activation enhances voltage-dependent Ca2 +  conductances: relevance to brain aging. Proc 
Natl Acad Sci U S A 89:8527–8531

Kessels HW, Malinow R (2009) Synaptic AMPA receptor plasticity and behavior. Neuron 61:340–
350

Kim JJ, Diamond DM (2002) The stressed hippocampus, synaptic plasticity and lost memories. 
Nat Rev Neurosci 3:453–462

Kindt M, Soeter M, Vervliet B (2009) Beyond extinction: erasing human fear responses and pre-
venting the return of fear. Nat Neurosci 12:256–258

13 Stress and Memory: from Mechanisms to Long-Lasting Consequences

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

200

de Kloet ER, Oitzl MS, Joels M (1999) Stress and cognition: are corticosteroids good or bad guys? 
Trends Neurosci 22:422–426

de Kloet ER, Joels M, Holsboer F (2005) Stress and the brain: from adaptation to disease. Nat Rev 
Neurosci 6:463–475

Krugers HJ, Hoogenraad CC, Groc L (2010) Stress hormones and AMPA receptor trafficking in 
synaptic plasticity and memory. Nat Rev Neurosci 11:675–681

Landfield PW, Waymire JC, Lynch G (1978) Hippocampal aging and adrenocorticoids: quantita-
tive correlations. Science 202:1098–10102

Landfield PW, Blalock EM, Chen KC, Porter NM (2007) A new glucocorticoid hypothesis of brain 
aging: implications for Alzheimer’s disease. Curr Alzheimer Res 4:205–212

Levine S (2002) Regulation of the hypothalamic-pituitary-adrenal axis in the neonatal rat: the role 
of maternal behavior. Neurotox Res 4:557–564

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, Sharma S, Pearson D, Plotsky 
PM, Meaney MJ (1997) Maternal care, hippocampal glucocorticoid receptors, and hypotha-
lamic-pituitary-adrenal responses to stress. Science 277:1659–1662

Liu D, Diorio J, Day JC, Francis DD, Meaney MJ (2000) Maternal care, hippocampal synaptogen-
esis and cognitive development in rats. Nat Neurosci 3:799–806

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

Lupien SJ, de Leon M, de Santi S, Convit A, Tarshish C, Nair NP, Thakur M, McEwen BS, Hauger 
RL, Meaney MJ (1998) Cortisol levels during human aging predict hippocampal atrophy and 
memory deficits. Nat Neurosci 1:69–73

McGaugh JL (2000) Memory—a century of consolidation. Science 287:248–251
Meaney MJ, Aitken DH, van Berkel C, Bhatnagar S, Sapolsky RM (1988) Effect of neonatal 

handling on age-related impairments associated with the hippocampus. Science 239:766–768
Meaney MJ, Bhatnagar S, Diorio J, Larocque S, Francis D, O’Donnell D, Shanks N, Sharma S, 

Smythe J, Viau V (1993) Molecular basis for the development of individual differences in the 
hypothalamic-pituitary-adrenal stress response. Cell Mol Neurobiol 13:321–347

Monfils MH, Cowansage KK, Klann E, LeDoux JE (2009) Extinction-reconsolidation boundaries: 
key to persistent attenuation of fear memories. Science 324:951–955

Nader K, Schafe GE, Le Doux JE (2000) Fear memories require protein synthesis in the amygdala 
for reconsolidation after retrieval. Nature 406:722–726

Okuda S, Roozendaal B, McGaugh JL (2004) Glucocorticoid effects on object recognition memo-
ry require training-associated emotional arousal. Proc Natl Acad Sci U S A 101:853–858

Oitzl MS, de Kloet ER (1992) Selective corticosteroid antagonists modulate specific aspects of 
spatial orientation learning. Behav Neurosci 106:62–71

Oitzl MS, Reichardt HM, Joëls M, de Kloet ER (2001) Point mutation in the mouse glucocor-
ticoid receptor preventing DNA binding impairs spatial memory. Proc Natl Acad Sci U S A 
98:12790–12795

Orchinik M, Murray TF, Moore FL (1991) A corticosteroid receptor in neuronal membranes. Sci-
ence 252:1848–1851

Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN, Manders EM, Joëls M, Lucassen 
PJ, Krugers H (2010) Severe early life stress hampers spatial learning and neurogenesis, but 
improves hippocampal synaptic plasticity and emotional learning under high-stress conditions 
in adulthood. J Neurosci 30:6635–6645

Pitman RK, Milad MR, Igoe SA, Vangel MG, Orr SP, Tsareva A, Gamache K, Nader K (2011) 
Systemic mifepristone blocks reconsolidation of cue-conditioned fear; propranolol prevents 
this effect. Behav Neurosci 125;632–638

Pu Z, Krugers HJ, Joëls M (2007) Corticosterone time-dependently modulates beta-adrenergic 
effects on long-term potentiation in the hippocampal dentate gyrus. Learn Mem 14:359–367

Pugh CR, Fleshner M, Rudy JW (1997a) Type II glucocorticoid receptor antagonists impair con-
textual but not auditory-cue fear conditioning in juvenile rats. Neurobiol Learn Mem 67:75–79

Pugh CR, Tremblay D, Fleshner M, Rudy JW (1997b) A selective role for corticosterone in con-
textual-fear conditioning. Behav Neurosci. 111:503–511

H. J. Krugers and M. Joels

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

201

Quirarte GL, Roozendaal B, McGaugh JL (1997) Glucocorticoid enhancement of memory stor-
age involves noradrenergic activation in the basolateral amygdala. Proc Natl Acad Sci U S A 
94:14048–14053

de Quervain DJ, Roozendaal B, McGaugh JL (1998) Stress and glucocorticoids impair retrieval of 
long-term spatial memory. Nature 394:787–790

de Quervain DJ, Roozendaal B, Nitsch RM, McGaugh JL, Hock C (2000) Acute cortisone adminis-
tration impairs retrieval of long-term declarative memory in humans. Nat Neurosci 3:313–314

de Quervain DJ, Aerni A, Schelling G, Roozendaal B (2009) Glucocorticoids and the regulation of 
memory in health and disease. Front Neuroendocrinol (Epub ahead of print)

Rice CJ, Sandman CA, Lenjavi MR, Baram TZ (2008) A novel mouse model for acute and long-
lasting consequences of early life stress. Endocrinology 149:4892–4900

Roozendaal B, Okuda S, Van Der Zee EA, McGaugh JL (2006) Glucocorticoid enhancement of 
memory requires arousal-induced noradrenergic activation in the basolateral amygdala. Proc 
Natl Acad Sci U S A 103:6741–676

Roozendaal B, Castello NA, Vedana G, Barsegyan A, McGaugh JL (2008) Noradrenergic activa-
tion of the basolateral amygdala modulates consolidation of object recognition memory. Neu-
robiol Learn Mem 90:576–579

Roozendaal B, McEwen BS, Chattarji S (2009) Stress, memory and the amygdala. Nat Rev Neu-
rosci 10:423–433

Roozendaal B, Hernandez A, Cabrera SM, Hagewoud R, Malvaez M, Stefanko DP, Haettig J, 
Wood MA (2010) Membrane-associated glucocorticoid activity is necessary for modulation of 
long-term memory via chromatin modification. J Neurosci 30:5037–5046

Sandi C, Rose SP (1994) Corticosteroid receptor antagonists are amnestic for passive avoidance 
learning in day-old chicks. Eur J Neurosci 6:1292–1297

Sangha S, Scheibenstock A, Lukowiak K (2003) Reconsolidation of a long-term memory in Lym-
naea requires new protein and RNA synthesis and the soma of right pedal dorsal 1. J Neurosci 
23:8034–8040

Sapolsky RM, Krey LC, McEwen BS (1986) The neuroendocrinology of stress and aging: the 
glucocorticoid cascade hypothesis. Endocr Rev 7:284–301

Schiller D, Monfils MH, Raio CM, Johnson DC, Ledoux JE et al (2010) Preventing the return of 
fear in humans using reconsolidation update mechanisms. Nature 463:49–53

Schwabe L, Wolf OT, Oitzl MS (2010) Memory formation under stress: quantity and quality. Neu-
rosci Biobehav Rev 34:584–591

Soeter M, Kindt M (2011) Disrupting reconsolidation: pharmacological and behavioral manipula-
tions. Learn Mem 18:357–366

Thibault O, Landfield PW (1996) Increase in single L-type calcium channels in hippocampal neu-
rons during aging. Science 272:1017–10120

Toescu EC, Verkhratsky A, Landfield PW (2004) Ca2 + regulation and gene expression in normal 
brain aging. Trends Neurosci 27:614–620

Venero C, Borrell J (1999) Rapid glucocorticoid effects on excitatory amino acid levels in the hip-
pocampus: a microdialysis study in freely moving rats. Eur J Neurosci 11:2465–2473

Wang XD, Rammes G, Kraev I, Wolf M, Liebl C, Scharf SH, Rice CJ, Wurst W, Holsboer F, De-
ussing JM, Baram TZ, Stewart MG, Müller MB, Schmidt MV (2011) Forebrain CRF1 modu-
lates early-life stress-programmed cognitive deficits. J Neurosci 31:13625–13634

Weaver IC, Meaney MJ, Szyf M (2006) Maternal care effects on the hippocampal transcriptome 
and anxiety-mediated behaviors in the offspring that are reversible in adulthood. Proc Natl 
Acad Sci U S A 103:3480–3485

Wiegert O, Joëls M, Krugers H (2006) Timing is essential for rapid effects of corticosterone on 
synaptic potentiation in the mouse hippocampus. Learn Mem 13:110–113

Yehuda R (2009) Status of glucocorticoid alterations in post-traumatic stress disorder. Ann N Y 
Acad Sci 1179:56–69

Zhou M, Kindt M, Joëls M, Krugers HJ (2011) Blocking Mineralocorticoid receptors prior to 
retrieval reduces contextual fear memory in mice. PLoS One e26220

13 Stress and Memory: from Mechanisms to Long-Lasting Consequences

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

202

Zhou M, Bakker EH, Velzing EH, Berger S, Oitzl M, Joëls M, Krugers HJ (2010) Both mineralo-
corticoid and glucocorticoid receptors regulate emotional memory in mice. Neurobiol Learn 
Mem 94:530–537

Zhou M, Bakker EH, Velzing EH, Berger S, Oitzl M, Joëls M, Krugers HJ (2010) Both mineralo-
corticoid and glucocorticoid receptors regulate emotional memory in mice. Neurobiol Learn 
Mem 94:530–537

H. J. Krugers and M. Joels

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

203

Abstract Recent decade has seen a surge in identifying modifiable risk and protec-
tive factors for cognitive decline associated with natural aging and with common 
dementing disorders such as Alzheimer’s disease (AD). Ovarian steroid hormone 
estrogen is extensively studied among these factors with profound effects on many 
tissues and organs, including the brain. Brain aging in female is also accompanied 
with decline in estrogen levels. In women, it is characterized by natural depletion 
of hormone levels and menopause, whereas in rodents, it results in estropause. A 
decent amount of evidence associates the estrogen (E2, 17β estradiol) with hip-
pocampal activity, an area of brain related to cognition and memory. Presence of 
estrogen receptors (ER) in the hippocampus gives further evidence to it being one 
of the target brain regions for the hormone activity. Our findings have revealed 
that ovariectomy or natural aging leads to decreased synaptic activity, degenerative 
cytoarchitectural changes and altered protein levels in hippocampal neurons. Fur-
ther, it was seen that long-term estrogen therapy maintains the synaptic plasticity, 
regulates apoptotic proteins and affords neuroprotection to the hippocampal neu-
rons through both the nuclear and membrane estrogen receptor mediated pCREB 
and MAPK activation. Interestingly, normal aging also exhibits immune activation 
and cell infiltration in the brain. Neuroprotective effects of estrogen may include its 
anti-inflammatory response via regulating the neuro-immune response and levels of 
pro-inflammatory cytokines. However, the exact mechanism of anti-inflammatory 
actions of estrogen in senescent female brain is not yet fully characterized and needs 
to be undertaken to fully embark on neuro-immune processes in female brain aging. 
Attention is now largely focused on collective and beneficial approach of estrogen 
replacement therapy that shall not only support the cognitive function but also pre-
vent neurodegenerative pathologies.
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14.1  Introduction

Prevention and treatment of age-related brain disorders require deeper understand-
ing of the basic neurological processes behind the normal and pathological brain 
aging. Growing evidence suggests that gonadal hormones exert different effects 
in male and female subjects, perhaps because of underlying dimorphism in some 
brain processes. These processes are closely related to brain regions involved in 
memory, cognition and affective state, such as the hippocampus, amygdala, cerebral 
cortex (Baron-Cohen et al. 2005; McCarthy and Konkle 2005; Cahill 2006; Cos-
grove et al. 2007; Wilson and Davies 2007), and regions controlling sensorimotor 
and reward systems (Dewing et al. 2006; Cantuti-Castelvetri et al. 2007; McArthur 
et al. 2007a). The loss of gonadal steroid hormones during normal aging increases 
the risk of disease and dysfunction in hormone-responsive tissues (Baumgartner 
et al. 1999; Morley 2001). Age-related hormone depletion likely results in dimin-
ished neuroprotective actions of hormones in brain and an increased risk to neuro-
degenerative diseases such as Alzheimer’s disease (AD) (Pike et al. 2006; Rosario 
and Pike 2008). In case of humans, the decline of estrogen production in female 
is fast and generally accompanied by slow progression of cognitive disturbances, 
and in some cases by dementia (Henderson 2008). In AD, postmenopausal women 
have a greater toll than men (Swaab 2004). Estrogen has been identified as a vi-
tal protective factor in women in providing them the benefit against the diseases 
which are prevalent in men. However, a rapid decline in estrogen after menopause 
leads to the loss of this advantage. The knowledge of the significance of physiologi-
cal and pharmacological actions of estrogen in brain is indispensable for realizing 
the full translational prospective role of this ubiquitous female steroid hormone in 
maintaining the health and wellbeing. This chapter is focused to deliver current 
knowledge of neuroprotective effects of estrogen in the context of cognitive decline 
and neurodegeneration in postmenopausal women. To study the impact of estrogen 
loss on brain plasticity and cognitive functions, the ovariectomized rat is a suitable 
experimental model for clinical representation of menopause in animals. We will 
discuss pleiotropic nature of estrogen, mechanism of action in brain and its role in 
ameliorating cognitive decline and neurodegeneration. This information is essential 
to understand the nature of estrogen and its translational value for future use to 
combat neurological disorders in aging female brain.

14.2  Estrogen, Menopause and Brain Aging

Women now live a larger part of their lives in estrogen deprived state (menopause) 
which predisposes them to cognitive decline, memory disturbances and neurode-
generation. AD is one of the most debilitating diseases of the central nervous sys-
tem following progressive brain aging and results in the formation of beta-amyloid 
plaques, neurofibrillary tangles and neuronal loss. Estradiol is biologically most 
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prevalent and active compound of a class of steroids called estrogens (Behl et al. 
2000) and exerts potent and wide-ranging effects on the development, growth, dif-
ferentiation and function of various tissues throughout the body. It is mainly synthe-
sized in the ovaries and to a lesser extent in testes and placenta. Estrogen is known 
to occur in mammals in several forms, i.e. estrone (E1), 17β estradiol (E2), estriol 
(E3), and 17α estradiol (17α). Recent results of experimental and clinical studies 
have indicated that estrogen acts not only on the hypothalamus-hypophysis axis, but 
also on other brain regions to name a few like amygdala, hippocampal formation, 
cerebellum etc., thus influencing brain functions not related to reproductive activ-
ity. In these brain areas, estrogen modulates memory, cognition, postural stability, 
fine motor activity and mood. Age related decline of estrogen in postmenopausal 
women poses a great risk of cognitive deficits and progressive AD in comparison 
to the same age group men. Extensive work in the field of steroid hormones and 
their actions in brain have led us to the remarkable but partial understanding of 
estrogen’s neuroprotective role in certain brain areas involved in learning, memory 
and cognition.

Estrogen has been investigated for its neuroprotective effects in a variety of 
systems and experimental models of neurodegenerative disorders and cerebral 
ischemia (Dubal et al. 1998; Green and Simpkins 2000). The association between 
memory and estrogen was first clinically reported when menopausal women fre-
quently expressed complaints of memory disturbance and concentration problems 
(Sherwin 2000). Indeed alterations in cognitive performance have long been linked 
with menopause (Neurgaren and Kraines 1965). These clinical observations led to 
the beginning of scientific human study in the 1980s and thereafter Sherwin and 
colleagues accomplished a systematic analysis of the influence of estrogen loss and 
replenishment on memory functions. Results of these investigations established de-
terioration of verbal memory with estrogen loss and estrogen replacement therapy 
immediately after menopause restored the memory alterations to premenopausal 
state (Sherwin 1988). These findings prompted Fillit and colleagues (1986) to in-
vestigate the effect of estrogen replacement therapy on cognitive tasks in women 
with AD. The results of this small clinical trial proved to be pivotal to establish the 
role of estrogen in memory mechanisms in female brain. Several in vivo and in vitro 
studies suggest that estrogen exerts a protective effect in various brain disorders 
by influencing the inflammatory response. This anti-inflammatory hypothesis also 
stems from the evidence that menopause, which is characterized by the drastic drop 
in estrogen levels, results in an increased incidence of inflammatory pathologies 
of brain and other tissues. Treatment with physiological doses of estrogen before 
the onset of disease downregulates the expression of inflammatory factors, includ-
ing cytokines, chemokines and their receptors (Matsuda et al. 2001; Matejuk et al. 
2001), apolipoprotein E and other modulators of leukocyte migration (Horsburgh 
et al. 2002; Vegeto et al. 2003).

Results of basic science, clinical, and epidemiological analyses need more data 
to demonstrate and understand the neuroprotective potential of estrogen and certain 
other compounds with estrogen-like activity against age-related risk factors of de-
veloping AD and other neurodegenerative disorders.

14 Estrogen-Mediated Neuroprotection …
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14.3  Mechanism of Action of Estrogen

Estrogen produces its actions through binding to specific receptors known as es-
trogen receptors (ERs). ERs are cis-acting transcription factors which are members 
of steroid receptors super family (Giguère et al. 1988). ERs contain three main 
structural and functional domains, a highly conserved DNA-binding domain, C-
terminal ligand-binding domain and hyper variable N-terminal transactivation do-
main (Mangelsdorf et al. 1995). After binding to its ligand, two molecules of ER 
dimerize and bind to the specific DNA sequence, estrogen response element (ERE) 
inside the nucleus and lead to the activation of target gene transcription factors (Tsai 
and O’Malley 1994). The mechanism of action of estrogen has been reviewed con-
siderably following the discovery of the novel member of the steroid receptor super 
family i.e. ERβ (Kuiper et al. 1996) with high degree of sequence homology (95 %) 
with the classical ERα (Giguère et al.1988). Each receptor shows high affinity bind-
ing with estrogen and may bind to each other as homodimers or heterodimers. This 
receptor-ligand dimer then binds with ERE or associate with AP1 transcription fac-
tors c-jun/c-fos to regulate the transcription of responsive genes (Kuiper et al. 1996, 
1997; Paech et al. 1997). Several studies have also established that estrogen rapidly 
(within seconds to a few minutes) influences cellular physiology in different cell 
types of estrogen responsive tissues via activating a multitude of intracellular sig-
naling mechanisms (Belcher and Zsarnovsky 2001). In addition to regulation of go-
nadal functions, ERα and ERβ are also present in both female and male brains, spe-
cifically in brain areas involved in memory and cognition (McEwen 2001). Among 
the brain regions, major interest is focused on hippocampus and neocortex (Mehra 
et al. 2005). In rat and mouse, different regions and cell-populations in the brain, 
including hypothalamus, hippocampus, cerebellum and pituitary appear to express 
ERα and ERβ (Mitchner et al. 1998; Osterlund et al. 1998). While the protein se-
quences of ERα and ERβ are highly homologous, they represent two distinct gene 
products. In humans, the gene for ERα is located on chromosome 6 while that for 
ERβ is on chromosome 14 (Couse and Korach 1999).

Since estrogens are potent neuroprotective hormones, to reveal their exact mo-
lecular and cellular mechanisms of action would offer putative drug target points. 
Gonadal steroids act on both genomic and nongenomic pathways related to nuclear 
as well as membrane and cytoplasmic receptors, respectively. Extensive research 
activity is going on worldwide, including our recent research work, to define both 
genomic and intracellular signaling pathways in order to determine the molecular 
actions of estrogens. For example: (1) Activation of Src/ERK/CREB/Bcl-2 signal-
ing pathways by estrogen triggers neuroprotective mechanism (Sharma and Mehra 
2008), (2) Estradiol (E2)-induced formation of dendritic spines in hippocampus 
acts via Akt (protein kinase B)-mediated signaling events (Zhou et al. 1996), and 
(3) modulation of cyclic AMP response element binding protein (CREB) pathway 
(Szegõ et al. 2006; Wappler et al. 2009) provides an insight into the existence of 
the ‘nongenomic’ action of the ovarian hormone. According to Falkenstein et al. 
(2000), estrogen rapidly activates adenylate cyclase, ERK 1 and 2, and MAPK 
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pathways. Activation of adenylate cyclase is known to result in increased cAMP 
concentration and downstream activation of protein kinase A (PKA) through a well 
described cAMP-PKA signal transduction pathway (Gu and Moss 1996). Estradiol 
increases cAMP accumulation in hypothalamic neurons (Weissman et al. 1975) and 
human neuroblastoma cells (Watters and Dorsa 1998) and exerts cellular effects 
in neurons consistently with increased cAMP levels (Gu and Moss 1996; Minami 
et al. 1996) and increased phosphorylation of CREB protein (Gu and Moss 1996; 
Sharma et al. 2007). Further in this regard, a rapid estrogen induction of phosphory-
lated CREB was found in the periventricular nucleus (Gu and Moss 1996), preoptic 
area and the bed nucleus of striaterminalis in rat brain (Zhou et al. 1996). Extensive 
studies in this research area are being conducted worldwide revealing estrogenic 
actions in rat hippocampus which occur via nuclear and membrane receptors associ-
ated with the synaptic plasticity and neuroprotection. In this course, we have shown 
that increased phosphorylation of CREB results in i) increased synaptophysin ac-
tivity, ii) higher Bcl2:Bax ratio (attenuates apoptosis) (Sharma et al. 2007; Sharma 
and Mehra 2008) and iii) regulates mitochondrial cellular energy balance which 
plays a prominent role (Toulmond et al. 1996) in estrogen mediated neuroprotec-
tion. Estrogen induced increase in dendritic spine density in the hippocampus has 
been reported to be dependent on CREB phosphorylation (Segal and Murphy 1998; 
Sharma et al. 2007). Our planned studies will continue to search for the involve-
ment of E2-induced additional remarkable signaling molecules with a  significance 
to find potent therapeutic targets.

14.4  Estrogen and Neuroprotection

Estrogen mediated neuroprotection has been described in several neuronal culture 
models of neuronal toxicity including that of the serum deprivation (Gollapudi and 
Oblinger 1999), β amyloid-induced toxicity (Behl et al. 1997; Gridley et al. 1997) 
and excitotoxicity systems (Weaver et al. 1997; Singer 1999). It has also been dem-
onstrated in experimental models of oxidative stress (Moosmann and Behl 1999). 
Estrogen has a large number of cellular effects including the modulation of apoptot-
ic factors, which has been shown to enhance neuronal survival (Green and Simpkins 
2000). The Bcl-2 family of proteins are important modulators of neuronal apoptosis 
and include both inhibitors (Bcl-2 and Bcl-XL) as well as promoters (Bax and Bad). 
A marked increase in the Bcl-2 immunoreactivity has been observed in NT2 neuro-
nal cell cultures (Singer et al. 1998) and in the neurons of the arcuate nucleus of rat 
following 17α estradiol administration (Gollapudi and Oblinger 1999). Similarly, 
17β estradiol increased i) Bcl-XL mRNA levels in PC 12 cells transfected with 
ERα (Gollapudi and Oblinger 1999) and ii) Bcl-XL immunoreactivity in primary 
rat hippocampal neurons (Pike 1999). 17β estradiol exposure also caused a marked 
decrease in the levels of pro-apoptotic protein BAD in ERα transfected PC 12 cells 
(Gollapudi and Oblinger 1999). The expression of a member of Bcl-2 binding pro-
teins family (BNIP) was significantly reduced by treatment with 17β estradiol in 
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neural cell culture (Balcredito et al. 2001). It may be postulated that the activation 
of cAMP signaling and/or increased CREB phosphorylation could contribute to the 
neuroprotective effects of estradiol in these above mentioned studies as activation 
of cAMP pathway is associated with decreased susceptibility of neuronal cells to 
apoptotic signals (Kobayashi and Shinozawa 1997). Further, activation of cAMP-
PKA-CREB pathway has been postulated to be associated with enhanced neuronal 
survival following an increase in the expression of anti-apoptotic protein Bcl-2. Re-
cent studies of Wappler et al. (2010) have reported that a single high dose of estra-
diol (4 mg/kg b.w.) pre-treatment results in significant neuroprotection against hip-
pocampal cell loss in ischemic gerbils of various age groups. All relevant behavioral 
tests of hippocampal memory functions offered evidence of improved memory in 
these animals. Wappler and colleagues (2011) have also reported that a single pre-
treatment dose of estradiol exerts varying effects on hippocampal synaptic plasticity 
in different age groups at both shorter (4 postoperative days) and longer (25 post-
operative days) time points. It increased hippocampal synaptic density in both age 
groups, however, this increase was more pronounced in younger animals. Thus it is 
clear from these studies that with aging there is a lower tendency of synaptogenesis.

In our laboratory, to understand the neuroprotective potential of estrogen and 
other estrogen-like compounds, we have systematically examined the protein 
chemistry of various brain areas by using immunohistochemical and proteomic ap-
proaches. The functional outcome has been assessed with behavioral tests of experi-
mental learning and memory paradigms in ovx and aging female rats. Our experi-
mental results have so far revealed that estrogen decline following ovariectomy in 
adult female rats leads to degenerative changes in hippocampal neurons. Following 
ovariectomy or aging, there appeared cytoplasmic vacuolation and Nissl substance 
was unevenly distributed, rarefied and juxtaposed against the cell membrane in the 
pyramidal neurons of the CA3-CA1 (Fig. 14.1b). Nuclear changes observed with 
DAPI staining also confirmed the juxtamembranous condensation of chromatin ma-
terial in hippocampal neurons of OVX and aged animals (Fig. 14.2b, c). Estradiol 
therapy (0.1 mg/kg body wt. for 30 days) given to ovx rats seemed to reverse the 
effects of ovariectomy, such that the uniformity of Nissl staining patterns, position 
of nucleoli and cytoplasmic consistency were seen to be very much like that in the 
ovary-intact hippocampus (Fig. 14.1e). Nuclear morphology of hippocampal neu-
rons of E2 treated ovx rats was more or less comparable to that of the ovary intact 
rat hippocampal neurons (Fig. 14.2d). These results were further substantiated by 
results on the expression of anti-apoptotic Bcl2 and pro-apoptotic Bax proteins in 
the hippocampii of various experimental groups. Hormonal depletion (ovx or ag-
ing) resulted in downregulation of Bcl-2 and increased Bax expression in CA1-CA3 
and dentate gyrus, while E2 treatment to ovx rats resulted in the reversal (near to 
ovary intact levels) of these markers of cell death and survival (Fig. 14.3a). Hor-
mone treatment led to an increased Bcl-2:Bax ratio indicative of a shift towards 
neuronal survival. Neuronal cell death in various subfields of hippocampus was fur-
ther confirmed by TUNEL assay where percentage of TUNEL positive neurons was 
increased following ovariectomy or aging, while E2 therapy decreased the percent 
TUNEL positive neurons (Fig. 14.3).
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Fig. 14.1  Cresyl violet stained coronal sections of a Ovary intact adult, b OVX adult, c OVX aged 
(24 months), d OVX + E2 aged (24 months), e OVX+E2 adult rat hippocampus CA1 neuronalcy-
toarchitecture. Note the cytoplasmic vacuolation and reduced Nissl staining (b, c, d) following 
ovariectomy and aging and reversal of ovariectomy-induced changes (e) following E2 therapy. 
( SO stratum oriens; SR stratum radiatum; SP stratum pyramidale; Scale bars -25 µm)

Fig. 14.2  High power photomicrographs of DAPI stained coronal sections of a Ovary intact adult; 
b OVX adult; c aged (24 months), and d OVX + E2 adult rat hippocampus CA1 showing the 
nuclear morphology of CA1 pyramidal neurons. Certain cardinal features of apoptosis like jux-
tamembranous condensation and clumping of chromatin material ( arrows), membrane ‘blebbing’ 
etc., were displayed by the nuclei of some of the pyramidal neurons of experimental groups. ( SO 
stratum oriens; SR stratum radiatum; SP stratum pyramidale; Scale bars -25 µm (b) and 50 µm 
(a, c, d))

Fig. 14.3  Bar diagrams depicting a the number of Bcl-2 and Bax positive neurons/mm2 and b per-
centage of apoptotic cells (TUNEL positive) in CA1-3 of hippocampus from various experimental 
groups. Ovariectomy or aging decreased the number of Bcl-2 positive neurons which led to a shift 
towards apoptotic side. 17β-estradiol (E2) treatment increased the Bcl-2 positive neurons which 
led to the reversal of Bcl-2:Bax ratio towards neuronal survival. Percentage of TUNEL positive 
cells was also increased following ovariectomy or aging. A decrease in percent apoptotic cells can 
be seen following E2 therapy
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Also, the synaptic activity in estrogen deficit (ovx or naturally aged) rat hippo-
campus was significantly decreased as observed with the expression of presynaptic 
nerve terminal marker synaptophyysin (syp). E2 replenishment resulted in the up-
regulation of synaptophysin activity in ovx rat hippocampus. We have also investi-
gated the p-CREB expression in the hippocampus of these experimental animals and 
observed a decrease in CREB phosphorylation after ovariectomy or aging, while in-
creased CREB phosphorylation was observed in E2 supplemented ovx rats (Sharma 
et al. 2007). These observations are consistent with other findings where p-CREB is 
reported to have increased dendritic spine density (Murphy and Segal 1997) and en-
hanced neuronal survival in hippocampus (Jin et al. 2001). Our studies have further 
been substantiated by behavioral assessment of hippocampal learning and memory 
through Morris-water maze task performed by these experimental animals. Ovx rats 
had a poor performance on recall task monitored as latency to find hidden platform. 
Aged rats also performed in the same way and did not show any significant differ-
ence in platform latency time vis-à-vis ovx animals. However, E2 treated ovx rats 
had a better performance to find the platform and latency scores were significantly 
lower and almost comparable to those of ovary intact controls (Fig. 14.4).

Recently, these molecular expression studies have also been accomplished by 
our group in ovx rats followed by estrogen supplementation of one month and kept 
until aging. The results of this group were compared with a group of naturally aging 
controls and ovariectomized aged controls. Animals of all the three groups were 
sacrificed when they attained the age of 24 months. Though degenerative chang-
es in neuronal cytoarchitecture were visible in hippocampaii of all the three aged 
groups (Fig. 14.1c, d and 14.2c), but the changes were certainly more pronounced in 
the ovx aged group (Fig. 14.1c). The synaptophysin, p-CREB and Bcl-2 expression 
was greatly downregulated in ovx aged rats than in their naturally aging counter-
parts or the ones with one month E2 therapy in adulthood (Fig. 14.3a). However, 
this treatment schedule did not seem to be of great help in fully restoring the synap-
tic activity and neuronal health. Results of the ovx aged control group explain the 
view that abrupt cessation of estrogen production may have an adverse outcome on 
age-related neurodegeneration and AD type dementia and that short-term estrogen 

Fig. 14.4  Graph showing the 
time to find hidden platform 
in Morris water maze task 
for spatial reference memory. 
Hormone deficient rats (ovx 
or aged) required more time 
to find the platform than 
ovary intact or E2/TAM 
supplemented ovx rats
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replenishment after ovariectomy may not support the hormone`s neuroprotective 
effects for a longer period in due course of aging. These findings raise a need to 
formulate a long-term estrogen therapy to obtain consistent neuroprotective effects 
of the hormone throughout aging of the female brain. These observations from the 
experimental animal model of postmenopausal aging are summarized in Table 14.1.

Wappler et al. (2010) have also investigated neuroprotective efficacy of a single 
high dose of estradiol (4 mg/kg b.w.) pre-treatment in young (4 months), middle-
aged (9 months) and old (18 months) female gerbils following 10 min global brain 
ischemia. In this study, both apoptotic and necrotic cells were quantified and a bat-
tery of behavioral tests were done for functional assessment of efficacy of a single 
dose of estradiol in ischemic gerbil hippocampus. Estradiol pre-treatment ensued 
in significant neuroprotection against hippocampal cell loss in all experimental age 
groups. Estrogen improved memory performances in all the behavioral tests at each 
of the experimental ages. However, age-related differences were observed in be-
havioral tests. It is thus obvious that age of the experimental animals may affect the 
outcome of E2 therapy following brain ischemia.

14.5  Neurodegeneration, Immune Response and Estrogen

Acute and chronic inflammation in brain areas is supposed to play an important 
role in a number of brain functions including learning and memory and also in age 
related neurodegenerative processes underlying the progress of brain disorders. 
Brain aging and neurodegeneration are closely related to immune processes origi-
nating either in the central nervous system or invading the brain from the periph-
ery. Microglia and astrocytes in the brain also produce different interleukins and 

Table 14.1  Summary of the changes observed in ER expression, synaptic activity (synaptophy-
sin expression), recall memory (Morris water maze task) and neuronal degeneration (Bcl2:Bax 
ratio/TUNEL positive cells) following ovaricetomy, aging and estrogen therapy in female rat 
hippocampus
Experimental 
Group (female 
wistar rat)

ERα–
ERβ 
expres-
sion

Synaptic 
activity (syn-
aptophysin 
expression)

Morris water 
maze task 
(recall memory/
latency to find 
platform)

Bcl2:Bax 
ratio/
TUNEL 
positive 
cells

Degenerative 
changes (cyto-
architectural/
nuclear 
morphology)

Ovx adult ↑ ↑ ↓ ↓ ↑ ↑ ↓ ↓ + +
Ovx + E2 (0.1 mg/

kg, 1 month)
↓ ↓ ↑ ↑ ↓ ↓ ↑ ↑ – –

Aged ↑ ↑ ↓ ↓ ↑ ↑ ↓ ↓ + +
Ovx aged ↑ ↑ ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓ + + +
Ovx + E2 (1 

month) ageda
↑ ↓ ↑ ↓ +

a One month therapy following ovariectomy and allowed to age thereafter
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cytokines, which respond to injury and degenerative pathologies. Many of the in-
flammatory cytokines generally associated with the peripheral immune system are 
found and produced within the central nervous system (Pan et al. 1998;Toulmond 
et al. 1996). Neurons can also endogenously produce cytokines in the brain apart 
from their primary originating source of immune system (Gahring et al 1996). The 
production of cytokines in CNS can be stimulated by peripheral cytokines. In the 
CNS, cytokines instigate their effects through both the cross-talk with their recep-
tors (expressed by both glial and neuronal cells) and modulation of neurotransmit-
ter receptor function. For instance, IL-1 modulates GABA receptors and enhances 
the inhibitory response. Synaptic plasticity is modulated by both IL-1 and IL-6 
through inhibiting long-term potentiation. Moreover, TNF-α has been reported to 
modulate the neuronal response of NMDA activated glutamate receptors (GluR). 
Excessive NMDA receptor activation results in neuronal death through excitotox-
icity. Neuronal cell death in ischemia, trauma, and neurodegenerative diseases is 
largely a result of excitotoxicity. Antioxidants, growth factors and certain cyto-
kines protect against excitotoxicity, either through directly modulating receptor 
function or indirectly through inhibiting key metabolic steps subsequent to GluR 
activation. Further, TNF-α receptor deficient mice have greater vulnerability to 
ischemic brain damage following arterial occlusion, indicating the neuroprotec-
tive role of TNF-α in brain (Carlson et al 1999). Post-menopausal decline of 
estrogen has been postulated to lead to elevation of proinflammatory cytokines 
and estrogen replacement therapy restores the cytokine to normal levels in blood 
serum (Porter 2001; Fahlman 2000). Although mechanisms responsible for this 
beneficial effect of estrogen have not been completely elucidated, certain studies 
suggest that estrogen replacement therapy (ERT) lowers the production of proin-
flammatory cytokines such as IL-6 in postmenopausal women (Saucedo 2002). 
In rodents also, estropausal aging has been associated with increased secretion of 
pro-inflammatory cytokines such as interleukin-6 (Ye and Johnson 2001; God-
bout and Johnson 2004) and decreased secretion of anti-inflammatory cytokines, 
such as interleukin-10 (Ye and Johnson 2001). The mechanism of neuroprotective 
effects augmented by estrogen may include anti-inflammatory responses and may 
change i) the levels of various cytokines (interferonγ, tumor necrosis factorα, dif-
ferent types of interleukins) and ii) the function of microglia as the only immune 
competent cells housed in the central nervous system. Varying levels of cytokines 
in brain areas between ovx state, aging and following hormone therapy will serve 
as an approach to systematically address inflammatory pathophysiological chang-
es in age related neurodegenerative disorders. Comparison of various signaling 
molecules, receptor proteins and cytokines in specified brain areas in the course 
of aging and followed by estrogen and other drug therapies may provide evidence 
and explanations of changes in behavioral, cognitive and motor functions. This 
will serve as an approach to systematically address pathophysiological changes at 
the protein level in age related neurodegenerative disorders.
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14.6  Selective Estrogen Receptor Modulators (SERMs)

It is now known that most of the cellular effects of E2 are mediated through its bind-
ing to ERs. Furthermore, the action of E2 is inhibited by certain synthetic chemical 
analogs as they avidly bind to the ERs and thereby preventing their activation. This 
class of chemical compounds (anti-estrogens) has been successfully used in the 
treatment and prevention of breast cancer in women (Halbreich and Kahn 2000). 
Among the list of anti-estrogens, tamoxifen (TAM) is the most widely and com-
monly used therapeutic agent. However, its anti-estrogenic property is not seen in 
uterus and bone; instead, it behaves as an agonist in these tissues. This bimodal 
characteristic of TAM can be explained by the fact that it selectively modulates 
ER in the body. Such a drug that mimics the activity of the natural hormone, 17β-
estradiol in some tissues (e.g. skeletal tissue) while opposing the action of the hor-
mone in other tissues (e.g. breast tissue) is known as Selective Estrogen Receptor 
Modulator (SERM). TAM has been widely employed in the treatment of breast 
cancer, but its bio-character in brain remains largely unknown, particularly in the 
context of its neuroprotective role. Before one takes a look at the biological effects 
of SERMs, it is imperative to know why an estrogen-agonist behaves as an agonist 
and why an estrogen-antagonist behaves as an antagonist following its binding to 
ligand-binding domains of ER. The most important information regarding this phe-
nomenon has been made available from the 3-Dimensional (3D) crystallographic 
studies (Littleton-Kearney et al. 2002). However, factors that make the ER to adopt 
certain tissue specific structural differences, thereby exhibiting mixed agonist/an-
tagonist responses following the coupling of TAM to ER still remains elusive. Be-
sides being used as a therapeutic agent for breast cancer, the biological character of 
TAM in the central nervous system is not yet fully understood. Recently, the role 
of TAM as a neuroprotectant in experimental model systems of neurodegeneration 
and ischemic insults has received a lot of attention. It has been shown that TAM ad-
ministration prevents neuronal loss in the hilar region of the hippocampus following 
cytotoxic insults (kainic acid induction) to OVX rats (Ciriza et al. 2004). Moreover, 
partial reversal of hippocampal damage (revealed by bilateral cell count) was ob-
served in four vessels occluded (global ischemia) male Wistar rats following TAM 
administration (Bagetta et al. 2004 ). The same bio-character of TAM has been ob-
served in our experiments on ovx rats where synaptic plasticity and neuroprotection 
was restored (Sharma et al. 2007, Sharma and Mehra 2008). Furthermore, TAM has 
still not been investigated in brain aging especially at different stages of menopause 
(viz. perimenopause, middle age and aged). It can also provide greater understand-
ing on the role of chronic E2 or TAM therapy influencing hippocampal function.

14.7  Where to Go

Extensive review of the estrogenic actions in female brain areas involved with 
learning, memory and cognition has so far provided understanding of its mecha-
nism of action in female brain. Age associated effects of this hormone are still not 
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clear as to how it could behave postmenopause where no therapy is initiated at 
perimenopause phase. These assumptions may put some light on the varying effects 
of diverse doses of estrogen at different stages during aging. Future studies should 
be planned to explore the effects and mechanism of action of different doses of 
various estrogenic ligands, because of their varying potency, in middle aged (peri-
menopausal) and aged (postmenopause) female brain. This approach will further 
help to identify designer estrogenic ligands of tissue specific nature and strength 
and their targeted delivery where outweighing risk factors will be insignificant for 
institution of a better estrogen therapy for age related neurological disorders in post-
menopausal women.
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Abstract Memory, the basis for behaviours and thoughts, has been a major research 
subject in philosophy and psychology for centuries. The presence of memory, how-
ever, was scientifically proved to be the fruits of brain functions only a half century 
ago. Since then, memory and central nervous system have become a focal sub-
ject of biological research; however, it was a few decades ago when flexibility of 
brain function (i.e., neuronal plasticity) was demonstrated electrophysiologically. 
The rapid development of molecular biology has provided important tools, such 
as genetically modified mice, to elucidate the molecular mechanisms underlying 
learning and memory and neuronal plasticity in the central nervous system. In this 
review, a brief history of memory research and the basic concept of memory in 
psychology are presented. Then, current research on memory mechanisms using 
genetically modified mice including our ICER mutant mice, is discussed. Finally, 
based on the developments emerging from research using genetically modified 
mice, potential molecular targets are proposed for ameliorating memory impair-
ments and dementia.

Keywords: Alzheimer’s disease • cAMP • CREB • CREM • Gene regulation • 
Genetically modified mice • ICER • Learning • Memory • PKA

15.1  Introduction

Memory is the essential basis for higher cognitive functions. Thoughts, emotions, 
and languages supported by memory are involved in our daily behaviour in many 
ways and contribute to the formation of our personality. Memory, therefore, is an 
indispensable function of the central nervous system for a biological human to be-
come a human being. Diseases that compromise this biology compromise one’s 
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very being. Thus, dementia and memory impairments associated with a variety of 
diseases and brain injuries have a huge impact on the lives of patients with these 
disorders. Decline in memory also occurs with normal aging.

As aging populations continue to grow around the world, overcoming and de-
laying the onset of memory impairment through therapeutic interventions are an 
ongoing task for biomedical research. To tackle this problem, a huge amount of 
basic research on learning and memory is aimed at identifying the molecular targets 
for future memory-enhancing drugs. Despite major advances in this arena, there 
are still no clear answers to several basic questions: How is sensory information 
acquired? How and where is information stored? Once stored, how is stored infor-
mation recalled or how does it become inaccessible or lost?

Memory has been an important subject of inquiry since the days of the Greek phi-
losopher Socrates (Plato 2004, 2007, 2010a, b). The experimental characterization 
of memory systems had its start in modern psychology with Herman Ebbinghaus 
(1885). Nearly 65 years later, Donald Hebb (1949) posited that flexibility (plastic-
ity) of the nervous system underlies cellular mechanisms for memory. However, it 
was not until the 1970s and 1980s that discoveries of neuronal plasticity (Bliss and 
Lømo 1973; Ito 2011) ignited the explosion of investigations of molecules involved 
in neuronal plasticity and memory (Milner et al. 1998; Kandel 2001).

Neurological diseases—including schizophrenia, bipolar disorders, Alzheimer’s 
disease and Parkinson’s disease—not only impair cognitive functions (Kidd 2008; 
Danion et al. 2007; Pfennig et al. 2007; Tröster 2008), but also significantly affect 
learning and memory (for reviews, see Kidd 2008; Danion et al. 2007; Pfennig 
et al. 2007; Tröster 2008). Modern research on diseases that affect the central ner-
vous system has developed in order to identify the causal relationships between a 
particular disease and gene(s), protein(s), neurotransmitter(s), and brain region(s) 
(neuronal circuitry). A series of studies provided not only basic information on sev-
eral diseases but also revealed the mechanisms underlying memory. Furthermore, 
based on these results, a variety of genetically modified animal models, such as 
mice, Drosophila and C. elegans, have been generated and studied in detail to eluci-
date the mechanisms underlying higher cognitive functions including learning and 
memory.

During the course of research using genetically modified animals, researchers 
discovered animals that display enhanced cognitive functions. Among these discov-
eries were memory-enhanced mice, which have become valuable tools, not only for 
basic memory research but also for the development of therapeutic strategies geared 
toward enhancing memory.

In this review, first, memory as viewed through the lenses of philosophy and 
psychology will be discussed. This presentation will include a brief summary of 
memory classification in psychological terms and neuronal plasticity as a cellular 
substrate for memory. Second, recent research on genetically modified mice will be 
discussed. Our recent findings on memory-enhanced inducible cAMP early repres-
sor (ICER) mutant mice will also be discussed. Finally, novel approaches will be 
discussed for treating memory impairment and dementia.
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15.2  The Past—Memory Research in Philosophy and 
Psychology

15.2.1   Memory in Philosophy

In the fourth century B.C., Socrates made the bold claim that the recording of facts 
and thoughts in written documents was destroying our memory. He believed that 
thoughts in written words were “dead words because words do not allow an objec-
tion … [and] written words lack flexibility. Thoughts and discussion need memory 
in individuals.” According to Socrates, it was dangerous to rely on written records 
of thoughts rather than on one’s own memory (Plato 2010b). Because he abhorred 
written documents, Socrates did not record his own works in written form. It is 
ironic that Socrates’ students, who apparently did not subscribe to his ideas, docu-
mented his words in writing, providing us with a tangible record of his thoughts on 
memory.

Plato, a student of Socrates, defined sensation as the simultaneous movement 
of the soul and the physical body (Plato 2004). He believed that the purpose of 
memory is to retain the movement of sensation and that memory belongs to the soul 
(Plato 2010a). Memory is recorded by stamping the sensation on the wax tablet of 
our soul (Plato 2007). As long as the sensation is embedded within the wax tablet, 
we are able to recall the memory of that sensation.

Aristotle, a student of Plato, used memory to judge the superiority of an animal 
to another animal: “By nature animals are born with the faculty of sensation, and 
from sensation, memory is produced in some of them, though not in others. And, 
therefore, the former is more intelligent and apt at learning than those which cannot 
remember” (Aristotle, Metaphysics, Book I). Aristotle further discussed memory 
in his relatively short work “On Memory and Reminiscence” (Aristotle 2012a, b).

Regarding Aristotle’s superior-inferior hypothesis of animals, we now know that 
all animal species, from C. elegans to human, can form memories, and we know 
that memory is an essential function if animals are to survive in an ever-changing 
environment. Although the essential and important role of memory has been studied 
in philosophical terms for centuries, our understanding of the scientific nature of 
memory emerged relatively recently with the advent of modern psychology.

15.2.2   Memory in Psychology

Psychology, as with philosophy, considers memory to be an important basis for 
behaviour. Hence, memory has been a major subject of psychological research 
since the dawn of modern psychology in late nineteenth century. In 1885, German 
psychologist Hermann Ebbinghaus (1885) published the first scientific report on 
memory. Since Ebbinghaus’ seminal research, new research methods for studying 
memory have been developed. Psychological steps comprising memory were char-
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acterized. Then, classifications and definitions of memory were proposed. There are 
several ways to define memory. One definition is: “A relatively long-lasting change 
in behaviour brought about by experience.” The evaluation of memory is possible 
only by observing modified “behaviours.”

Sensory information from inside and outside of our body is received by periph-
eral sensory receptors, which transmit this information through the nervous system 
to the brain. The brain processes this information so that we can adapt to our envi-
ronment. Although most sensory information is lost quickly after reception, a small 
fraction is retained as memory (Fig. 15.1). For memory to occur, three steps are 
necessary: (1) the acquisition of sensory information, (2) the retention of acquired 
information, and (3) the recollection of stored information. Loss of any one of these 
three steps prevents memory formation.

15.2.3   Classification of Memory

Psychologists have classified memory in several ways. Two typical ways of memo-
ry classification are: (1) Classification according to the period of memory retention, 
and (2) classification according to the content of memory. These two types of clas-
sification are described below.

15.2.3.1  Long-Term Memory and Short-Term Memory

A huge amount of sensory information from inside and outside of our body flows 
constantly into the sensory system (Fig. 15.1). The information is utilized for physi-
ological responses such as maintaining body temperature and posture, avoiding hot 
objects, etc. The specific sensations that we attend to are then stored as short-term 
memory. Short-term memory is formed readily. Thus, the neuronal plasticity under-

Fig. 15.1  Sensory information, memory, and behaviorus. Huge amounts of sensory information 
flow through our nervous system to the brain, although most are lost within a second, a fraction 
of the sensory information is stored as memory. Memory comprises three steps: the acquisition 
of sensory information, the retention of information in a storable form, and the recollection of 
the stored information. As memory modifies behaviorus, memory can be examined by observing 
modified behaviours
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lying short-term memory is supported in neurons by rapidly unfolding biochemical 
alterations, such as equilibrium of protein modifications, alteration of protein syn-
thesis and degradation, oxide-reduction state, and pH. A series of cellular changes 
may induce, for example, changes in the numbers, activity, sensitivity, and distribu-
tion of channels and receptors for neurotransmitters in synapses (Milner et al. 1998; 
Kandel 2001; Malenka and Bear 2004; Newpher and Ehlers 2008).

On the other hand, long-term memory can be retained for several hours and up 
to the lifetime of an animal. Long-term memory cannot be stored by means of bio-
logical molecules, which turnover at a high rate. Thus, the leading hypothesis for 
the formation of long-term memory posits that memory is stored and maintained 
through structural changes in neurons, such as altered numbers of synapses and/or 
structural changes of dendritic spines (Milner et al. 1998; Kandel 2001). These mor-
phological changes depend on new protein synthesis (de novo protein synthesis), 
accomplished through gene regulation (Milner et al. 1998; Kandel 2001; Govinda-
rajan et al. 2006). Another hypothesis posits that long-term memory is supported 
mainly by prolonged post-translational modification (for review, see Routtenberg 
2008). As we discuss research findings on transcription factors from genetically 
modified mice later in this chapter, we will see how gene regulation plays an impor-
tant role in long-term memory.

The conversion of sensory information or short-term memory into long-term 
memory is called memory consolidation. During memory consolidation, informa-
tion is “fixed” as long-term memory through its connection with the pre-existing 
body of knowledge in the brain. Another difference between short-term and long-
term memories is that long-term memory requires gene transcription and trans-
lation, whereas short-term memory does not (Milner et al. 1998; Kandel 2001). 
Table 15.1 summarizes other characteristics of short-term and long-term memory.

One of the obstacles we face in memory research using mammalian models is 
the absence of a model with an identified memory storage site (engram or memory 
trace). As a result, no experimental evidence exists to associate a localized struc-
tural change in mammalian brain with experimentally induced long-term memory. 
On the other hand, in the marine mollusc Aplysia californica, remarkable localized 
structural changes occur in association with a specific long-term memory, such as 
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Table 15.1  Classification of memory according to its retention duration
Retention 
duration

Acquisi-
tion

Capac-
ity

Interference 
after memory 
acquisition

Gene 
regulation

Responsible 
mechanisms

Seconds to min-
utes  
(short-term 
memory)

Easy Small Fragile Not 
required

Protein modifications, 
altered receptor and 
channel activity, 
changes in cellular 
pH, changes in ion 
concentration

Hours to lifetime 
(long-term 
memory)

Difficult Large Resistant Required Morphological changes 
in neurons and 
synapses
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long-term sensitization of the defensive gill withdrawal reflex (Milner et al. 1998; 
Kandel 2001; Bailey and Chen 1988; Bailey et al. 2004).

15.2.3.2  Declarative and Non-Declarative Memory

The second classification of memory has been done according to content, most 
prominently by Larry Squire. He has classified memory into declarative and non-
declarative types, based on the types of behaviours influenced by acquisition of 
memory (Table 15.2) (Squire and Zola 1996; Milner et al. 1998; Gazzaniga 2002; 
Squire 2009). In simplified terms, declarative memory in humans is memory that 
can be described using words. Facts and events associated with information of par-
ticular time and place are examples of declarative memory. Declarative memory 
requires conscious effort to recall information. It is easily formed but easily lost. 
The hippocampus plays an important role in declarative memory (Eichenbaum et al. 
1992; Milner et al. 1998; Kandel 2001; Squire and Zola 1996; Squire 2009).

In simplified terms, non-declarative memory is memory that cannot be put into 
words. Rather, it is procedural and in its most-studied form involves motor skills 
and movements, such as throwing a ball, riding a bicycle, and swimming. These 
tasks require coordinated movement of muscles and intensive practice. However, 
once a person acquires non-declarative memory, such as riding a bicycle, he/she 
often remembers how to ride a bicycle several decades later without any con-
scious effort. The cerebellum plays an essential role in non-declarative memory 
(Ito 2011).

15.3  The Present—Dawn of Memory Research at the 
Cellular and Molecular Level

Memory has been a major subject of philosophy and psychology for a long time. 
On the other hand, it is relatively recent that the brain was shown to hold the en-
gram of memory (Penfield 1958; Scoville and Milner 1957; Milner et al. 1998) and 
that neuronal circuits possess some flexibility to accommodate memory (Bliss and 
Lømo 1973; Ito et al. 1982).

Table 15.2  Classification of memory according to its contents
Memory Acquisition Description in 

words
Effort needed to 
recall

Declarative memory (semantic 
memory, episodic memory)

Quick Possible Necessary

Non-declarative memory (reflex, 
skills, movement, habits, proce-
dural memory)

Slow Difficult Not necessary
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15.3.1   Discovery of Neuronal Plasticity

In 1949, Donald Hebb proposed in his book “The Organization of Behaviour” that 
the brain possesses flexibility (plasticity) that is a basis for animals’ behaviour and 
memory (Hebb 1949). In the 1950s, Penfield (1958) presented early experimental 
evidence on the presence of memory in the human brain by demonstrating that 
memories could be recalled through the electric stimulation of a patient’s medial 
temporal lobe during surgery. Then, Scoville and Milner (1957) reported the inabil-
ity for new learning (anterograde amnesia) in patients that received lobectomy of 
the medial temporal lobe (including the hippocampus and associated areas) for the 
treatment of epileptic seizures. These observations clearly indicated that memory is 
processed in the brain and memory traces (engrams) are localized in the brain. This 
experimental evidence from human subjects greatly accelerated research on neuro-
nal plasticity and learning and memory, and on their underlying cellular and mo-
lecular mechanisms in other animals (Eichenbaum et al. 1992; Milner et al. 1998; 
Kandel 2001).

15.3.1.1  Long-Term Potentiation and Long-Term Depression

In 1973, Bliss and Lømo reported their discovery of electrophysiologically induced 
synaptic plasticity, a kind of neuronal activity-dependent (or use-dependent) change 
in neurotransmission efficiency. This so-called long-term potentiation (LTP), first 
described in rabbit hippocampus, is an increase in neurotransmission efficiency in-
duced by high frequency electrical stimulation of afferent fibers (Bliss and Lømo 
1973).

In 1982, Masao Ito and colleagues (1982) reported on another type of neuronal 
plasticity called long-term depression (LTD). LTD manifests as a use-dependent 
reduction in neurotransmission. LTD in the cerebellum was induced by simultane-
ous, electrical stimulation of parallel fibers and climbing fibers at low frequency 
(Ito 2011). Hippocampal LTP and cerebellar LTD show that, in addition to the nor-
mal state, neuronal transmission can be potentiated or depressed. This three-way 
mode of neurotransmission (LTP-Normal-LTD) results in tremendous complexity 
in terms of possibilities of information coding using neuronal circuits.

Since the discovery that the hippocampus and associated medial temporal lobe 
areas are essential for the formation of long-term declarative memory in human sub-
jects (Scoville and Milner 1957; Milner et al. 1998; Squire 2009), a huge amount of 
research has been carried out on hippocampal LTP. LTP has a variety of characteris-
tics that make it an attractive and suitable cellular mechanism for declarative mem-
ory (Eichenbaum et al. 1992; Bliss and Collingridge 1993; Malenka and Bear 2004; 
Lynch 2004). Hippocampal LTP remains a major topic of research and discussion 
because of its molecular mechanisms and its role in information processing in the 
hippocampus (Eichenbaum et al. 1992; Bliss et al. 2003; Lynch 2004; Malenka and 
Bear 2004; Popov et al. 2004). There are many reviews that focus more on the role 
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of the hippocampus in declarative memory and hippocampal neuronal plasticity 
(Eichenbaum et al. 1992; Bliss et al. 2003; Lynch 2004; Malenka and Bear 2004; 
Popov et al. 2004), and on the molecular mechanisms underlying hippocampal LTP 
and LTD (Mulkey et al. 1994; Silva et al. 1998; Malenka 2003; Klann and Dever 
2004; Newpher and Ehlers 2008).

In a complimentary way, the importance of the cerebellum in non-declarative 
memory has been demonstrated also from human subjects suffering from cerebellar 
damage (Holmes 1939; Dow and Moruzzi 1958; Ito 2011). Albus and Marr hy-
pothesized that cerebellar neuronal plasticity is the basis of cerebellum-dependent 
learning and memory (Marr 1969; Albus 1971). Ito et al. (1982) demonstrated elec-
trophysiologically that neuronal plasticity in the form of LTD is indeed present in 
the cerebellum. Cerebellar LTD is the first type of neuronal plasticity that manifests 
as a use-dependent “depression” of neuronal transmission. The cerebellum plays 
roles in behaviours that require quick, accurate and smooth movements (Ito 2011). 
LTD is hypothesized to actively delete or depress synapses associated with wrong 
movements. A variety of molecules—including synaptic proteins, neurotransmit-
ters, second messengers, and transcription factors—are required for modulating 
cerebellar LTD (Ito 2011).

15.3.1.2  Neuronal Plasticity to Behavioural Memory

Neuronal plasticity, such as LTP and LTD, are not memory in themselves but are 
simply potential cellular mechanisms that underlie behavioural memory (Eichen-
baum et al. 1992; Mulkey et al. 1994; Ito 2011; Milner et al. 1998; Malenka and 
Bear 2004; Lynch 2004). If indeed neuronal plasticity is an underlying mechanism 
for memory, studies examining the molecular mechanisms responsible for neuronal 
plasticity may lead to the identification of pathophysiological processes related to 
memory impairment and dementia. Such research will identify potential molecular 
targets or genes, leading to the development of treatments for improving impaired 
memory or drugs to enhance memory in normal, healthy aging.

Figure 15.2 shows the timing of different electrophysiological, biochemical and 
morphological events associated with memory processes. The memory system is 
the mechanism by which sensory information, which is coded by brief openings 
(msec) of ion channels induced by neuronal activity, is converted into a storable 
form. This stored information, i.e., memory, can remain for minutes or last for the 
lifetime of an animal. The system also has the ability to retrieve readily the stored 
information when needed. Since the memory system has an amazing capacity to 
store large amounts of information (e.g., events of a lifetime) with high fidelity, 
each molecular step shown in Fig. 15.2 can serve as a potential target for therapeutic 
treatments aimed at treating diseases affecting memory.
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15.3.1.3  Dissection of Molecular Mechanisms Underlying Learning and 
Memory

In recent years, the advancements of methods to manipulate embryos, novel tech-
niques in reproduction biology have yielded mice that lack a single protein or mice 
that overexpress a single protein in a particular cell type or tissue. These genetically 
modified mice are excellent models for studying learning and memory and neuronal 
plasticity, all contributing tremendously to this research field (Milner et al. 1998; 
Mayford and Kandel 1999; Ito 2011; Kandel 2001; Morozov et al. 2003).

A variety of genetically manipulated mice are now available: null gene knockout 
mice that fail to produce a single protein in all of its cells and tissues; conditional 
gene knockout mice that fail to express a single protein in a particular tissue or 
cell type during a particular stage of development. With conditional gene-knockout 
mice, compensatory effects occurring in null gene knockout mice during develop-
mental stages can be avoided, and temporally- and spatially-regulated gene knock-
out can be achieved (Mayford and Kandel 1999; Morozov et al. 2003).

Although most genetically modified mice generated to study neuronal plasticity-
related molecules exhibit impaired or reduced memory functions, some actually 
display enhanced memory (Table 15.3) (also see Lee and Silva 2009; Monti and 
Contestabile 2009). Mice with enhanced memory are called “super mice” and were 
first observed by Manabe et al. (1998) using their Orl1 null knockout mice. After 
the initial report on Orl1, memory-enhanced mice have been obtained unexpect-
edly (Table 15.3; also see Lee and Silva 2009). We have recently reported memory 
enhancement in inducible cAMP early repressor (ICER)-knockout mice (Kojima 
et al. 2008). The next section is devoted to a detailed review of ICER mutant mice.

15 Potential Therapeutic Targets for Improving Memory Impairments and Dementia …

Fig. 15.2  Time course of events during memory formation. Electrophysiological, biochemical, 
and morphological events associated with memory formation. Neuronal activity starts with the 
opening of channels that lead to a series of events, ultimately to the formation of memories that 
can last for the lifetime of an animal. Cyclic AMP-related events are examples of biochemical 
events that can occur during memory formation. CREB cAMP responsive element binding protein
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15.4  Genetically Modified Mice and Memory 
Enhancement

Typically, knockout of molecules is expected to yield impaired behaviour, because 
disruption of essential pathways often causes adverse effects in a highly regulated 
system. However, this is not always the case for the nervous system. Since memory 
is an important basis for other higher cognitive functions and for the control of or-
gans and systems in the body, we can expect the presence of alternative, duplicate, 
or redundant pathways. In addition, animals seem to have a physiological “brake” 
or a physiological regulatory system that restrains excess neuronal functions (Abel 
et al. 1998; Borlikova and Endo 2009; Lee and Silva 2009). We will take a look at 
the latter cases for memory in genetically modified mice.

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

In general, gene translation and transcription is necessary for the formation of long-
term memories (Milner et al. 1998; Kandel 2001). New protein synthesis is hy-
pothesized to induce and support morphological alterations in shape and number of 
synapse (Milner et al. 1998; Mayford and Kandel 1999; Kandel 2001). The cAMP 
system is a signal transduction system well conserved throughout evolution and 
is shown to be important in the neuronal plasticity and memory in invertebrates 
such as Aplysia californica, Drosophila and also in mammals (Bourtchuladze et al. 
1994; Yin et al. 1994; Frank and Greenberg 1994; Bartsch et al. 1995; Alberini 
et al. 1999; Schulz et al. 1999; Barco et al. 2002; Lonze and Ginty 2002; Josselyn 
and Nguyen 2005; Wu et al. 2007). In addition, the cAMP pathway is involved 
in many disorders affecting cognition, including Alzheimer’s disease (Saura and 
Valero 2011). Although a variety of proteins and signal transduction systems are 
involved in memory, the cAMP system has been examined heavily in a variety of 
animal models of memory (Milner et al. 1998; Kandel 2001).

Cyclic AMP activates cAMP-dependent protein kinase (PKA). PKA translo-
cates to the nucleus and phosphorylates cAMP responsive element binding protein 
(CREB). Phosphorylated CREB facilitates the formation of a transcription com-
plex with CREB binding protein (CBP) and other molecules on the DNA sequence 
called cAMP responsive element (CRE). This results in the activation of transcrip-
tion (Fig. 15.3a; Josselyn and Nguyen 2005; Wu et al. 2007). At the same time, 
phosphorylated CREB induces the transcription of ICER from the internal P2 pro-
moter of the CREM gene (Fig. 15.3b). ICER has CRE-binding ability but lacks 
transactivation ability. Thus, ICER and phosphorylated CREB compete for CRE. 
This competition suppresses CREB/CREM-dependent transcription to achieve tem-
porally and spatially regulated gene transcription (Fig. 15.3a; Molina et al. 1993; 
Mioduszewska et al. 2003; Borlikova and Endo 2009). We have generated ICER-
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knockout mice and ICER-overexpressing mice and have characterized their general 
behaviours and memory (Kojima et al. 2008; Borlikova and Endo 2009).

ICER-knockout and ICER-overexpressing lines of mice show short-term fear 
memory similar to control mice (Kojima et al. 2008; Borlikova and Endo 2009). 
However, ICER-overexpressing mice display significantly reduced long-term fear 
memory. By contrast, ICER-knockout mice show enhanced long-term memory. 
Thus, manipulating the amount of ICER expressed—overexpression versus no 
expression—results in opposing long-term fear memory phenotypes: reduced ver-
sus enhanced memory. Since ICER gene manipulation produced (1) no changes 
in short-term memory, (2) significant changes in long-term memory, and (3) sup-
pression of ICER-induced CREB-dependent transcription, these findings indicate 

15 Potential Therapeutic Targets for Improving Memory Impairments and Dementia …

Fig. 15.3  Function and structure of inducible cAMP early repressor (ICER). a ICER and CREB 
compete for CRE. Activation of the cAMP system leads to the phosphorylation of CREB/CREM, 
and then phosphorylated CREB/CREM activates gene transcription. Phosphorylated CREB/
CREM also induces the synthesis of ICER. Although ICER lacks the ability to activate translation, 
it does have the ability to bind DNA. ICER and phosphorylated CREB/CREM compete for CRE 
on the gene, and ICER eventually terminates CREB/CREM-dependent gene transcription. b The 
gene and protein structure of CREMs. CREM mRNA is synthesized when the upstream promoter 
is used. On the other hand, ICER mRNA is synthesized using the internal P2 promoter of the 
CREM gene. As a result, ICER lacks a transactivation domain. CRE cAMP responsive element, 
CREB cAMP responsive element binding protein, CREM cAMP responsive element modulator, 
ICER inducible cAMP early repressor, PKA cAMP-dependent protein kinase
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that the manipulation of ICER expression influences the CREB-dependent gene 
expression necessary for long-term memory. In addition, we also observed opposite 
phenotypes in mice assessed with the Morris water maze and in mice subjected to 
kindling (Kojima et al. 2008), a model for neuronal plasticity and epilepsy. These 
results suggest that ICER is an extremely important molecule involved in the tran-
scriptional suppression of long-term memory in the central nervous system (Bor-
likova and Endo 2009).

ICER is not detected in the resting state but is induced by neuronal activity. 
ICER seems to play important physiological roles in preventing excess memory 
formation, limiting it only to memories associated with neuronal activation (Kojima 
et al. 2008; Borlikova and Endo 2009). Excess fear memory, for example, might 
lead to post-traumatic stress disorder (PTSD) and hinder normal life behaviours 
(Heim and Nemeroff 2009). Because of the memory “brake” (i.e., ICER), however, 
PTSD is avoided and an adequate degree of memory is formed, leading to normal 
behaviours.

The discovery of a memory “brake” provides valuable clues for attacking memo-
ry impairment caused by normal aging or certain neurological diseases. We hypoth-
esize that we may be able to enhance memory by releasing the memory brake. This 
hypothesis will be discussed next.

15.5  The Future—Therapeutic Clues Obtained from 
Memory-Enhanced Mice

A variety of diseases cause memory impairment (Danion et al. 2007; Pfennig et al. 
2007; Kidd 2008; Tröster 2008). Furthermore, the inevitable process of aging often 
leads to decline of memory and other cognitive functions (Rosenzweig and Barnes 
2003; Saura and Valero 2011). Thus, because of rapidly aging demographics, it is 
urgent to discover ways to improve impaired memory or to delay the onset of age- 
or disease-related memory decline (Lee and Silva 2009; Monti and Contestabile 
2009; Saura and Valero 2011). The aim of current research is to identify the gene 
responsible for a particular disease, and then generate mice models based on that 
research. However, diseases sometimes result from multiple rather than single gene 
mutations; thus, the results of gene mutation experiments may not simply inform 
therapeutic strategies or development of targeted drugs (Lee and Silva 2009; Monti 
and Contestabile 2009).

Based on the results obtained from genetically modified mice, a simple working 
hypothesis has been formulated: loss or reduction of gene X expression improves 
memory when mice deficient in gene X have enhanced memory (Fig. 15.4a). Ta-
ble 15.3 provides much evidence to support this hypothesis. A variety of memory-
enhancing molecules exist; these reside not only in neurons but also in glial cells. 
Knowing the details of molecules or genes downstream from memory-enhancing 
molecules may not be necessary for developing therapeutics that improves memory. 
For example, even though we do not know the downstream genes regulated by 
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ICER, drugs that reduce the physiological function of ICER still have the potential 
to enhance memory (Fig. 15.4b).

Drugs targeting constitutively expressed proteins would be expected to have 
harmful effects, as they would alter constantly the functions of constitutive pro-
teins in the entire body. Thus, more reasonable targets for memory improving drugs 
would be inducible proteins. ICER, on the other hand, is not expressed during rest-
ing states but is induced through neuronal activity (Kojima et al. 2008). Thus, any 
side effects resulting from the inhibition of ICER would be minor. ICER, therefore, 
is one of the best target candidates for the development of memory-enhancing drugs 
(Kojima et al. 2008; Borlikova and Endo 2009).

In summary, by critically reviewing memory-enhanced mice lines, we might be 
able to identify an appropriate combination of genes that can enhance memory (Lee 
and Silva 2009; Monti and Contestabile 2009). It is this author’s desire that the dis-
covery of compounds to modulate gene products and/or physiological stimuli will 
overcome memory impairments or slow down memory decline.

15.6  Epilogue

Despite the fact that a huge amount of research has been carried out on memory, 
there is still no example of memory in which its necessary neuronal circuit and 
engram have been completely established. Recent imaging techniques using PET 
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Fig. 15.4  Potential thera-
peutic strategy obtained from 
genetically modified mice. 
a Memory-enhanced mice 
are obtained in mice that 
have a protein X knockout or 
that overexpress protein Y. 
b Therapeutic interventions 
(e.g., drugs or physiological 
stimuli) that inhibit protein 
X or activate protein Y can 
potentially lead to improved 
memory
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or fMRI have greatly improved their quality, precision and resolution. These tech-
niques, especially when performed in humans, have contributed significantly to 
memory research in identifying the location of brain regions activated by memory-
inducing neuronal activities (Poeppel and Krause 2008). In addition, a bold project 
has been undertaken to map all neuronal networks by using billions of serial elec-
tron micrographs (Anderson et al. 2009). By combining data obtained from such 
research, we may be able to answer fundamental questions, such as what memory 
engram and what memory storage methods are used by the central nervous system.

At the molecular level, the recent emergence of Giga DNA sequencers (or next 
generation sequencers) sets the stage for obtaining the genetic information of a 
particular individual in a few days. On the basis of these analyses, we will be able 
to determine our future disease risks, and maybe even life expectancy on the day 
we are born (Avent et al. 2009; Toyota et al. 2009). The massive amounts of in-
formation obtained with Giga DNA sequencers will also provide us with informa-
tion about genes involved in memory and genes associated with diseases affecting 
memory. It is our sincere wish that these modern methods lead to therapeutics for 
treating memory impairment associated with diseases or aging. On that occasion, 
we will realize the hope for successful aging by improving memory, the basis for 
higher cognitive functions.
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Abstract Alzheimer’s disease (AD) is a severe neurodegenerative disease that 
gradually results in loss of memory and impairment of cognitive functions in the 
elderly people. Amyloid beta (Aβ) is the major protein of amyloid plaques in the 
brains of patients with AD. Aβ is known to increase the production of free radicals, 
i.e. reactive oxygen species (ROS) in neuronal cells, leading to oxidative stress and 
cell death. Oxidative stress and inflammation are prominent features in the aging 
process and in AD, which may be causally related to neuronal dysfunction and its 
death. Recently, considerable attention has been focused on dietary antioxidants 
that are able to scavenge ROS, thereby offering protection against oxidative stress. 
Walnuts are rich in components that have antioxidant and anti-inflammatory prop-
erties. Here, we review the evidence that walnut extract can inhibit the fibrillization 
of Aβ, solubilise preformed fibrillar Aβ and protects the cells against Aβ-induced 
oxidative stress and cell death. Walnuts in the diet may offer protection against 
Aβ-mediated cytotoxicity by (i) reducing the generation of free radicals, (ii) inhib-
iting membrane damage and (iii) attenuating DNA damage. This effect of walnut 
extract can be due to the active compounds present in walnuts, which may increase 
the capacity of endogenous antioxidant defenses and modulate the cellular redox 
state. A diet rich in walnuts may therefore reduce the risk of developing dementia 
of Alzheimer’s type by inhibiting Aβ fibrillization, Aβ-mediated cytotoxicity and 
oxidative stress.

Keywords Aging • Alzheimer’s disease • Inflammation • Nutrition • Oxidative 
stress • Walnuts
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16.1  Alzheimer’s disease (AD)

AD is an age-related neurodegenerative disease that gradually results in memory 
loss and impairment of cognitive functions over a period of 5–20 years. It is the 
most common form of dementia in the elderly, and affects an estimated 25 million 
people worldwide.

The aggregation and fibrillization of amyloid beta-protein (Aβ), leading to the 
deposition of amyloid plaques in the brain is one of the major pathological hall-
marks of AD (Glenner 1983; Masters et al. 1985). In addition, neuronal loss and 
accumulation of paired helical filaments as neurofibrillary tangles (NFT) in neurons 
are common features in AD (Iqbal et al. 1998). The mechanisms of neuronal cell 
loss in AD have not yet been fully elucidated, but increased oxidative stress (Gibson 
and Huang 2002; Chauhan and Chauhan 2006; Galasko and Montine 2010; Bonda 
et al. 2010), and inflammation (Rozemuller et al. 2005; Schwab and McGeer 2008; 
Galasko and Montine 2010) are considered important initiators/mediators of neuro-
nal damage in AD. Extensive evidence indicates that the brains of AD patients are 
characterized by exaggerated oxidative stress (Gibson and Huang 2002; Chauhan 
and Chauhan 2006; Bonda et al. 2010), and the overproduction of Aβ leads to Aβ-
associated free-radicals production and cell death (Harris et al. 1995; Monji et al. 
2001; Sponne et al. 2003). Aβ not only increases oxidative stress, but its generation 
is also increased as a result of oxidative stress which in turn, causes more oxidative 
damage.

The neuropathological changes of AD evolve gradually over decades before the 
clinical symptoms of the disease become evident (Price and Morris 1999; Knopman 
et al. 2003; Iacono et al. 2008). Increased oxidative damage is also reported in early 
stages of mild cognitive impairment in the brains of patients with AD, and in cere-
brospinal fluid (CSF) from subjects with very early signs of dementia (Keller et al. 
2005; Steele et al. 2007).We review in the following sections that early interven-
tion with a diet rich in walnuts may help in reducing the risk of developing AD or 
delaying its onset because of enhanced oxidative stress and inflammatory response 
mechanisms involved in aging process and AD, and due to antioxidant and anti-
inflammatory components in walnut.

16.2  Age: A Risk Factor for Alzheimer’s Disease

Unfortunately, age is the greatest risk factor for AD. AD is ten times more frequent 
in people over the age of 65. Statistical data show that one in ten over the age of 
65, and nearly half of the population over the age of 85 suffers from AD. Increased 
concentrations of oxidatively- damaged proteins, lipids, and DNA, as well as mito-
chondrial dysfunction have been reported in aging (Mao and Reddy 2011; Paradies 
et al. 2011). Aging-related increase in brain oxidative stress has also been reported 
to correlate with developmental pattern of β-secretase activity (involved in Aβ pro-
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duction) and β-amyloid plaque deposition in the transgenic Tg2576 mice model of 
AD (Apelt et al. 2004). Constant assault of oxidative stress during aging process 
may contribute, in part, towards neurogeneration in AD.

16.3  Oxidative Stress in Aging and Alzheimer’s Disease

Oxidative stress is a condition in which the generation of free radicals far exceeds 
its elimination by antioxidant defense mechanism. The free radicals produced in the 
body are toxic, and if not removed or neutralized, they react with lipids, proteins 
and nucleic acids and damage cellular functions. Generally, oxidative damage to the 
cellular components results in alteration of the membrane properties such as fluid-
ity, ion transport, decreased enzyme activities, and protein cross-linking. Excessive 
oxidant damage eventually results in cell death (Bandopadhyay et al. 1999).

In 1956, Harman had proposed free radical theory of aging (Harman 1956). 
Since then, it remains a prominent theory. Increased oxidative stress in the ag-
ing brain results in increased membrane lipid peroxidation (Montine et al. 2002; 
Chauhan and Chauhan 2006). Scientists are also focusing on mitochondrial theory 
of aging, which suggests that oxidative stress within mitochondria can lead to a 
vicious cycle in which damaged mitochondria produce increased amounts of free 
radicals, i.e. reactive oxygen species (ROS) leading to progressive augmentation in 
cell damage (Harman 1972; Miquel et al. 1980; Cadenas and Davies 2000). The free 
radicals are generated endogenously during oxidative metabolism and energy pro-
duction by mitochondria, and the electron transport chain (ETC) in mitochondria is 
a prime source for ROS generation (Cadenas and Davies 2000; Lenaz 2001). The 
antioxidant defense mechanisms to remove ROS in the cell involve enzymes such 
as catalase, superoxide dismutase, glutathione peroxidase, glutathione reductase, 
and nonenzymatic reducing agents such as glutathione, carotinoids, phytochemi-
cals, vitamin E and vitamin C (Bandopadhyay et al. 1999).

Extensive evidence from studies with experimental models and human brain 
suggests that enhanced oxidative stress plays an important role in neuronal degen-
eration in AD. In AD, ROS generation is increased due to aging, Aβ production, Aβ 
fibrillization, neurofibrillary pathology and mitochondrial abnormalities (Chauhan 
and Chauhan 2006). Imbalance of oxidative homeostasis leading to increased lipid 
peroxidation is an important factor involved in AD. The brains of patients with AD 
contain increased levels of lipid-peroxidation products such as 4-hydroxynonenal 
(HNE) or 2-propenal (acrolein), and enhanced lipid peroxidation can also be de-
tected in CSF and plasma of AD subjects (Lovell et al. 1995; Montine et al. 2002; 
Arlt et al. 2002). In addition, ROS-mediated oxidative damage of proteins and DNA 
is also an important event in AD pathology (Smith et al. 1991; Lyras et al. 1997; 
Gabbita et al. 1998; Lovell et al. 1999; Nunomura et al. 2010).

There is increasing evidence that both soluble and fibrillar Aβ can induce oxida-
tive stress. Several studies suggest that ROS are involved in Aβ fibrillization and 
NFT formation in AD. Evidence also exists that ROS generation increases with the 
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increase in Aβ and NFT pathology in AD, thereby creating vicious cycle of ROS 
generation that far exceeds the antioxidant defense system (Chauhan and Chauhan 
2006). Some of the age-related changes in neuronal functions are subtle, and may 
involve calcium dysregulation (Landfield 1987; Khachaturian 1994). The loss of 
calcium homeostasis induced by oxidative stress can also lead to increased vulner-
ability to oxidative stress, thus resulting in a vicious cycle of oxidative stress, loss 
of calcium homeostasis, and further generation of oxidative stress and cell death 
(Annunziato et al. 2002; Waring 2005). Loss in calcium homeostasis, increased 
oxidative stress, and mitochondrial dysfunction have been reported in several age- 
related neurodegenerative diseases, such as AD (Chauhan and Chauhan 2006; Aliev 
et al. 2009; Wang et al. 2009; Bonda et al. 2010; Galasko and Montine 2010), Par-
kinson’s disease (Dexter et al. 1994; Navarro et al. 2009) and Huntington disease 
(Chen 2011).

16.4  Inflammation in Aging and Alzheimer’s Disease

Several studies have reported neuroinflammation as a prominent feature in aging 
and AD (Wyss-Coray 2006; Heneka and O’Banion 2007; Parachikova et al. 2007). 
Glial cells mediate the endogenous immune system in the central nervous system, 
and their activation is the marker of inflammation in the brain (Kreutzberg 1996). 
An increase in activated glial cells and immunoreactivity in markers of both mi-
croglia and astrocytes has been reported in normal aging brains and AD-affected 
brains (Rozovsky et al. 1998; Sheng et al. 1998). Activated microglia and astrocytes 
produce inflammatory molecules such as cytokines (interleukin (IL)-1β, IL-6, and 
tumor necrosis factor-α (TNF-α), growth factors, and complement proteins in AD 
(McGeer and McGeer 1995; Chen et al. 1996; Luterman et al. 2000; Tarkowski 
et al. 2003). The expression of glial fibrillary acid protein is also increased by mid-
dle age (Rozovsky et al. 1998) and in elderly (McGeer and McGeer 1995). Several 
studies have reported increase in TNF-α, IL-6 (Chang et al. 1996; Spaulding et al. 
1997), and C-reactive protein (Kushner 2001) in aged mice and humans. Further-
more, IL-1β and TNF-α can also activate microglia and astrocytes, and induce acute 
phase proteins such as α1-antichymotrypsin, which has been found with amyloid 
plaques in AD (Kordula et al. 2000).

In vitro studies have shown that Aβ can activate microglia cells, leading to in-
creased production of several cytokines, chemokines, free radicals and proinflam-
matory enzymes (Lue et al. 2001a; Walker et al. 2006). It activates inflammatory 
processes in microglia by binding to cell–surface receptors such as the Receptor for 
Advanced Glycation Endproducts (RAGE) (Lue et al. 2001b) or Toll-like receptor 
2 (Jana et al. 2008), or by interacting with complement C1q, the initiating protein of 
the classical complement pathway (Rogers et al. 1992). In fact, complement activa-
tion has been reported in AD brain (McGeer et al. 1989; Chen et al. 1996; Webster 
et al. 1997). Nitric oxide synthase (NOS) is an enzyme that also plays a pivotal role 
in inflammation. Several reports have shown that Aβ can stimulate inducible-NOS 
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(iNOS) in microglia and astrocytes, resulting in enhanced NO production (Akama 
and Van Eldik 2000; Combs et al. 2001).

Cyclooxygenase (COX) is a key enzyme in the prostaglandin (PG) synthesis, 
which converts arachidonic acid to PGH2. During conversion of PGG2 to PGH2, 
ROS are generated. In AD, the expression of COX-2 (known to be induced by pro-
inflammatory mediators) is upregulated (Pasinetti and Aisen 1998; Ho et al. 1999; 
Hoozemans et al. 2002), and there is elevated production of inflammatory PGs, 
especially PGE2 in the brain (Montine et al. 1999). Increase in COX activity and 
PGE has also been reported in aging brain (Baek et al. 2001). Since pathway of 
PG synthesis appears to be a major source of ROS in the brain (Baek et al. 2001), 
inflammation may be partly responsible for increased oxidative stress in aging and 
AD. Thus factors such as cytokines and PG may act as extracellular signals in gen-
erating ROS that are detrimental to neuronal function or glial neuronal interactions, 
leading to dementia in aging and AD.

The relationship between diet and health benefits has become increasingly ob-
vious with accumulating evidence that those plant foods rich in phenols and fla-
vonoids are important class of defensive antioxidants (Pietta 2000). Recently, po-
tential roles of dietary antioxidants have been emphasized in neurodegenerative 
diseases including AD. Plant extracts such as green tea, gingko biloba and curcumin 
were able to prevent oxidative stress-mediated apoptosis in cultured neurons, and 
reduce the oxidative stress that is associated with AD (Xin et al 2000; Park et al. 
2008; He et al. 2011; Mishra et al. 2011). In the following sections, we will present 
evidence on potential beneficial effects of a diet with walnuts in aging and age-
related diseases.

16.5  Antioxidant and Anti-inflammatory Properties  
of Walnuts

Recent evidence suggests that walnuts (Juglans regia L.) may reduce the risk of 
age-related diseases because they are rich in nutrients, which have antioxidant and 
anti-inflammatory properties (Fig. 16.1). Brain needs sufficient amount of water, 
vitamins (such as folate, thiamine, vitamins B6 and B12), α-lipoic acid, lutein and 
n-3 fatty acids (Morley 2010). Walnuts contain a number of potential neuroprotec-
tive compounds like gamma tocopherol (vitamin E), folate, melatonin, flavonoids, 
phenolic acid (ellagic acid) and significant amount of n-3 α-linolenic acid (ALA) (a 
plant based omega-3 fatty acid) (Jurd 1958; Lavedrine et al. 1997; Anderson et al. 
2001; Fukuda et al. 2003; Crews et al. 2005; Reiter et al. 2005; Halvorsen et al. 
2006). Recommended daily serving of walnuts is one ounce (oz.) i.e. 28 g, which 
equates to one quarter cup or 12–14 walnut halves. In addition to antioxidants and 
ALA, walnuts are a good source of protein (4 g/oz.) and fiber (2 g/oz.). Walnuts also 
contain numerous other vitamins and minerals, and provide magnesium (11 % daily 
value) and phosphorus (10 % daily value).
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Walnut has a high content (3.68 mmol/oz.) of antioxidants such as flavonoids 
(Pietta 2000; Darvesh et al. 2010; Gutierrez-Merino et al. 2011), ellagic acid (Majid 
et al. 1991), melatonin (Pappolla et al. 2000; Reiter et al. 2005), gamma tocopherol, 
and selenium. In terms of antioxidant contents, walnuts ranked second among 1,113 
different food items tested (Halvorsen et al. 2006). A recent study investigated the 
antioxidant efficiency of different dry fruits, and found walnuts to exhibit the best 
antioxidant properties (Mishra et al. 2010). The highest phenolic content was found 
in walnuts followed by almonds and cashew nuts, and the least phenolic content was 
in raisins (Mishra et al. 2010). Another study examined the levels of antioxidants in 
various foods, and reported at least ten different antioxidants in walnuts. According 
to this study, 50 g of walnuts have significantly more phenolics [802 mg gallic acid 
equivalent (GAE) of total phenols] than a 8 oz glass of apple juice (117 mg GAE in 
240 ml), a milk chocolate bar (205 mg GAE in 1.5 oz), or a 5 oz glass of red wine 
(372 mg GAE in 150 ml) (Anderson et al. 2001).

While most nuts contain monounsaturated fats, only walnuts are comprised pri-
marily of polyunsaturated fat (13 g of 18 g total fat in one ounce of walnuts), of 
which ALA is 2.5 g. ALA is the precursor for eicosapentaenoic acid (EPA, 20:5n-3) 
and docosahexaenoic acid (DHA, 22:6n-3). DHA is important for neuronal mem-
brane stability, neuroplasticity, synaptic plasticity, gene expression, cell migration 
and apoptosis. It facilitates signal transduction, neurotransmission, and increases 
serotonin and dopamine concentrations. EPA regulates the synthesis of arachidonic 
acid (20:4n-6) and modulates important inflammatory and immune functions (Innis 
2007; Heinrichs 2010).

16.6  Health Benefits of Walnuts in the Diet

Green walnuts, shells, kernels and seeds, bark and leaves have been used in the 
pharmaceutical and cosmetic industries (Stampar et al. 2006). Walnut and its leaves 
have been used in traditional medicine for treatment of venous insufficiency and 
haemorrhoidal symptomatology, and for its antidiarrheic, anti-microbial, antihel-
minthic, depurative and astringent properties (Pereira et al. 2007, 2008; Oliveira 
et al. 2008). Keratolytic, antifungal, hypoglycemic, hypotensive and sedative ac-
tivities of walnuts have also been reported (Fukuda et al. 2003; Pereira et al. 2007).

Several studies have suggested that the consumption of walnuts in the diet can re-
duce the risk of heart disease (Hu et al. 1998; Banel and Hu 2009), and decrease total 
and low-density lipoprotein (LDL) (Sabate et al. 1993; Abbey et al. 1994; Lave-
drine et al. 1999; Zambon et al. 2000; Rajaram et al. 2009; Banel and Hu 2009). 
In an in vitro study, polyphenol-rich extracts from walnuts was prepared, and LDL 
was isolated from the plasma of healthy human subjects. Walnut extract (1 µM) in-
hibited AAPH [2,2′-Azobis (2-amidino propane) hydrochloride, a free radical gen-
erator]—induced LDL oxidation by 38 %, and copper-mediated LDL oxidation by 
84 % (Anderson et al. 2001). A large cohort study of 83,818 women (age: 34–59 
years) showed that consumption of one-ounce of nuts, such as walnuts, or of peanut 
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butter five times or more each week reduced the risk of developing type 2 diabetes 
(Jiang et al. 2002). An animal study showed that the diet with walnuts could slow the 
growth of human breast cancers implanted into nude mice (Hardman and Ion 2008).

Recently, Mckay et al. (2010) studied chronic and acute effects of walnuts on 
antioxidant capacity in a randomized, cross-over pilot study. They reported that 
walnut consumption did not significantly change the plasma antioxidant capacity of 
healthy, well-nourished older adults. However, they observed improvement in lev-
els of linoleic acid in red blood cells and total plasma thiols, suggesting that walnuts 
may have beneficial effects due to increase in linoleic acid in normal subjects. In 
another study, consumption of walnuts was able to increase total antioxidant capac-
ity and reduce plasma lipid peroxidation (Torabian et al. 2009).

Willis et al. (2009) examined the effect of diet with walnuts on cognitive func-
tion in aged rats (19 months old). Aged rats have been reported to show decrements 
in performance on motor and cognitive tasks that require the use of spatial learning 
and memory. In this study, the rats were fed a control diet or a diet with 2, 6 or 9 % 
walnuts for eight weeks, and then examined for motor and cognitive function. It was 
reported that a diet containing as much as 6 % walnuts (equivalent to one ounce in 
humans) improved cognitive and motor performance (Willis et al. 2009).

A recent study examined the effects of a short term (8 weeks) dietary supplemen-
tation of walnuts on cognitive performance in young adults (Pribis et al. 2011). In 
this study, 64 college students were randomly assigned to two treatment sequences 
in a crossover fashion: walnuts–placebo or placebo–walnuts. After 6 weeks, the in-
tervention groups followed the diets in reverse order. Data for non-verbal reasoning, 
verbal reasoning, memory and mood states were collected at baseline and at the end 
of the 8-week intervention period. A significant increase (11.2 %) was observed in 
inferential verbal reasoning with the walnut-supplemented diet. However, no sig-
nificant difference was observed for mood, non-verbal reasoning or memory, which 
may be because walnut supplementation in the diet was for only a few weeks.

16.7  Effects of Walnuts on Aβ Fibrillization and 
Aβ-induced Oxidative Stress and Cell Damage in AD

Fibrillization of Aβ and its deposition as amyloid plaque in the brain is considered 
the hallmark of AD pathology. Aβ exists in both soluble and fibrillar forms. Aβ 
fibril formation from soluble Aβ is preceded by oligomerization and aggregation of 
Aβ, and involves conformational change of the peptide from α-helical to β-pleated 
sheet structure (Hilbich et al. 1991; Soto et al. 1994). Agents that can inhibit the 
fibrillization of Aβ may have potential beneficial effects in reducing the risk or de-
laying the progression of AD. The synthetic peptides homologous to Aβ have been 
extensively used to study fibril formation in vitro. Aβ 40 or Aβ 42 and some of their 
shorter derivatives form amyloid-like fibrils in vitro exhibiting a β-pleated sheet 
conformation that is assayed using Thioflavin T (ThT) fluorescence spectroscopy.
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Walnut extract has been reported to inhibit the Aβ fibrilization and to solubilize 
the preformed Aβ fibrils in an in vitro study using ThT fluorescence spectroscopy 
(to measure degree of Aβ aggregation/fibrillization) and electron microscopy (to as-
sess the morphology of Aβ structure) (Chauhan et al. 2004). ThT fluorescence data 
showed that the walnut extract inhibited Aβ fibril formation in a concentration- and 
time- dependent manner. Addition of walnut extract to soluble Aβ after 2 and 3 days 
of incubation resulted in over 90 % inhibition of Aβ fibrillization. Electron micros-
copy analysis confirmed that walnut extract has a profound inhibitory effect on the 
formation of Aβ fibrils. It was also studied whether walnut extract can convert Aβ 
fibrils back into soluble Aβ (Chauhan et al. 2004). In fact, walnut extract was able 
to defribrillize the preformed fibrils of Aβ. When preformed Aβ fibrils were incu-
bated with walnut extract for 2 days, up to 91.6 % defibrillization of Aβ fibrils was 
observed. These results suggest that the compound(s) present in walnuts interact 
directly with Aβ, resulting in anti-amyloidogenic property of walnut (Fig. 16.1).

Several in vitro studies have shown that Aβ exhibits cytotoxic properties by pro-
ducing ROS and inducing oxidative stress (Harris et al. 1995; Davis 1996; Sponne 
et al. 2003; Kadowaki et al. 2005). We recently reported that walnut extract has pro-

A. Chauhan and V. Chauhan

Fig. 16.1  Potential mechanisms of antioxidant, anti-inflammatory and anti-amyloidogenic effects 
of walnuts in aging and Alzheimer’s disease. The role of oxidative stress, inflammation and amy-
loid beta-protein in Alzheimer’s disease is shown in this figure. Oxidative stress and inflammation 
are commonly observed phenomenon in aging and AD. The fibrillization of amyloid beta-protein 
is a key event in the amyloid plaque formation in AD brain. Walnuts are rich in antioxidant and 
anti-inflammatory components, and therefore, inhibit ROS production, reduce inflammation, and 
also inhibit fibrillization of amyloid beta-protein
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tective effect against Aβ-induced cell death and oxidative stress (Muthaiyah et al. 
2011). In this study, the effect of walnut extract on Aβ-induced cellular damage, 
ROS generation and apoptosis in PC12 pheochromocytoma cells was studied. The 
intracellular ROS accumulation resulting from Aβ treatment was significantly re-
duced when these cells were also treated with walnut extract as compared to control 
cells treated with only Aβ, which clearly demonstrated that walnut extract has the 
ability to scavenge oxygen radicals. It is known that flavonoids, ellagic acid, mela-
tonin and gamma tocopherol, which are components of walnuts have antioxidative 
and free-radical scavenging properties (Majid et al. 1991; Pappolla et al. 2000; Pi-
etta 2000; Darvesh et al. 2010; Gutierrez-Merino et al. 2011). Because constituents 
of walnuts have strong antioxidant properties, the inhibition of Aβ-induced free 
radical generation by walnut extract may be attributed to the neutralization of ROS. 
Walnut extract also reduced Aβ-mediated cell death assessed by MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction, release of lactate 
dehydrogenase (membrane damage), and DNA damage (apoptosis) in a concentra-
tion-dependent manner (Muthaiyah et al. 2011). These results suggest that walnut 
extract can counteract Aβ-induced oxidative stress and associated cell death.

Above studies suggest that consumption of walnuts in the diet may reduce the 
risk, delay the onset or slow the progression of dementia in AD by maintaining Aβ 
in the soluble form, preventing it from fibrillization, and protecting against Aβ-
induced oxidative stress and cell death.
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Abstract Brain aging results in the development of cognitive and motor deficits 
in animals and humans that are manifested by middle-age. These deficits evolve 
from neuronal damage as a consequence of oxidative stress. Various preclinical and 
clinical studies have proved the significance of dietary interventions in improving 
cognitive loss with age. Basic scientists have evaluated the mechanisms involved 
in improving the cognitive performance in aging animals by using dietary supple-
ments, though human studies lack in understanding the mechanisms. However, 
observational data support the benefits derived from the nutritional supplementa-
tion of specific antioxidants in slowing cognitive loss with age. This article is a 
record of the recent progress made on oxidative stress and cognitive decline with 
age on animal models and human subjects showing the importance of non-polyphe-
nolic and polyphenolic-rich plant products in alleviating age-related cognitive loss.

Keywords Age • Brain • Hippocampus • Cognition • Oxidative stress • 
Proanthocyanidin • Vitamin E

17.1  Introduction

Cognitive decline in past middle-age is a complex process involving many under-
lying morphological changes that are due to various biochemical and molecular 
mechanisms. As the older segment of the population continues to grow, it has be-
come absolutely necessary to develop strategies to prevent or lessen age-associated 
cognitive decline. ‘Cognition’, in this article is defined as a range of physiological 
processes that permit one to acquire, evaluate, manipulate and store the acquired 
information from the surroundings. Basically, cognitive function consists of mainly 
six domains such as executive function, memory, attention, perception, psychomo-
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tor and language skills and, each of these domains has its own subdivisions. For 
example, memory is not a single factor but a multi-dimensional unit. Memory in-
volves storage of information for many decades. It is known that memory could be 
declarative and non-declarative with the former being verbal while the latter type of 
memory cannot be expressed such as how to drive a car. On a gross scale, the term 
‘dementia’ means the inability to retain all of the above memory functions. Humans 
experience dementia of two types: semantic and episodic dementia, while the for-
mer reflects knowledge that is not something unusual to us and usually not recalled 
in relation to time, the later encompasses events in relation to time, as examinations 
based on specific time and even site.

Since, all of the cognitive functions are affected by age, it is essential to alleviate 
age-related cognitive loss and eventually several behavioral declines such as mo-
tor and cognitive functions and ultimately to neuronal degenerative disorders, for 
example, Alzheimer’s (AD) and Parkinson’s disease (PD). However, patients re-
ceiving diet and nutrient supplements experience less cognitive loss. Recent studies 
have suggested that cognitive loss during normal aging may be prevented through 
physical exercise, calorie restriction and dietary supplements—all of which are 
non-pharmacological interventions.

The focus is on the role of oxidative stress on the cognitive ability of the aging 
brain in experimental models and humans. Further, attempts have been made to 
summarize the current status of research on humans and animal models of aging in 
our lab as well as of others on one particular type of intervention, dietary antioxi-
dant supplements that are beneficial in lessening age-related cognitive loss. In this 
article, only the most relevant biochemical, morphological and molecular changes 
during cognitive loss are discussed. Two of the most important antioxidants belong-
ing to non-phenolic and phenolic groups that are of relevance to cognitive function 
in the aged have been selected. It is expected that the information from preclini-
cal studies from our laboratory as well as from others on humans will assist older 
adults, to select specific dietary supplements for improving their cognitive ability as 
well as the middle-aged in preventing cognitive loss.

17.2  Aging of the Brain

The brain is a vital organ since it modulates all the involuntary functions like the 
heart beat, pulmonary breathing and cognitive functions and hence is more vulner-
able to several aging effects. Aging, inflammation and oxidative stress are impor-
tant factors in brain aging with concomitant cognitive decline particularly decreased 
memory such as recognition memory (James et al. 2008), short term recall (Gil-
christ et al. 2008) and long-term memory (Park et al. 2002) in aged subjects. Sach-
dev et al. (2011) from New South Wales have recently reported that the human brain 
functions as an interconnected world network and not as a collection of discrete re-
gions. In their study, the researchers performed magnetic resonance imaging (MRI) 
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scans on 342 healthy individuals aged 72–92, using a new imaging technique called 
diffusion tensor imaging (DTI). The information flow within and between regions 
as well is extremely crucial for cognitive functions. With age, human brain network 
involving complex neural connectivity deteriorates leading to slowing down of in-
formation processing and impacting the cognitive functions. With the advent of 
new MRI technology and increased computational power, neural maps have been 
developed. These techniques have resulted in a paradigm shift in the way neurosci-
entists understand the brain anatomy, in particular the hippocampus and cerebral 
cortex, the grey outer layer of the brain where most mental functions associated 
with learning takes place. Wen et al. (2011) have shown that discrete neuroanatomi-
cal networks are associated with specific cognitive abilities in old age.

An important change that we see during normal aging is the loss of neurons in the 
brain. The loss of neurons over time is speculated to be an evolutionary trade-off. 
Several biological changes characterize normal brain aging in humans. Although 
some of the age-associated neural alterations are also found in other closest species 
such as the chimpanzees, the volumetric decline of specific brain structures, such 
as the hippocampus and frontal lobe, has only been observed in humans ranging 
from 22 to 88 years of age (Sherwood et al. 2011) although the functional capacity 
of the brain deteriorates over time in animals as well. In contrast to the previous 
dogma, the present understanding is that a fully developed brain can replace the lost 
neurons even into old age. The hippocampus is the “memory hub” but shrinks from 
middle-age onwards even in healthy people. Basically, the decline in the ability for 
neurogenesis from adult neural stem cells (NScs) results in reduced brain function, 
such as spatial learning and memory. The NSCs are located as dormant cells in the 
subventricular region of the lateral ventricle, and the subgranular zone (SGZ) of the 
hippocampal dentate gyrus (DG) of the brain (Kempermann et al. 2008). It is known 
that the hippocampal volume reduces more in patients suffering from depression 
and other psychiatric conditions compared to healthy subjects. Supporting these 
observations, are the studies that have demonstrated increased neurogenesis in the 
hippocampus through administration of antidepressant drugs that in fact results in 
behavioral changes in stress-induced models and patients (Lee et al. 2007).

Normal brain aging over the years is characterized by the perennial efforts of the 
brain to battle against accumulation of several insults and oxidative stress is one 
among them. Experimental studies in our laboratory (Asha Devi 2009) suggest that 
one of the crucial factors mediating the effects of normal aging on neuronal func-
tion and behaviour is oxidative stress. During normal aging, events such as oxida-
tive stress due to elevated reactive oxygen species (ROS), reactive nitrogen species 
(RNS), followed by increased oxidative modification of lipids, proteins and nucleic 
acids contribute to lowered cognitive performance of the brain even in the absence 
of neurodegenerative diseases (Farooqui and Farooqui 2009; Asha Devi and Kiran 
2004; Calabrese et al. 2004). The loss in mitochondrial function has important role 
in aging and neurodegenerative disorders (Lopez-Lluch et al. 2008). In mammalian 
brain aging, more precisely in rats and mice, the gradual conversion of healthy to 
dysfunctional mitochondria with decreased rates of electron transfer in complexes 
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I and IV and hence of ATP generation is associated with the accumulation of oxi-
dation products of phospholipids and proteins, and these characteristics appear as 
determining factors in brain aging (Boveris and Navarro 2008). In addition, many 
regions of the brain undergo morphological and functional modifications resulting 
in a gradual deterioration in memory (Christensen 2001) and motor performance 
(Sastry and Rao 2001).

Behavioral, cellular and molecular studies in aging rats have shown the possibili-
ties of dramatically reducing the increase in the oxidative stress-related biochemical 
markers not only in the plasma (Asha Devi et al. 2003) but also in the specific brain 
regions through physical activity as one of the interventions for improving cogni-
tive performance past middle-age (Jolitha et al. 2006). Interestingly, although cog-
nitive loss is lowered in aged rats by exercise, it is more effective when combined 
with a non-phenolic antioxidant such as vitamin E (Jolitha et al. 2009; Asha Devi 
and Prathima 2005). The mechanisms of physical activity alone as an anti-aging 
factor that can modify brain and behavior, and the benefits derived out of this inter-
vention have been reviewed comprehensively elsewhere (Asha Devi et al. 2011a).

17.3  Nutrition and Cognitive Aging

The identification of neuroprotective antioxidants in food is useful for developing 
anti-aging natural products and managing cognitive deficits during normal aging. 
In fact, the synthetic and natural food supplements known as nootropics are known 
to enhance brain function in terms of enhanced cognition, concentration, short-term 
and long-term memory capacity and work performance. Interestingly, the tendency 
of accumulating genetic defects that influence the regenerative capacity of the NSCs 
such as telomere shortening, DNA oxidations and mitochondrial function, DNA de-
letions and point mutations are often a result of deficient nutrient supplies such as 
folate and vitamin B12 that are much needed for genome maintenance(Hamilton 
et al. 2001). It is known that when free radicals attack delicate brain cells, they dis-
rupt optimal cellular function and often cause age-related cognitive decline.

Among animal models, cognitive ability and motor function are conventionally 
quantified through various tests such as those that assess the time a rodent can re-
main on an accelerod. T-maze and Y-maze experiments are used to assess learning 
in terms of acquisition, working (short-term) and reference (long-term) memory. A 
good reference memory suggests consistency among trials that is required for learn-
ing a task such as swim to a platform. Working memory explains the ability to hold 
specific information such as places earlier visited. Old rats show reduced reference 
and working memory in water-maze (Rex et al. 2004), radial arm maze (Shukitt-
Hale et al. 2004) and T-maze tests (Jolitha et al. 2009). In an experimental rat model, 
Bickford et al. (2000) have shown that a diet supplemented with plant-derived anti-
oxidants can reverse age-related decline in memory and cognition.
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17.3.1   Antioxidants as Smart Dietary Supplements

While the body produces natural antioxidants such as glutathione (GSH), often it 
requires an additional supply to prevent the increased damage caused by oxida-
tive stress. An aging brain consumes 30 % of our daily calories and hence a right 
antioxidant should provide the fuel to the brain to think, concentrate, remember 
and react even in the aged. For instance, glutathione is the body’s most potent an-
tioxidant, and particularly important to the brain. However, GSH levels have been 
shown to decrease with aging which may contribute as one of the compounds for 
the increased vulnerability of the neurons to oxidative stress and subsequent dam-
age (Ayden et al. 2007). The antioxidant use in humans has often resulted in mixed 
results. The notion that dietary antioxidants may have therapeutic role in prevent-
ing age-associated neurodegenerative diseases in humans have stemmed from the 
experiments showing blockage of neuronal death from in vitro studies of animal 
models of Alzheimer’s disease (AD), Parkinson’s disease (PD) and amyotrophic 
lateral sclerosis (ALS) (Esposito et al. 2002). In addition, it is known that mental 
acuity and cognition are two aspects of health that become increasingly important to 
disease-free older adults. As is the case of many diseases, oxidative stress has been 
implicated in the etiology of cognitive dysfunction in normal aging. The following 
sections will focus on the role of dietary antioxidants, in particular vitamin E, a non-
phenolic antioxidant and grape seeds, a phenolic antioxidant as smart interventions 
in maintenance of cognitive function throughout life.

17.3.1.1  Vitamin E and Brain Aging

Vitamin E has received a huge amount of public interest of late, due to its property 
of destructing free radicals and more so as an antioxidant that is capable of crossing 
the blood brain barrier (BBB), and its fat-solubility property is exceedingly valuable 
in protecting cell membranes from oxidative damage. The benefits derived from 
vitamin E certainly go well beyond that.

Vitamin E is the most studied non-phenolic antioxidant supplement. Actually, 
vitamin E is not a single compound, but a group of eight closely related compounds: 
four tocopherols and four tocotrienols. All these eight molecules have biological ac-
tivity, but the most active one is alpha-tocopherol. Another one, gamma-tocopherol 
contributes significantly to human health in ways that have not yet been completely 
evaluated. Several evidences exist for an improvement in the physiology of brain 
health in rodents, e.g., alpha-tocopherol can improve age-related impairments in 
long-term potentiation (LTP) and improve cognitive behaviors (Takatsu et al. 2010). 
Vitamin E has also been shown to have actions such as reducing oxidation of lipids 
through in vitro studies of aging cerebral cortex of mouse brain (Kan et al. 1991), 
one of the mechanisms for the development of neurodegenerative diseases with ag-
ing in vivo. Vitamin E is neuroprotective in apoE-deficient mice (Veinbergs et al. 
2001) and modifies Aβ toxicity in cultured hippocampal neurons. In their study, 
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they could prevent the onset of behavioral deficits induced by infusions of Aβ into 
the cerebroventricles. Vitamin E is reported to increase cognitive performance in 
T-maze in old male rats of 18-months of age and reduced the amount of hydrogen 
peroxide generation, and free radical mediated reactions such as protein oxidation 
and lipid peroxidation in the hippocampus and cerebral cortex regions when com-
pared with the unsupplemented rats (Jolitha et al. 2009). Researchers have also 
noted that vitamin E supplementation in mice at 2 age points, i.e. 13 months and 
19.5 months prevents the decrease in activities of mitochondrial markers of aging 
such as mtNOS, Mn-SOD, NADH-cytochrome c reductase and cytochrome oxidase 
activity (Navarro et al. 2005).

The following is a selective discussion of vitamin E supplementation in human 
trials to treat or prevent cognitive decline. Longitudinal studies have shown that 
vitamin E intake as foods or supplements, is associated with less cognitive decline 
with age (Morris et al. 2002). Knowing that dietary tocopherols consist of different 
individual tocopherols, a follow-up report that included six-year data found that the 
intake of both individual tocopherols and total tocopherols was protective against 
AD and cognitive decline (Morris et al. 2005). Although there are conflicting results 
on the effect of antioxidants on cognitive function in the elderly, the search for suit-
able antioxidant has always been of interest to neurobiologists, neurophysiologists 
as well as nutrition biochemists for assisting the human population in retaining a 
healthy brain in their grey years. In a population-based cohort study conducted in 
Italy, a total of 1033 participants aged at least 65 years underwent clinical and neu-
ropsychological examinations of their blood vitamin E analysis and diets assessed. 
The study revealed that the higher levels of vitamin E in plasma might provide sig-
nificant protection against cognitive impairment and dementia in elderly subjects. 
This conclusion was drawn based on the observation that participants with plasma 
vitamin E levels in the bottom tertile had a significantly higher probability of being 
demented (OR 2.6, 95 % CI 1.0–7.1) and also of suffering from cognitive impair-
ment (OR 2.2, 95 % CI 1.2–4.2) compared to those in the highest vitamin E tertile 
after adjustment for age, gender, education, lipid levels, energy intake, vitamin E in-
take, and smoking (Cherubini et al. 2005). The Honolulu-Asia Aging Study (Masaki 
et al. 2000) has shown significant protective effect when vitamin E and vitamin C 
are given as a combined supplement for non-AD dementias but not for AD. A strik-
ing observation has been among those without dementia; use of either vitamin E or 
vitamin C alone was associated with better cognitive performance. Similar results 
have been found in the Canadian Study of Health and Aging (Maxwell et al. 2005).

17.3.1.2  Polyphenols and Brain Aging

Grape seeds contain lipids, proteins, carbohydrates, and 6 % polyphenols depend-
ing on the variety. Polyphenols in grape seeds are mainly flavonoids, including 
gallic acid, the monomeric flavan-3-ols catechin and epicatechin, gallocatechin, 
epigallocatechin and epicatechin 3-o-gallate, and procyanidin dimmers, trimers, 
and highly polymerized procyanidin. Grape seeds contain mainly phenols such 
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as proanthocyanidin (oligomeric proanthocyanidin). Flavonoids are polyphenolic 
compounds present in vegetables, fruits, berries and beverages such as tea, red wine 
and fruit juices, having effects as antioxidants. Flavonoids form a group of many 
different compounds, of which more than 5,000 have been currently characterised. 
Flavonols from red wine, mainly catechin monomers and procyanidin dimers and 
trimers have been shown to have a significant in vitro antioxidant activity in many 
lipid systems and in particular against oxidation of low density lipoprotein (LDL), 
and higher than the well known α-tocopherol (Santos-Buelga and Scalbert 2000). 
The beneficial effects of flavonoids are well recognized in the prevention of neuro-
degenerative alterations with age (Ramassamy 2006; Schmidt-Schilling et al. 2005; 
Sun et al. 2002; Moosmann and Behl 2002). Considering its neuroprotective func-
tion after supplementation in human (Bagchi et al. 2000) subjects, it is imperative 
to understand metabolites involved that can prevent the loss in cognitive perfor-
mance in normal aging subjects. Flavonoids such as delphinidin is known to have 
significant impact on cell signalling mechanisms such as inhibition of endothelial 
cell proliferation and cell cycle progression via extracellular signal-regulated kinase 
(ERK)-1/2 activation (Martin et al. 2002). Studies of Joseph et al. (2009) on animals 
fed with blue berry and spinach dietary supplementation have demonstrated in-
creases in muscarinic receptor sensitivity and reversal in age-related dysregulation 
and Ca2 +–buffering ability, both of which are indices of neuronal dysregulation ob-
served in aging. Studies have demonstrated that dietary supplementation with fruits 
and vegetable extracts can reduce the susceptibility to oxidative stress as assessed 
by in vivo reductions in neuronal signaling and behavioral deficits and in vitro 
H2O2-induced reductions in striatal synaptosomal calcium buffering (Galli et al. 
2002). Polyphenolic compounds identified in fruits such as blue berries can im-
prove signal transduction and neuronal communication and thereby improve cogni-
tive and motor functions in the elderly even in the absence of neurodegenerative 
diseases (Lau et al 2007).

Oligomeric proanthocynidins (OPCs) are a class of flavanoids found in grape 
seeds. OPCs and procyanicolic oligomers (PCOs) are a class of nutrients belonging 
to the bioflavanoid family. Oligonol is a technology product emanating from the 
oligomerization of polyphenols, typically proanthocyanidin from a variety of fruits 
(grapes, apples, persimmons, etc.) that has optimized bioavailability. It is an opti-
mized phenolic product containing catechin-type monomers and oligomeric pro-
anthocyanidins, the easily absorbed forms. Typically the constituents of Oligonol 
are 15–20 % monomers, 8–12 % dimers and 5–10 % trimers. Supplementation of 
mice with Oligonol prior to the administration of ferric-nitrilotriacetic complex, a 
Fenton chemistry model, significantly reduces the extent of lipid peroxidation in the 
kidney, brain and liver (Aruoma et al. 2006).

Proanthocyanidins are known to cross the blood-brain barrier and scavenge free 
radicals in the blood vessels resulting in increased cognitive acuity. Glutamate ex-
citotoxicity is one of the events that is seen during free radical injury. Experiments 
on GSE from two different varieties containing high amounts of polyphenols were 
analysed in primary culture of neonatal mouse hippocampal neurons treated with 
an excitotoxic glutamate. The results have suggested the presence of high affinity 
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molecular targets for polyphenols in hippocampal neurons, which may be differ-
ent from brain–derived neurotrophic factor (BDNF), and the significance of low 
molecular weight polyphenols or procyanidin oligomers for neuroprotection from 
free radicals (Narita et al. 2011). Data obtained from experiments in young and 
old albino rats have shown that grape seed extract has an inhibiting effect on the 
accumulation of age-related oxidative DNA damages in spinal cord and in various 
brain regions such as cerebral cortex, striatum and hippocampus (Balu et al. 2006).

In vivo studies in adult female rats supplemented with GSPE for 8 weeks in our 
laboratory have suggested neuroprotective effects of GSPE in the cerebral cortex, 
hippocampus and cerebellum. Experiments from our laboratory on adult female rats 
have shown increased activity of superoxide dismutase, an important antioxidant 
enzyme and decreased levels of malondialdehyde (MDA), an oxidation product 
of lipids by ROS. The study also demonstrated increased choline acetyltransferase 
(ChAT) activity in the above regions of the brain (Asha Devi et al. 2006). Proteomic 
analysis by Deshane et al. (2004) using 2D electrophoresis and mass spectrom-
etry of the brain of normal adult female rats supplemented with 5 % GSPE for 
6 weeks show 13 altered proteins in amount or charge. Since these proteins are 
quantitatively less in mouse models of Alzheimer’s disease, the data might sug-
gest not only the neuroprotective ability of GSPE but also the association of such 
proteins with diseases of the brain. An interesting finding from our lab is on the 
effectiveness of GSPE in reducing the blood glucose in the middle-aged female 
rats to that of the adults. This reduction was accompanied by improved cognitive 
ability when these rats were tested in a T-maze. Hence GSPE could impact the hip-
pocampal neurons either in terms of improved regulatory mechanisms for glucose 
uptake or by altered storage mechanism through chemical or structural components 
(Asha Devi et al. 2011b). GSPE was effective in reducing lipofuscin granules, a 
peroxidation product, of mitochondrial degeneration in the hippocampal neurons 
of middle-aged animals (Fig. 17.1). Blood glucose regulation is also made possible 
by blue berry extracts which can inhibit α-glucosidase and α–amylase (McDougall 
et al. 2005). Experiments on young and old rats have demonstrated that blue berries 
have anti-inflammatory and antioxidant properties (Malin et al. 2011; Galli et al. 
2006; Andres-Lacueva et al. 2005). Blue berries can restore memory in aged rats 
by lowering the nuclear factor-kappa beta (NF-kB) (Goyarzu et al. 2004). A marked 
finding of Casadesus and his co-scientists (2004) is on the capacity of hippocampus 
neurons for neurogenesis in the berry supplemented Alzheimer-bred rat and hence 
its potential for overcoming the genetic predisposition to the disease. Similar to 
grape seeds, studies have demonstrated that procyanidins extracted from lotus seed 
(LSPC) can ameliorate memory impairment in cognitively deficient and aged rats 
(Xu et al. 2009). Their studies were on young female rats, and aged unimpaired and 
aged impaired rats were chosen from aged female rats. Aged rats also showed a 
decline in antioxidant defense capacities and a significant increase in lipid peroxi-
dation and protein oxidation levels in hippocampus and cerebral cortex than young 
rats. LSPC supplementation (50,100 mg/kg BW, p.o.) for 7 weeks significantly im-
proved learning and memory impairments in AI animals in the Morris water maze 
test, as evaluated by shortened escape latency and swimming distance.
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LSPC was effective in restoring acetylcholine (ACh) contents and acetylcho-
linesterase (AChE) activities in hippocampus and cerebral cortex of AI animals. 
Overall, polyphenols improve cell survival by directly interacting with receptors or 
enzymes related to signal transduction.

17.4  Conclusion

Chronological aging and oxidative stress play an important role in brain aging. The 
increase in oxidative stress parameters in the hippocampus and cortex is accompa-
nied by a decline in cognitive performance in the elderly population. This is true 
even in the absence of any neurological disorders. Evidences from research have 
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Fig. 17.1  Accumulation of lipofuscin deposit ( asterix) in adult (a) and middle-aged (b) female 
Wistar rats. Note the absence of these deposits in GSPE-supplemented adult (c) and middle-aged 
(d) rats (× 18,500). N1 and N2 are two neuronal cell bodies, RER Rough endoplasmic reticulum, 
NM Nuclear membrane, N Nucleus

                  

E
di

te
d 

pr
oo

f



UNCORRECTED P
ROOF

262

suggested that vitamins such as vitamin E in the form of α- and γ-tocopherols and 
flavanoid-rich compounds from berries provide benefits through improved signal 
transduction and neuronal communication in the aging animal and human subjects 
(Table 17.1). This method of smart dietary interventions especially past middle-age 
and beyond with natural products has proved beneficial in terms of increased alert-
ness and cognition by cleansing the neurons of free radicals. Compared to drugs, 
therapies based on natural compounds promise to be safer, easier to accomplish 
their bioavailability, are less toxic, and well tolerated by human subjects, even for 
longer periods.

Table 17.1  Responses of the brain to polyphenols in animals and humans
Species Age 

(months)
Effects References

Fischer rats 3–4 Irradiation decreased performance on a learn-
ing and memory maze and decreased the 
measure of dopamine, a brain chemical, 
release one month following radiation, 
these deficits were protected by the 
antioxidant

Shukitt-Hale et al. 2007

Rodent 3–18 Blueberry and strawberry lowers oxidative 
stress directly by altering the signaling 
in neuronal communication and calcium 
buffering capacity

Shukitt-Hale et al. 2008

Fischer 344 
rats

19 Considerable degree of age-related decline in 
memory loss can be prevented prevented 
by blue berry extracts

Shukitt-Hale et al. 2009

SHR female 
rats

1 Grape proanthrocyanidin supplementation 
significantly reduced arterial pressure and 
significantly improves cognition

Peng et al. 2005

Transgenic 
mice 
APP + 
 PS1

4, 12 Protective mechanisms are derived from BB-
induced enhancement of memory-associ-
ated neuronal signaling (e.g. extracellular 
signal-regulated kinase) and alterations in 
neutral sphingomyelin-specific phospho-
lipase C activity. Indicate that it may be 
possible to overcome genetic predisposi-
tions to Alzheimer disease through diet

Joseph et al. 2003

129S1/
SvImJ 
mice

3–3.5 Diet rich in polyphenols and PUFA can 
modulate neurogenesis in adult mice

Valente et al. 2009

Male Wistar 
rats

22 GSE is effective in preventing AD-type of 
dementia and acts as an antioxidant

Farbood et al. 2009

Rats 18–22 MAPK is required fore LTP which is 
important as a cellular signaling and as 
candidates for memory

Mazzuchelli and  
Brambilla 2000

Humans 65 A 10-year study period showed that dietary 
flavonoid intake is associated with better 
cognitive evolution

Letenneur et al. 2007
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Abstract Current developments in the search for novel treatments for preserving 
cognitive function include those for slowing down the progression of the decline in 
mental ability associated with normal aging as well as treating various dementias. 
Many natural products possess properties of relevance to the quality of cognitive 
function, and interest in their use is increasingly driven by a number of factors 
including the standardization of their production, growing evidence of their mecha-
nisms of action, and improvements in the quality of clinical trials with such prod-
ucts. Of particular interest are products from plants (herbal medicines), due to 
their potential synergistic complexity and also the ability to interact with multiple 
mechanisms within the body. However, herbal preparations can vary considerably 
in their effects and safety, particularly if the ‘seed to patient’ process is not properly 
controlled and standardized. The challenge is even greater when targeting human 
cognitive function, a multi faceted process which is demanding to measure and 
hard to improve. However, good progress is being made in this field; standardized 
cognitive tests are available and gold-standard experimental designs and method-
ologies are being increasingly utilised in clinical trials. Encouraging findings are 
now emerging in treating cognitive aging and dementia with natural products, and 
the future holds a great promise for this field.
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18.1  Introduction

Natural Medicinal Products (NMPs) are a broad category that includes herbal medi-
cines, vitamins, mineral supplements, a variety of nutrients, homeopathic medi-
cines, aromatherapy oils and traditional medicines such as Ayurvedic medicines and 
Traditional Chinese Medicine (TCM). Natural medicinal products have enjoyed a 
great increase in popularity over the last two decades, and have recently become 
a source of intense debate on topics ranging from regulatory, quality, safety, ef-
ficacy and marketing. The popularity of NMPs can be attributed to the perception 
by the general public that pharmaceutically derived medicines interfere with natural 
processes and have secondary effects, many of which are unwanted. NMPs, and 
particularly herbals, have been used for medicinal purposes by man for many thou-
sands of years; however, herbal therapies have only entered mainstream healthcare 
systems in the last few decades, and since then their popularity has increased ex-
ponentially. Common health concerns in Europe, as in the USA, reflect those of an 
aging, increasingly industrialized nation; and age-related cognitive decline together 
with obesity, cardiovascular disease and decreased physical capability are among 
the most prominent of these concerns.

Herbal remedies are perceived to be safer because they have been used for hun-
dreds or thousands of years. Furthermore, they are viewed to enhance natural pro-
cesses and to target diseases from multiple angles, due to the large numbers of 
active ingredients in plants, as opposed to the ‘silver bullet’ concept of pharma-
ceutical drugs based almost exclusively on single chemical entities. Certain herbal 
medicines, because of the complexity of their chemical content and the variety of 
bioactivities, can provide the poly-pharmacology which orthodox drugs cannot de-
liver. However, natural products are rarely evaluated in the well-controlled clinical 
trials that are required to receive approval by regulatory bodies, and therefore tend 
to have less ‘scientific’ evidence to support their efficacy. Further, it is important 
to recognise that ‘natural products’ are not necessarily equal ‘safe products’, and 
ultimately there cannot be two kinds of medicine—conventional and alternative. 
Once a treatment has been tested rigorously, it no longer matters whether it was con-
sidered alternative at the outset: ‘If it is found to be reasonably safe and effective, it 
will be accepted’ (Angell and Kassirier 1998). All medicinal compounds are chemi-
cals, whether synthesised in plants, animals or in manufacturing laboratories; and 
it is important to remember that at least 25 % of pharmaceutical drugs are derived 
directly or indirectly from plants. Therefore, all medicinal chemical compounds 
should be held accountable to similar standards of quality (uniformity, purity and 
stability), clinical effectiveness and safety; irrespective of their source. The growing 
realization that some medically approved drugs are believed or identified to be no 
more effective than placebo (antidepressants), and/or associated with unacceptable 
side effects (e.g. anxiolytics and addiction), highlights the need to take a broader 
perspective on the validity of conventional versus alternative medicines.
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18.2  Major Issues in the Development of Medicinal 
Products from Plants

The traditional use of plants or plant preparations to treat health conditions dates 
back thousands of years, and many remedies from TCM, Ayurvedic and Traditional 
European Medicine have survived until the present day, and this continuum is often 
sufficient to convince many people of their safety and efficacy. Importantly, scien-
tific research has already supported the transformation of many traditional remedies 
into safer and more effective therapeutics; some examples of drugs originating from 
plants that have central nervous system (CNS) effects are ephedrine (Ephedra si-
nica Stapf), hyoscine (Hyoscyamus niger L.), morphine (Papaver somniferum L.), 
physostigmine (Physostigma venenosum Balf.), and galantamine from species of 
Galanthus and Narcissus.

The scientific evaluation of the cognitive psychopharmacology of herbal prod-
ucts delivered via a complex mix of bioactive components certainly presents many 
challenges including the quality of raw materials, processing, manufacturing, clini-
cal study designs and the outcome measures employed. Moreover, “bioequivalence” 
is difficult or impossible to achieve with herbal products due to their chemical com-
plexity. However, many of these challenges can be overcome through standardized 
processes from the plant to the finished product, and also by employing precise 
instruments to scientifically verify the extent to which herbs and phytochemicals 
can support and improve aspects of cognitive function.

The development of NMPs presents further controversial issues due to unclear 
and rapidly changing regulatory frameworks and quality control systems. It is there-
fore of paramount importance that the health claims which are communicated to 
customers, particularly when referring to cognitive functions, are supported by vali-
dated and reproducible methods.

18.3  The ‘Seed to Patient’ Process

The evidence of the efficacy and potential applications of herbal medicines should 
be subject to rigorous scrutiny. Widely used claims for a number of herbal products 
are that they improve cognitive abilities and psychological ‘wellbeing’ or delay 
brain aging; however such claims often lack evidence-based support. Further, mod-
ern mass production of herbal products often results in remedies that differ greatly 
from the traditions of use which form the basis for their perceived safety and effec-
tiveness (for example, products were not used as tablets in past centuries). Natural 
medicinal products, particularly from plants, are highly variable and complex prod-
ucts with numerous biologically active components; and their active ingredients 
are rarely completely identified. Consequently, therapeutic results and safety issues 
vary greatly from product to product, even within a single class; which means that 
the evidence of both benefits and risks are specific to the product tested, and cannot 
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necessarily be extrapolated to other products, as is the case for synthetically derived 
compounds.

Standardization, i.e. the process of delivering a product with specified levels of 
one or more plant constituents, can ensure that different batches of an herbal product 
are consistent in terms of their botanical contents. The process of standardization 
from the original herbal preparation to the finished product (the ‘seed to patient’ 
process) includes many variables and challenges (Fig. 18.1), particularly the envi-
ronmental factors associated with the growth, collection and processing of the raw 
material. A further issue is related to the need for harmonization and standardization 
on the use of pesticides and other chemicals on soil and plants, and on the identifica-
tion of plants from different global sources. The effectiveness of herbal medicine 
obviously depends on the quantity of the active constituent (or constituents) present, 
which can be influenced by several factors. The various phytochemicals in plants 
have often been produced as adaptive mechanisms, for example to enable plants 
to grow in unfavorable conditions, or to deter insects or to discourage herbivores. 
Some phytochemicals may also be seasonally dependent, and influenced by where 
the plant is grown. Another important factor is the method of extraction. This can 
influence how much of a particular active constituent is present in the herbal prod-
uct. Some phytochemicals are more soluble in water, while others are soluble in 
alcohol or oil. The method varies from plant to plant, depending on the types of 
active constituents.

Identification of all of a plant’s constituents often fails because of the complex-
ity of the plant’s chemical structure. Plants can be considered to be ‘living facto-
ries’ producing a variety of chemical compounds, including primary metabolites 
important for the growth of the plants (amino acids, proteins, carbohydrates) and 
secondary metabolites (alkaloids, terpenoids, phenylpropanoids, polyketides, flavo-
noids, saccharides); these being promising candidates for herbal cognitive enhanc-

Fig. 18.1  Variabilities in the process ‘seed to patient’
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ers. Importantly, all these components may work together to deliver a synergistic 
effect in the finished product. Consequently, ensuring the standardization of not 
only the finished product, but also the entire journey from the plantation to the con-
sumer, helps to minimize variations in the quality of the product and also to main-
tain the synergistic potential. It is therefore important that herbal products should 
be analyzed (generally through chromatographic fingerprint), at various stages of 
development and particularly at the end stage, to ensure that all of the isolated key 
biological markers or known active components are at acceptable levels, and are 
also phyto-equivalent to those of the products that have previously shown safety 
and efficacy in clinical trials.

18.4  Cognitive Function

Cognitive function relates to the aspects of mental ability which enables us to con-
duct the activities of daily living. Many aspects of cognitive function are relatively 
stable and unaffected by, for example, aging, fatigue, drugs, trauma or dementia; 
while other aspects such as attention and memory are variable by nature and highly 
susceptible to change. Tests of cognitive function assess how well various cogni-
tive skills are operating in an individual at any particular time. Such evaluations 
require individuals to perform tasks which involve one or more cognitive domains. 
It is important to note that the only way to measure cognitive function directly is 
by assessing the quality of performance on cognitive or behavioural tasks. It is also 
of interest to assess how the individual feels about his/her levels of cognitive func-
tion, but this is simply supportive evidence for the assessment of task performance. 
Similarly, various measures of brain activity (for example electroencephalography 
and fMRI scanning) do not measure the quality of cognitive function directly, rather 
provide us with independent but nonetheless highly valuable information about the 
activation of certain brain areas and inter-connecting pathways which are crucial for 
successful completion of various cognitive operations.

It is important that research in this field identifies the appropriate domain of 
cognitive function to investigate. While ‘cognition enhancement’ is an accept-
able generic term, as is ‘health promoting’, both science and regulators require 
more specific targets; which respect the independence of different domains when 
considering specific claims. For example, why in medicine would a drug which 
helped pulmonary function be expected to help the liver? This illustrates the limi-
tation of global scores of cognition for herbal or nutritional claims, and should 
guide researchers to seek assessments of specifically targeted domains of function. 
There are a number of core cognitive domains which can be evaluated, includ-
ing attention, information processing, reasoning, memory, motor control, problem 
solving and executive function. Taking memory as an example, there are four 
major types: episodic or declarative memory, working memory, semantic memory 
and procedural memory (Budson and Price 2005). As Budson and Price illustrate, 
relatively few conditions are associated with impairments to semantic memory 
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and procedural memory, while working and episodic memory are impaired in a 
wide variety of neurological, psychiatric, surgical and medical conditions. This 
creates a rationale for directing testing towards working and episodic memory 
as a more fruitful potential area to evaluate in novel conditions, and most test 
systems recognise this approach. Further, tests specific to particular domains are, 
when available, ideal, as this helps to facilitate the substantiation of any claims 
made on the basis of the research findings. The most specific tests are attention 
tests, as well designed tests of attention do not require aspects of memory or rea-
soning for task performance, and thus changes in performance can be relatively 
clearly attributable to effects on attention processes. As attention is important for 
the performance of any task, when seeking to evaluate other domains, it is use-
ful to also assess attention additionally in order that the relative contribution to 
any effects of changes to attention can be established. Most well established test 
batteries include assessments of attention, working and episodic memory, motor 
control, and aspects of executive function.

18.5  Normal and Pathological Cognitive Aging

There has been much historic debate about the decline in the quality of mental 
functioning which accompanies aging. A traditional approach has been to com-
pare young adults (e.g., 18–25 years) to the elderly (e.g., 65–80 years), and much 
research has shown that a variety of aspects of cognitive functioning is poorer 
in the elderly. One consistent criticism of this approach has been that the elderly 
‘grew up’ in a different era, which may have limited their subsequent abilities (for 
example due to socioeconomic factors such as more limited educational abili-
ties and poorer nutrition), and thus their differences to younger individuals may 
not simply have been due to aging. A research group based at the University of 
Virginia, USA, led by Timothy Salthouse, has comprehensively investigated this 
area over the last few decades. The outcomes of this research programme have 
been recently summarized (Salthouse 2010). The approach of Salthouse and col-
leagues has been to assess thousands of healthy individuals across the age range 
on a variety of traditional neuropsychological tests and to evaluate the pattern of 
change by decade from early adulthood until the 80s. The consistent finding has 
been for linear declines to be present in a range of measures of attention, infor-
mation processing, reasoning and various aspects of memory from the twenties 
onwards. Using a variety of analytic techniques, the group has established that 
despite common assumptions to the contrary, age-related declines in measures of 
cognitive functioning are relatively large, begin in early adulthood, are evident in 
several different types of cognitive abilities, and are not always accompanied by 
increases in between-person variability.

This pattern has also been identified over the same age range using computer-
ised tests of cognitive function, linear declines in 5 year cohorts being seen to the 
speed and accuracy of various aspects of attention, working and episodic memory 
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(Wesnes 2006). An important aspect of these findings is that the individuals tested 
had participated in clinical trials as healthy volunteers, and had thus undergone 
extensive medical screening. These individuals were thus free of major medical or 
psychiatric conditions and such declines actually represent the best case for nor-
mal aging. The same tests have been administered to patients with a wide variety 
of conditions including hypertension, fibromyalgia, ADHD, epilepsy, narcolepsy, 
chronic fatigue syndrome, schizophrenia, and multiple sclerosis. When each of 
these populations is compared to age-matched healthy controls, cognitive deficits 
of one or more standard deviations are seen, for example, the ability to focus atten-
tion (Wesnes 2006). This body of research therefore indicates that major aspects 
of cognitive function decline with normal aging, and that a variety of mental and 
physical illnesses will further exacerbate this deterioration. This clearly increases 
the disease targets in which cognition enhancement would be of relevance, and 
provides a range of indications in which natural products could be useful in treating 
such disease induced cognitive deficits.

The fourth edition of the Diagnostic and Statistical Manual of Mental Disorders 
of the American Psychiatric Association (DSM-IV) identified age-associated cog-
nitive decline (AACD) as a condition which may be a focus of clinical attention 
(diagnostic code 780.9) (American Psychiatric Association 2000; Maher 2008). The 
definition was for a ‘decline in cognitive functioning consequent to the aging pro-
cess that is within normal limits given the person’s age. Individuals with this condi-
tion may report problems remembering names or appointments or may experience 
difficulty in solving complex problems’ (page 684 DSM-IV).

However, to date regulatory bodies in the EU or USA have not accepted AACD 
or other similar conditions as legitimate conditions for drug registration, and much 
of the focus of drug development in the last decade has moved to the condition 
of mild cognitive impairment (MCI; Petersen and Morris 2005). Here the main 
criterion for an individual to be classified for this condition is to be 1.5 standard 
deviations poorer than age-matched controls on a recognized test of memory. MCI 
is believed to be a staging post for Alzheimer’s disease. This area has been the sub-
ject of numerous trials of novel pharmaceuticals, unfortunately though with very 
limited success.

The major emphasis of research in cognition enhancers over the last three de-
cades has been to treat the cognitive impairment seen in Alzheimer’s disease and 
other major forms of dementia. Initial success was obtained with anticholinesteras-
es, and there are three compounds now widely used to treat the cognitive symptoms 
of AD: donepezil, rivastigmine and galantamine. Memantine, a compound which 
is an NMDA antagonist has also been registered for use in various countries. More 
recently, treatment has been focused upon disease modification. However, during 
the last decade all of the Phase III clinical trials on disease modifiers in AD have 
failed. Partly in response to this, an important stage step in this progress has been 
two recent publications from workgroups convened by the National Institute on Ag-
ing (NIA) and the Alzheimer’s Association, one which provides revised guidelines 
for the diagnosis of MCI due to AD (Albert et al. 2011) and another which proposes 
a conceptual framework and operational research criteria for the preclinical stage 
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of AD (Sperling et al. 2011). The advantage of the new MCI guidelines is that they 
extend the definitions beyond simple memory dysfunction to reflect the broader 
range of cognitive deficits which are known to precede Alzheimer’s disease. The 
guidelines for the assessment of the preclinical stage of AD are particularly excit-
ing as they provide the opportunity to identify declines in cognitive function which 
precede MCI, and thus occur in otherwise healthy individuals. This will revitalise 
studies in AACD as the goal is to identify (and subsequently treat) greater rates of 
decline than would be expected from normal aging in healthy individuals.

18.6  Cognition Enhancement

A recent definition of cognition enhancement is ‘the amplification or extension of 
core capacities of the mind through improvement or augmentation of internal or 
external information processing systems’ (Bostrom and Sandberg 2009). Aspects of 
cognitive function that are targets for enhancement include attention, information 
processing, memory, planning, reasoning, decision making and motor control.

The concept of cognitive enhancement can be simply described as an improve-
ment in basic aspects of cognitive function that are essential for the conduct of the 
activities of daily living. For healthy people, this can represent identifying an im-
provement on a valid measure of cognitive function recognized to be important for 
everyday performance, such as attention and memory. The same is true for patients 
with cognitive impairment, with the provision that for enhancement to have taken 
place, cognitive function needs to be measurably better than it was before treatment 
or would have been without treatment.

Our understanding of cognition enhancement is at an early stage, and there are 
few, if any, established criteria. For a compound to be established as an enhancer of 
one or more aspects of cognitive function, the following criteria have been recently 
proposed (Wesnes 2010):

1. Improvements must be identified by well recognised and extensively validated 
tests of cognitive function.

2. Improvements should be in one or more major domains of cognitive function.
3. Improvements must be seen on core measures of task performance, and any sug-

gestions of speed-accuracy trade-offs should be interpreted with caution.
4. Improvements in one cognitive domain should not occur at the cost to another.
5. The improvements should not be followed by rebound declines.
6. The improvements should be of magnitudes which are behaviourally and clini-

cally relevant.
7. The improvements should not be subject to tachyphylaxis over the period for 

which the treatment is intended to be used.
8. Self-ratings and consideration of outcomes on everyday living are of interest 

(particularly in regards to dementia), and may be used as supportive evidence, 
but are not sufficient in the absence of objective test results.
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18.7  Herbal Cognitive Enhancers and Brain Aging

The major bases for brain health are: healthy lifestyle; good diet; balanced social 
and cultural environments; and efficient cardio vascular and metabolic functions. 
These will support the normal development, maintenance and protection of the 
whole nervous system. Some clinical evidence confirms the importance of con-
suming an antioxidant-rich diet to preserve cognitive ability. Oxidative damage ap-
pears to occur as one of the earliest pathophysiological events in AD, therefore an 
increased intake of antioxidants in patients with first signs of cognitive deficits 
could be helpful in lowering the rate of progression into dementia; certainly there 
is some emerging evidence that diets rich in fruits and vegetables reduce the risk of 
cognitive decline. Oxidative damage is however only one of numerous mechanisms 
which influence cognition. The CNS is so complex that there is almost no limit to 
the mechanisms by which cognition enhancement can be achieved, including direct 
effects on major brain neurotransmitters, effects on free radicals, and effects on the 
capacity of blood to carry oxygen.

18.8  Phytochemicals

The study of phytochemicals to influence brain functions such as memory and mood 
can be traced to their historical biosynthesis to deter predators or attract pollinators 
or disseminators by targeting the nervous system (Perry and Howes 2011). Growing 
research suggests that anthocyanins, sulforaphane, curcumin and other phytochemi-
cals can effectively counteract brain aging via a range of mechanisms; for example 
by reducing oxidation and inflammation; decreasing the accumulation of toxic pro-
teins; promoting cell membrane function and the formation of new synapses and 
brain cells; prolonging the life of existing brain cells; improving the function of 
the inner lining (endothelial lining) of blood vessels, and thus improving blood and 
oxygen supply to the brain cells (Kamphuis and Scheltens 2010). However, there 
is a paucity of randomised controlled trials (RCTs) in this field (van der Beek and 
Kamphuis 2008), although evidence is emerging; for example of neuroprotective 
effects of phenolic compounds (Sun et al. 2008), such as resveratrol from grapes 
and red wine; curcumin from turmeric (Curcuma longa L.); epigallocatechin from 
green tea (Camellia sinensis Kuntze; relevant to oxidative mechanisms). Further, 
research data, mainly from in vitro or in vivo models on novel plant extracts and 
their bioactives with anti-amnesic effects on different neurotransmitter systems are 
accumulating. Finally, pycnogenol, derived from Pinus pinaster or P. maritime—
the French maritime pine tree—has also shown cognition benefits in an elderly 
sample (Ryan et al. 2008).
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18.9  Herbal Extracts

Plant extracts, due to their multi-component nature can simultaneously interact with 
various mechanisms to produce cognition enhancement and neuroprotection. A 
good example is Ginkgo biloba, thought to act in several ways including: ability to 
decrease oxygen radical discharge and proinflammatory functions of macrophages 
(antioxidant and antiinflammatory), reduce corticosteroid production (anti-anxi-
ety), increase glucose uptake and utilization and adenosine triphosphate production, 
improve blood flow by increasing red blood cell deformability, decrease red cell 
aggregation, induce nitric oxide production and inhibit platelet activating factor re-
ceptors (Chan et al. 2007). Extracts of Ginkgo biloba leaves have been prescribed in 
Germany, France and Italy for several decades to treat ‘cerebral insufficiency’, and 
problems with memory and concentration. Panax ginseng is also reported to have 
multiple actions (for a review see Lee et al. 2009), including effects on vasocon-
striction; improved blood flow through modulation of platelet aggregation; roles in 
both cardio-protection and neuroprotection following a number of insults; shifting 
of the hormonal balance of the hypothalamic-pituitary-adrenal system; modulation 
of a number of neurotransmitter systems; and modulation of blood glucose levels in 
both diabetic and non-diabetic humans. Extracts from the plant Bacopa monniera 
appear to modulate the brain cholinergic system and also possess antioxidant ef-
fects, and are supported by a number of well conducted trials (Stough et al. 2011).

18.10  Natural Cognitive Enhancers and AD

AD can be considered as the result of a pathological cascade involving progressive-
ly accelerating neurotoxic interactions between cholinergic degeneration, oxidative 
stress, inflammatory responses, neuroendocrine pathology, compromised cerebral 
metabolism, neurofibrillary tangle generation, and beta-amyloid (Aβ) deposition, 
amongst other processes (Kumar and Clark 2002). As mentioned earlier, available 
treatments for AD are cholinesterase inhibitors and memantine; although these only 
target specific disease processes in the condition. In addition, Alzheimer’s patients 
may also receive antidepressants or anti-anxiety medicine to control behavioural 
and psychological symptoms. Preclinical trials with a number of herbal extracts 
have shown some role in modulating simultaneously a number of these processes, 
and therefore these herbs are of interest in the clinical development of medicines 
that could prevent, mitigate or treat AD. Adams et al. (2007) identified over 150 
plant species in various preparations and mixtures for age-related cognitive dis-
orders (mainly from European herbals from the sixteenth and seventeenth centu-
ries, alongside traditional Chinese and Indian medicinal practice). Recent reviews 
have highlighted the broad range of plant extracts and compounds with acetylcho-
linesterase (AChE) inhibitory activity, as well as evidence for promising species 
such as sage (Salvia species), lemon balm (Melissa officinalis L.), Huperzia serrata 
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(Thunb.) Trevis., and combinations of other traditional Chinese medicinal herbs, 
in addition to ginkgo ( Ginkgo biloba L.). Since 2000, according to the current 
Anatomical-Therapeutic-Chemical (ATC) classification, specific Ginkgo biloba 
extracts are listed in the group of anti-dementia drugs together with cholinesterase 
inhibitors and memantine. A recent systematic review and meta-analysis of nine 
trials (Weinmann et al. 2010) that met the authors’ inclusion criteria using the stan-
dardized extract EGb761 in AD as well as vascular and mixed dementia, concluded 
that Ginkgo biloba appears more effective than placebo with moderate effect sizes. 
Findings are also emerging from the GuidAge study, a 5 year trial run in France 
in 2,854 elderly people with memory complaints, that long-term consumption of 
EGb761 can notably prevent the onset of AD. Man et al. (2008) concluded from a 
review of controlled clinical studies that herbal medicines “can be a safe, effective 
treatment for AD”, and according to a meta-analyses by May et al. (2009) “There 
is overall positive evidence for the effectiveness and safety of certain herbal medi-
cines for dementia management.”

A detailed review of plants, plant extracts or chemicals with some promising 
clinical evidence in people with dementia is not in the scope of this chapter, how-
ever, some information is provided in Table 18.1, adapted from a recent review on 
the topic by Perry and Howes (2011).

18.11  The Clinical Assessment of Cognitive Effects of 
Herbal Extracts

18.11.1   The Cognitive Psychopharmacology of Herbal 
Extracts

Many trials with natural products that may enhance human cognitive function are 
not conducted with the rigor required for publication in leading peer reviewed hu-
man cognitive psychopharmacology journals. Frequently, claims are based on an-
ecdotal evidence, uncontrolled trials or work with animals. While such evidence 
is helpful in selecting a substance to study, this evidence cannot alone support a 
particular claim for its cognition enhancing potential. Precise instruments to scien-
tifically verify the extent to which herbs and other natural products can support and 
improve the functions of the brain are now available. Overall, it has become clear 
that some natural products, particularly herbal extracts, can enhance cognitive func-
tion. While these products sometimes take longer than pharmaceuticals to work (i.e. 
weeks or months), they may produce more long-lasting benefits, for example by 
reducing brain inflammation or improving the brain’s antioxidant defense system, 
or increasing blood flow and oxygen use in the CNS.

The components of the NMPs may act individually and either positively or nega-
tively; and their combination may affect multiple neuronal, metabolic and hormonal 
systems which themselves modulate behavioural processes. These complex interac-
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tions may be further modulated by dispositional and situational factors. An addi-
tional complication is represented by the possible synergy between these interacting 
activities, resulting in complex dose and time dependent effects. The difficulty of 
interpreting some fragile positive effects and negative findings is a clear challenge 
for the researchers in this field, and a number of authors have called for a set of cri-
teria for assessing any behavioural effects of herbal extracts (Kennedy and Scholey 
2003; Wesnes et al. 2004b).

18.11.2   Testing Efficacy of Natural Cognitive Enhancers

To properly evaluate natural cognitive enhancers, including herbal extracts, it has 
been found to be important to measure cognitive function repeatedly over a study 
day; and such testing has identified effects which would have been missed by testing 
only once. This approach can for example capture diurnal effects or effects which 
emerge due to repeated testing. The use of computerised cognitive assessments such 
as the CDR System is widespread in this field and has a long history (Wesnes et al. 
1987). An advantage of systems designed for use both with healthy and impaired 
populations is that effects in healthy volunteers often predict to clinical populations.

Natural products can enhance cognitive function even in healthy young volun-
teers. Attention and memory have been improved with a variety of substances hav-
ing a wide range of potential mechanisms. Detecting enhancements to cognitive 
function is much harder than detecting impairments; in normal populations, there is 
a much smaller window of opportunity to enhance function than there is to impair 
it. Improvements in normals are rarely greater than 15 %, whereas impairments can 
be as large as 100 %. Therefore, if enhancements are to be detected, it is necessary 
to use sensitive instruments.

18.11.3   Methodological Issues: Maximizing the Power of Studies

The first issue is to reduce the variability due to inter-individual differences. Two 
types of trials can be conducted in this field: single-dose acute studies or studies 
which involve multiple dosing. Cross-over designs using the volunteer as his/her 
own control are an ideal way to enhance the sensitivity of the study and to minimize 
the noise from inter-volunteer differences. In single dose cross-over trials, the ses-
sions can be separated by a week or more, to circumvent any problem with carry-
over effects. Crossover designs are the current gold standard for single dose trials 
in this field. In multiple dosing trials, crossover trials are also applicable; however 
the issue of the length of the dosing period has practical implications. If the dosing 
periods are relatively short, say 2–4 weeks, then at least one crossover arm is practi-
cal. A washout period needs to be added between the two dosing periods, and for 
example with two successive 4 week dosing periods separated by a 2 week washout, 
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the study will last 10 weeks. However, with dosing periods longer than a month, it is 
generally impractical to use crossover design, and the majority of such trials employ 
parallel group designs.

18.11.4   Repeated Assessments

Repeated assessments of cognitive function, whether in a cross-over or parallel 
group design, is a key method to further reduce the variability due to individual 
differences. Each volunteer or patient should be assessed before treatment as well 
as after, and ideally such testing should be repeated to fully characterize the time 
profile of any enhancements. In acute trials, repeated testing over the hours imme-
diately following administration can identify clear time-based profiles of effects. 
In longer trials, testing can be repeated at various stages, e.g., monthly. A further 
enhancement to this design was seen in a trial in which testing was not only repeated 
monthly throughout a 12 week period, but was tested at four separate time points 
on each study day (Wesnes et al. 2000), and testing was repeated two weeks after 
dosing was stopped. Improvements were only detected at two of the testing times 
but these effects were seen consistently throughout the study, and were still present 
two weeks after dosing was stopped.

18.11.5   Training Effects

It has long been known that performance improves with repeated assessments 
on cognitive tests, independently of the length of the trial or the type of subjects 
(Wesnes and Pincock 2002). In one trial in an elderly population in which various 
pencil and paper cognitive tests were administered annually, it was identified that 
practice effects persisted until at least the third year (Wilson et al. 2002). Training 
effects may be confounded with treatment effects, and such effects can make the 
interpretation of any changes identified extremely difficult. Training effects can 
also ‘swamp’ enhancements due to treatment. Therefore, to maximize the power of 
a study, it is important to properly train the volunteers or patients on the cognitive 
testing procedures prior to the start of the trial. To further prevent training effects, 
tests should only be repeatedly administered which have alternate or parallel forms 
(e.g., differing lists of words in recall testing, etc).

18.11.6   Standardized Procedures

Reviews of treatments in cognitive psychopharmacology often cite the absence of 
standardization of the cognitive tests used in different laboratories as a major limi-
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tation, making precise comparisons between trials difficult and often resulting in 
the reviews been more qualitative in nature than quantitative. Therefore, the use of 
standardized tests is highly important for the future of research in this field. Test 
batteries can also be further enhanced by conducting factor analysis to identify the 
interrelationships between the various measures. There is clearly more power in 
combining scores from a number of assessments, and avoiding the statistical prob-
lems involved in assessing multiple endpoints. Some ‘factor scores’ which have 
been derived using such methodology have shown great sensitivity to the effects of 
natural substances. For example, the Quality of Memory factor from the CDR sys-
tem combines the scores of the ability to retain and retrieve information from two 
working memory and four episodic secondary memory tasks into a single measure. 
This measure has consistently been found to respond positively to standardized ex-
tracts of ginkgo and ginseng, whether dosed individually or together. Such effects 
have been identified in four acute dosing volunteer trials (Kennedy et al. 2000, 
2001a, b, 2002) and also multiple dosing trials in young volunteers (Labadorf et al. 
2004), middle aged volunteers (Wesnes et al. 2000), elderly volunteers (Wesnes 
et al. 2004a) and volunteers with neurasthenia (Wesnes et al. 1997). All eight trials 
tested the same standardized extracts, employed the same cognitive test system, 
involved pre-study training on the tests as well as repeated testing—both over the 
study day and for the multiple dosing trials over repeated study days. All trials were 
randomised, double-blind and placebo controlled. Further, the system used has an 
extensive normative database, allowing the effects of the compounds to be put into 
a broader context. For example, the improvements to the Quality of Memory in 256 
middle aged volunteers over 14 weeks with the combination of the two extracts 
(Wesnes et al. 2000) effectively reversed the decline the volunteers would have 
shown from their early 20s to middle-age (Fig. 18.2). Further the peak overall im-
provement in the Quality of Memory measure was 7.5 %, which sets a minimum 
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target for compounds aimed at improving memory in healthy middle aged volun-
teers. Overall, the use of a standardized test system over a range of study designs 
and populations clearly proved effective, supported product marketing and patent 
applications, and illustrated that research in natural products can satisfy rigorous 
scientific requirements.

18.11.7   Standardized Products

The research studies described in the previous section identified consistent en-
hancement to the quality of short and long term memory following administration 
of standardized extracts of either Ginkgo biloba GK501, Panax ginseng G115, or 
a 60:100 combination of the two (Gincosan®). Both standardized extracts (and the 
combination) have been developed following a ‘seed to patient’ process, adhering 
to international standards starting from the Good Agricultural Process (GAP), Good 
Laboratory Practice (GLP) through to Good Clinical Practice (GCP). G115 is stan-
dardized to an invariable 4 % of ginsenosides, and GK501 is derived by a complex 
drying process, with concentration in a ratio of approximately 1 part extract to 50 
part dried leaves, and standardized to a content of 24–25 % of flavonoids and 6 % 
of terpenoids.

18.11.8   Promising Recent Work with Natural Products in AACD, 
MCI and AD Using the Recommendations Made Above

Yurko-Mauroa et al. (2010) evaluated the effects of Docosahexaenoic acid (DHA) 
on cognitive function in 485 elderly people who fulfilled the DSM-IV criteria de-
scribed earlier for AACD. Six months of supplementation was found to produce 
statistically reliable improvements to memory. Though the effect size of the im-
provement was small (0.19), as with the Wesnes et al. (2000) trial, the computerised 
cognitive assessment system used in the study had a normative database; and using 
this database the authors were able to identify that the effect reflected a 7 year re-
duction in normal aging (3.4 years when compared to placebo), which may well be 
attractive to the population studied (mean age 70 years). An important aspect of this 
study was the careful monitoring of safety; the adverse events not being different 
between the placebo and active treated groups. Besides being conducted to the rig-
orous standards required in this field and carefully monitoring safety, an important 
aspect of the study for future research was the presentation of effect sizes as well as 
an assessment of the potential ‘cognitive age-reducing’ effect of treatment.

de Jager et al. (2011) conducted a study on MCI patients over a 2 year period, 
administering a compound containing folic acid, vitamins B6 and B12. The mean 
plasma total homocysteine was 30 % lower in those treated with B vitamins relative 
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to placebo. B vitamins stabilized a test of executive function relative to placebo. 
There was significant benefit of B-vitamin treatment among participants with base-
line homocysteine above the median (11.3 µmol/L) in global cognition (the Mini 
Mental State Examination), episodic memory and semantic memory.

Newhouse et al. (2012) conducted a 6 month, randomized, placebo controlled, 
double blind study of nicotine administered via a patch in MCI patients. One of the 
outcome measures was the CDR system, and improved delayed word recall was 
seen over the 6 months period, the nicotine-treated group regaining 46 % of normal 
performance for age on this aspect of memory, whereas the placebo group worsened 
by 26 % over the same time period.

Scheltens et al. (2010) studied the effects of a drink named Souvenaid, con-
taining ‘Fortasyn Connect’ on cognitive function in mild AD. Fortasyn Connect 
contains EPA, DHA, Phospholipids, Choline, UMP (uridine monophosphate), Vita-
min E (alpha-TE), Vitamin C, Selenium, Vitamin B12, B6 and Folic acid. Over 12 
weeks compared to placebo, significant improvement in a delayed verbal recall task 
was identified, though effects were not seen in the AD assessment scale (ADAS-
Cog) or other measures. These findings illustrate the progress which can be made 
in this field when robust trial methodology, standardized extracts and appropriate 
outcome measures are employed.

18.12  Conclusions

There is a large and growing interest in cognition enhancement. Healthy individuals 
may want to increase their mental powers, or cognitive endurance, or restore age-
related declines. Patients with a wide variety of CNS and general medical disorders 
may wish to minimize the cognitive dysfunction which accompanies the conditions. 
Finally of course, there is a huge and growing need to prevent or minimize the 
cognitive deficits associated with a range of dementias and stroke. Natural prod-
ucts have great potential in all of these areas, and new scientific evidence strongly 
suggests that particularly products from plants can promote brain health, reduce 
cognitive aging and slow the course of AD and other dementias. However, the con-
cept that natural products are safe is clearly irrational, given the large number of 
poisonous substances in nature. Further, the belief that the therapeutic effects of 
any medicinal product made from a particular herb is the same as any other fails 
to recognise the complexity of these products. Therefore, assessing both safety and 
efficacy is vital when evaluating modern natural products. A tightening of the regu-
lations on herbal and other food supplements would help protect the consumer and 
health professional from products that present risks to health or from misleading 
claims. “Generic” (untested) products and ‘borrowed’ science represent a threat to 
consumers and can put the reputation of the whole market at risk. The level of evi-
dence required in this field should not differ from any other field of clinical science. 
Therefore, randomised, double-blind placebo controlled trials should be employed 
where possible, safety should be carefully monitored, and cognitive test systems 
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utilised which are fit-for-purpose for the requirement of detecting enhancements 
to various aspects of cognitive function. Only properly characterized substances 
should be tested, and standardized extracts are clearly essential to allow replication 
in different laboratories.
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